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Abstract

The objective of our research is to define a new Discrete Element Method
(DEM) that can describe the processes involved in particle breakage and the
resulting macroscopic behaviour of the particulate assembly, by directly ob-
serving and characterizing breakage mechanisms. To this aim, an oedometer
compression test is performed on a dry granular assembly of zeolite, while
acquiring 3D images of the specimen at several strain levels with an x-ray
computed tomography device. We construct a DEM model that reproduces
experimental observations, mainly: axial splitting is the main breakage mode;
fragments are subjected to further breakage; very few fragments pass through
the breakage plane. A fragment size limit is defined to reduce the compu-
tational cost associated with large numbers of breakage generations. We
simulate the oedometer test for the same initial microstructure as in the lab

test and with realistic particle mechanical properties, and compare the re-
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sults to the 3D images. The numerical results show that our proposed model
can capture the size evolution, shape change and mechanical response of the
tested specimens.

Keywords: oedometer test, X-ray Computed Tomography, particle

breakage, DEM, breakage mechanics, image processing

1. Introduction

Particle breakage is the process by which grains divide up into smaller
fragments due to high contact forces. Particle breakage can occur over a
wide range of grain sizes, from fine sands to large size rock-fills, and results
in changes in the magnitude and direction of contact forces in the granu-
lar assembly, and further, in the particle size distribution (PSD). At the
macroscopic scale, particle breakage influences the mechanical behaviour,
the porosity and the permeability of the granular assembly [1].

Experimental studies commonly focus on particle breakage and its effect
on the material properties. It is claimed that the yielding along the normal
compression line in the plot of void ratio vs. the logarithm of stress marks the
onset of sand particle crushing, beyond which substantial breakage happens
[2]. Lade and collaborators used the total energy input to predict particle
breakage and established a relationship between the permeability of a granu-
lar assembly and the breakage factor, a scalar that quantifies the percentage
of broken particles [3]. Multiple studies indicate a reduction of permeability
with particle breakage [4, 5, 6]. Ovalle and collaborators conducted triaxial
tests of large rock-fill samples to investigate their mechanical properties and

found that particle strength is positively related to the sample-scale shear



strength [7].

The use of X-ray Computed Tomography (XCT) in experimental studies
has allowed the 3D observation and measurement of the micro-mechanisms
leading to particle breakage. Through single-particle compression tests, Zhao
and collaborators observed the strong influence of particle morphology on
particle stress distribution [8]. They found that particles with small radii of
curvature were prone to extensive fragmentation, due to local stress concen-
trations at the contact points between the particle and the loading plates.
The importance of using 3D images to describe particle morphology has been
discussed in [9], showing that 2D and 3D measurements produce important
differences in various particle shape parameters. XCT coupled with sophis-
ticated algorithms, such as particle tracking [10], was used to predict and
measure the life expectancy of porous granular materials during oedomet-
ric compression [11]. 3D images were also used for qualitative comparison
of particle crushing with the DEM and the Finite Element Method (FEM)
(12, 13].

Particle breakage was also studied theoretically using continuum me-
chanics. During the crushing process, the total input energy from exter-
nal loading turns into elastic energy, breakage energy and redistribution en-
ergy [14, 15, 16]. Particle breakage is usually modelled by relating energy
dissipation to the increase of particles’ surface and/or to the frictional dis-
placement field [17, 18, 19]. For instance, McDowell and Bolton followed a
critical state soil mechanics approach and introduced particle breakage by
defining the total particle surface and its increment as internal variables [20].

In the breakage mechanics theory [21, 22, 23, 24|, the breakage energy and



the redistribution energy are fully coupled and the evolution of particle size
distribution can be obtained. Breakage mechanics can be used to study the
mechanical behaviour of crushable granular materials and extended to model
creep, cementation and permeability changes.

In the past recent years, the DEM was used to simulate granular crush-
ing [25, 26, 27, 28]. DEM models of single particle breakage can cover a wide
range of particle sizes, from sand particles to railway ballast or even larger
rocks [29, 30]. McDowell and Harireche found that particle size effects could
be characterized using Weibull statistics [31]. Ueda et al. modelled the one-
dimensional compression behaviour of assemblies of grains of various shapes
[32]. They classified crushing processes into: cleavage destruction, bending
fracture and edge abrasion. The occurrence rates of each of those processes
are related to the particle shape. Wang and Arson analysed the shielding
and size effects on single particle crushing, which yielded an empirical rela-
tionship between the coordination number and tensile strength, stressing the
importance of porosity on tensile strength [33]. The DEM can also be used to
model odeometer, shear or cone penetration tests, in which extensive break-
age occurs [34, 35, 36]. Two main strategies exist in DEM to model particle
breakage, i.e., the cluster and the replacement methods. The cluster method
is usually computationally more expensive as it requires a higher number of
particles to be simulated, especially in large scale modelling. In the replace-
ment method, it is important to select an appropriate breakage model to
define the particle strength and size, the breakage planes and the position
of the fragments. Particle breakage can also be modelled by combining the

DEM with the FEM, the Scaled Boundary Finite Element Method (SBFEM)



and the eXtended Finite Element Method (XFEM) [37, 38, 39, 40, 41, 27|. In
these methods, grain-to-grain interactions are simulated with the DEM, and
after each step of the DEM calculation, particles are analysed separately to
determine the breakage status. The above combined methods are very similar
to DEM cluster methods in that they require pre-generating elements (FEM
elements) in each crushable particle and can produce angular fragments after
breakage.

The objective of this research is to build a new DEM breakage model,
using direct micro-scale observations and measurements from 3D images, to
realistically represent the breakage process and capture the resulting macro-
scopic material properties. To achieve this goal, we first conducted an oe-
dometer test on dry, uniform zeolite specimens and used XCT to scan the
specimen at different stress levels. We used several image processing al-
gorithms to identify and track intact particles and fragments and get in-
formation about the evolution of grading and about the types of breakage
events. Our observations are reported in Section 2. Then we reviewed DEM
breakage models based on the replacement method and we proposed a new
robust model, which can simulate sequential breakage, generate non-spherical
fragments and predict appropriate arrangements of fragments. Our new pro-
posed model is explained in Section 3. Lastly, we calibrated the parameters
and simulated the oedometer test. The results and simulations, presented in

Section 4, show good agreement with the experimental results.



2. Zeolite oedometer test and XCT

2.1. Experimental methods

For this study, industrially manufactured zeolite granules were tested un-
der strain-controlled oedometric compression and scanned by XCT. The ma-
terial was chosen due to its highly spherical and rounded shape, which fa-
cilitates the modelling of the experimental procedure using the DEM. Each
particle had a density of 2.18 g/cm?® and a crushing strength of 15 N according
to the supplier’s specifications. The intact sample had a mean particle diame-
ter (Dso) of 1.36 mm and a very uniform grading (C,, = 1.07, C,, = g—‘jg). The
specimens were created to have the same repeatable dense initial configura-
tion (porosity 40 %) by pluviation. The large particle size and the uniform
grading allowed all intact particles to be imaged with the same level of detail.
A particle’s fracture probability is strongly dependent on the relative size of
its nearest neighbours; particles with neighbours of the same size are most
likely to fracture, while the relatively larger particles get cushioned from the
smallest neighbours as they continue to break [42, 43]. Therefore, the sample
was sieved to a very narrow grading to ensure the highest possible probability
of fracturing. The specimen had a diameter of 15 mm and a target height
of 15 mm. The oedometric cell (specially designed for this study) was made
of PEEK (PolyEther Ether Ketone), chosen for its low x-ray absorption and
low friction properties [more details can be found in 44]. The loading direc-
tion was ascending and the quasi-static loading was performed with an axial
loading rate of 50 pm/min.

XCT was performed in Laboratoire 3SR (Grenoble, France) with an x-

ray scanner using 100 kV of acceleration [described in 45]. Figure 1 shows



a schematic of the apparatus and an annotated picture of the XCT set-
up. The voxel size (i.e., 3D pixel) was 12.3 pm/px, which allowed getting
images of high resolution. Loading was performed in-situ in the scanner
under displacement control, setting the strain rate to zero during scanning

(i.e., loading stage).
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Figure 1: Left: Annotated image of XCT set up (i.e. apparatus placed in x-ray cabin);

Right: schematic of oedometric apparatus.

2.2. Analysis of particle breakage using XCT

A 3D reconstruction provided full microstructure information in the form
of 32-bit floating points. In order to save space and have some inherent
normalisation between the scans, the data was degraded to a 16-bit integer
format, which offers a 2' dynamic range of grey scale information and is
more than the noise of reconstruction. Figure 2 shows vertical slices from
the reconstructed 16-bit 3D images. In the first loading stages, only primary
breakage appears to occur, however after an axial strain of 7.12 %, a number
of fragments undergo significant breakage. Additionally, from a careful visual

inspection of the images, the majority of breakage events occur close to the



moving boundaries, as previously observed in [46].
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Figure 2: Vertical 2D slices from the experimental oedometer test (strains in %)

For the measurement of the volume, size and shape of the particles, the
particles must first be detected, therefore the continuous grey scale infor-
mation must be segmented. To do so, we used an algorithm that preserves
moments [47] to set a threshold that distinguishes the solid and void phases
(i.e., binary image). We applied a watershed analysis [48] to separate con-
tacting particles, so that each particle is surrounded by voxels that represent
void, allowing individual particle measurements to be performed. A commer-
cial software (Visilog) [49] was used for all the segmentations in this work.

Intra-granular porosity can lead to over-segmented grains (i.e. intact par-
ticles get split into several particles), hence careful binarisation is a key fea-
ture for further segmentation. Zeolite particles have significant intra-porosity,
which was filtered after the initial binarisation, to avoid over-segmentation.
The internal pores were significantly smaller and more spherical than the
inter-particulate pores, which provided a basis to define the criterion in the
filtering process. This procedure is described in Figure 3. Provided the limi-
tations of the segmentation technique, for the total amount of breakage that

we generated up to an axial strain of 15.48 %, we could confidently detect



particles down to a resolution of 0.2 mm. This value is set as the ultimate
fragment size in the DEM analysis presented in the following.
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Figure 3: Identifying and filtering intra-particle porosity.
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After each particle (intact or fragment) has been identified, we measure
the perpendicular maximum D,,,, and minimum D,,;, lengths of the particle
at 60 different orientations. Then the medium diameter D,,.4 of a prescribed
ellipsoid of same volume as the particle is calculated and assigned to each
particle and used to get the PSD for each loading stage [50]. The flatness
ratio and the aspect ratio, respectively given by F'R = Dyin/Dpeq and AR =

Dinaz/ Diin, can then be obtained.

3. DEM particle breakage model

In DEM, particle breakage can be modelled using the cluster method
(with breakable agglomerates) or the replacement method. In the former,
crushable particles are represented by a cluster of smaller elements that are
bonded together. The cluster breaks when stresses in the bonds exceed
the corresponding bond strengths. The cluster method was used in many
instances [30, 51, 34]. In the replacement method, breakage occurs when

the total stress induced from contacting particles is larger than the particle
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strength. The broken particle is then replaced by several smaller fragments.
In the cluster method, micro-cracks that occur in a particle before a major
breakage event can be tracked by the number of broken bonds. The shape of
fragments truly depends on the stress distribution in the crushable particle,
but the solution depends on the number of elements and bonds considered
in the cluster. Precise models are computationally expensive due to the
large number of elements represented in each cluster (typically, several tens
of thousands of elements per cluster). The replacement method is relatively
more effective because the number of elements is equal to the number of
particles. The replacement method can be used to analyse driving forces,
breakage modes and the effect of coordination number on crushing. The
aforementioned reasons justify the choice of the replacement method in our
simulations. The main challenge in the replacement method is the definition
of the breakage model parameters, such as the particle strength, the position
and orientation of breakage planes and the number and size of fragments.
In this section, we first review existing replacement models. Then we
propose a new model that can simulate sequential breakage, generate non-
spherical fragments and predict appropriate fragment arrangements. We then

use this model to simulate the oedometer test presented in section 2.

3.1. A review of current replacement models

In the replacement method, the breakage criterion, i.e., the limit condi-
tion of the crushable particle, needs to be defined in terms of pressure, tensile
strength, shear strength, or maximum contact force, depending on the break-
age mechanism. This limit condition can be defined by a single value or by a

variable that follows a statistical distribution [52, 53]. Due to the difficulty
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in obtaining the stress distribution in a particle subjected to several contact

forces, the following simplified stress averaging method is often adopted [54]:
1 c c,
o5 = 5 2@ —al)F 1
Nc

where V is the volume of the particle, N, is the total number of contacts,
and 2 are the locations of the contact and particle centroid, respectively,
and Fj(c’p ) is the force acting on the particle at the j** contact.

Astrom and Herrmann compared two different limit conditions for break-
age, the mean stress and the largest compressive contact force. They found
that using mean stress as a criterion led to unstable breakage. Contrarily,
a criterion based on the largest compressive force predicts stable breakage
mechanisms and more accurate PSDs [55]. However, the authors did not
provide the expression of the average contact force that they used in the
pressure method, neither did they calibrate the numerical results against ex-
periments. In another study, the arithmetic mean of the normal component
of the contact force, F,,, was compared to a critical force magnitude, F*

crity

and a grain crushed when F, > F*, [56]. By investigating two breakage

crit
criteria and several configurations of post-crushing replacement, it was con-
cluded that the expected ultimate fractal distribution of particle sizes could
be approached irrespective of the breakage criterion used.

Ciantia and collaborators used the maximum normal contact force in the
limiting criterion F' < 03 Ar = Flim, where F' is the maximum normal
contact force, oy, is the limit strength and A is the contact area [53]. 3D

simulations of an oedometer test showed that this criterion was computation-

ally efficient and accurate. A criterion expressed in maximum contact force
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was also used in [57], and later this criterion proved to better represent the
PSD evolution and the average stress distribution [54]. Zhu and Zhao [58]
examined existing crushing criteria by crushing a single sand particle using
the peridynamic method, and results show that a particle breaks when the
maximum contact force reaches a certain threshold.

In most single particle compression tests, breakage was found to be caused
by the tensile stress, splitting the grain axially, like in a Brazilian test [59].
According to Tsongui and collaborators [60], when a grain is in contact with
several neighbours, the tensile stress at the centre is close to (o7 — 303)/2.
After simulating an oedometric compression test in 2D with the DEM, using
(01 — 303)/2 as the failure criterion, a good agreement was found with the
2D experimental results.

In another approach, McDowell and collaborators defined the breakage
criterion in terms of octahedral shear stress, ¢ = 1/3[(0y — 02)? + (09 — 03)? +
(o1 — 03)?]"/2 [61]. They proposed that it would be unlikely for a particle
to break when it is subjected to a high isotropic stress, and that, therefore,
the deviatoric stress played a more important role in breakage. They used
the model to simulate the isotropic compression of silica sand and achieved
a normal compression line of the same slope as in experimental results from
a 1D compression test.

Once the breakage threshold is reached, the crushable particle is replaced
by smaller elements that represent the fragments. Different fragmentation
methods were proposed, based on mass conservation, PSD evolution and
various breakage mechanisms. McDowell and de Bono introduced two equally

sized spheres to replace the broken particle, without mass loss, as shown in
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Figure 4(a) [62]. The axis joining the two centres is in the direction of the
minor principal stress, which is similar to the breakage configuration in a
single particle compression test. However, the main problem in this method
is the development of a high elastic stress due to the overlap of the particles.
Assuming that particle breakage is the result of tensile failure, Lobo-Guerrero
and collaborators used a group of eight particles to replace the broken particle
[63]. The axis joining the two largest fragments is perpendicular to the
direction of maximum contact force, see Figure 4(b). Ben-Nun and Einav
studied particle breakage in three configurations, one of which is shown in
Figure 4(c). In all three methods, they obtained a PSD that obeyed a power-
law, scaling with three different fractal dimensions [64]. In terms of 3D
simulations, Ciantia and collaborators conducted a parametric study on the
effect of the splitting configuration and found that the mechanical response
does not change significantly when there are more than 14 spheres in the
fragments. The configuration of the 14-sphere replacement method, shown
in Figure 4(d), is also based on the observation of breakage of a single particle
subjected to diametric loads.

In summary, the maximum contact force method yields the best results
and has been recently accepted by researchers as the most appropriate break-
age criterion. Although this method seems biased due to the absence of
account for the coordination number or the spacial distribution of contact
forces, it ensures that small particles are more likely to break while large
particles are protected by smaller ones, which is usually true in experiments
[54]. In terms of fragment geometric arrangement, previous configurations

share some interesting similarities: fragments are separate (no bond connec-
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tion), have a disc shape (spherical shape in 3D) and there are fragments
passing through the breakage plane. From the test we conducted in Section
2 and previous studies in [65, 60], fragments of broken particles remain close
to their mother particles. While in the breakage models mentioned earlier,
where there are no bonds among fragments, spheres have much less inter-
locking than real angular fragments observed in experiments [66]. Unbonded
fragments thus undergo large displacements away from their mother parti-
cle’s position. In addition, it is also clear that for both axial splitting and
multi-fragmentation in our tests, none or very few fragments pass through
the breakage plane, while contacts always do. The last observations, which
contradict previous fragment configurations, made us think of a more realistic

arrangement of fragments to model particle breakage.

(d)

Figure 4: Examples of fragment arrangements [62, 63, 64, 35]
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3.2. A new replacement model

To overcome the shortcomings of the breakage models discussed in Sec-
tion 3.1, we propose a new replacement method that: (1) contains angular
fragments made of bonded spherical particles; (2) considers multiple gener-
ations of breakage (including both grain breakage and bond breakage); and
(3) does not generate fragments on the failure plane. As discussed in Section
3.1, we used the maximum contact force as the breakage criterion in our re-
placement model. During the simulation, the maximum contact force (F,qz)
of each particle is monitored. When the stress defined as op,,, = Fie./d?
exceeds the grain strength, the particle is then defined as being broken. The
choice of the model parameters is discussed in the following.

After a particle is identified as being broken, the next step is to replace
it with smaller fragments. We focus on breakage mechanisms where a major
splitting event occurs first, during which the particle is separated into two
fragments along a plane that contains the contact points with the largest
contact forces. During the splitting event, the elastic energy stored in the
breaking particle is released and partially turns into fragment kinetic energy.
The fragments move in the least confined direction, the largest contact forces
(contained in the splitting plane) decrease, and smaller contact forces (“con-
fining” forces) increase. This latter phenomenon leads to secondary breakage
in the fragments, as shown in Figure 5. The rearrangement of fragments ulti-
mately transforms kinetic energy into heat and another state of equilibrium
is reached. This micro-mechanism of particle breakage is validated from the
observation that most broken particles undergo a primary axial splitting and

that secondary failure occurs in the fragments.
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Figure 5: Sketch of the sequential breakage mechanism in a zeolite particle (thicker ar-
rows indicate larger contact forces) (a) local assembly of particles in the zeolite sample
before breakage; (b) first generation of breakage (represented by a red line); (c) sequential
breakage (represented by black lines)

To model the primary splitting event, we propose to replace the crushable
particle by two fragments modelled by clusters of 17 bonded rigid spherical
elements (1 central sphere surrounded by 16 smaller spheres of two different
sizes) as sketched in Figure 6. The 16 smaller spheres are tangent to the
sphere that formed the mother particle. The number of elementary spheres
in each cluster that represents a fragment was chosen so as to limit volume
loss and ensure computational efficiency. Less volume is lost when replacing
a particle by its fragments when the clusters contain a large number of small
spherical elements. With clusters of 17 particles, the volume loss is of 46 %,
which, according to Ciantia and collaborators [53], is below the critical vol-
ume loss (47 %) above which the DEM model cannot represent the physical
experiment. Clusters are breakable, which allows capturing secondary break-
age in the DEM simulations. Spheres in the same fragment are connected

together with parallel bonds, which are joints that transmit forces and mo-

16



ments [67]. Secondary breakage triggers when the bond breakage criterion
is exceeded. It is important to arrange the spheres in appropriate positions
so that the replacement process can match the breakage mechanism to its
maximum extent. The arrangement is determined by the breakage plane. In
a 2D simulation, o3 is zero according to Equation 1, thus the breakage occurs
along a line that passes through the centre of the mother particle and is coax-
ial with the maximum principal stress or maximum contact force [62, 60]. In
3D we need two vectors to define the plane direction. If these vectors are
defined as the two largest principal directions n; and ns (e.g., [54, 62]), the
maximum contact force is not guaranteed to be on the splitting plane. To
overcome this limitation, Ciantia rotated the replacement configuration twice
so that the vertical axis in the configuration becomes parallel to the direc-
tion of contact force [53, 68, 35]. However, this rotation was not justified
by any physical or mechanical explanation. When a particle breaks, fracture
propagates in the direction perpendicular to the minimum principal stress
direction. In addition, according to our experiments, the breakage planes
of broken particles do pass through the contact points. Therefore, in our
simulations, we assume that the breakage plane passes through the contact
with maximum contact force and that it is perpendicular to the plane that
contains the directions of o3 and of the maximum normal contact force.
Additionally, we need to set the smallest particle size allowed to break,
to avoid high computational cost. Theoretically, the isolated spherical grains
can always break when the breakage criterion is met. However, the large gap
between the relative mass of the particles will greatly increase computational

time because the critical time step in DEM is calculated as t..; = /m/k,
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where m is the mass of the smallest grain and k is its stiffness. We set the
smallest breakable particle size to be 0.2 mm, which is the smallest size that
can be identified from grain segmentation in XCT image analysis. Conse-
quently particles below this size threshold do not break in our simulations.
Figure 6 explains how sequential breakage is represented in our proposed
DEM model. The calibration of the new breakage model is discussed in the
following section.

Breakage plane

oB oB 03‘3

— ~%0—> @—’&@

Figure 6: Schematic of multiple generations of breakage modelled with the new DEM

o

replacement method

4. DEM simulation of the oedometer test

4.1. A brief introduction of the DEM and of the contact model

The DEM was initially proposed by Cundall and Strack in 1970s to in-
vestigate the behaviour of granular assemblies [69]. In this method, the
interactions of particles are determined by contacts and movements are gov-
erned by Newton’s second law. Simulations in this research are conducted
with PFC3D DEM sofware. Rigid spheres and rigid walls are allowed to

overlap at contacts. Contact surface areas are small compared to the size
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of the spherical elements. Spheres can be bonded together to form clusters
of different sizes and shapes. Therefore, contact behaviours are governed by
three constitutive laws: a stiffness model; a slip model; and a bonding model
[70]. The stiffness model provides a relationship between a contact force and
a relative displacement. The slip model defines the maximum shear force
that can build up at a contact before a slip movement occurs. The bond-
ing model characterizes the rheology of bonds, which can undertake force or
bending moments. Crack propagation is often represented by bond breakage,
in which case, bonds disappear during the simulation.

We used the Hertz-Mindlin stiffness model in which the normal and shear
stiffnesses increase with the sphere overlap [70]. The two governing param-
eters are the shear modulus G and Poisson’s ratio v. In the slip model, the
maximum shear force at a contact is expressed as F? = u|F}"|, where u
is the friction coefficient and F}* is the normal contact force. We used the
parallel bond model, in which bonds between balls are represented as short
beams of circular cross-section. Parallel bonds can transmit both forces and
moments between particles, and a detailed description of this model can be

found in [70].

4.2. DEM model construction and calibration

We modelled the oedometer compression test on zeolite granules using the
replacement model proposed in Section 3.2. The parameters in the model
are the particles’ shear modulus (G) and Poisson ratio (v), the strength
of particles of average size dy (040), the Weibull modulus (m), the normal
and shear bond strengths (5, and 7;), the parallel bond normal and shear

stiffnesses (k™ and k*) and the parallel bond radius multiplier .
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The contact between unbonded spherical particles is governed by the
Hertzian contact model, in which the behaviour is solely defined by the shear
modulus (G) and Poisson’s ratio (v). They are chosen to match the proper-
ties of zeolite. We assume that splitting is caused by tensile failure and the
relationship between tensile strength and maximum contact force is charac-
terized by of,,. = Faz/d?, where d is the diameter of the particle [59, 71].
In a single particle compression test, the grain strength is the particle’s ten-
sile strength. However, in a granular assembly, each grain is shielded by
its neighbours, leading to a redistribution of the stress induced by contact
forces that results in quasi-hydrostatic stress and reduced tensile stress. In
both experiments and simulations, it is reported that the force necessary to
break a particle within a granular assembly is several times higher than that
necessary to break an unconfined particle [33, 72]. In our simulations, the
average coordination number of the particles was about 5.3. According to
the 2D simulations presented in [72], grain tensile strength for that coordi-
nation number is about 3 times higher than that measured during a uniaxial
tensile splitting test (3.3 MPa for zeolite grains). Our simulations being in
3D, the best fit with experimental results was found for a particle tensile
strength o, = 12.0 MPa, which is slightly higher than the recommended
strength in 2D. In addition, a size effect was noted in a number of different
materials [33, 73, 74, 75], indicating that materials with larger sized parti-
cles usually have lower strengths. We accounted for the size effect by using
a Weibull distribution of tensile strength, where the survival probability of
a particle of size d is given by P(d) = exp|—(d/dy)*(oF,,../0w0)™] [76, 77],

and we set the Weibull modulus to 3.0, which is a reasonable estimation,
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according to the test results summarized in [77]. The parallel bonds’ normal
and shear strengths were set equal to 3.3 MPa, which corresponds to the
tensile strength found from single particle crushing tests [44]. The paral-
lel bonds’ normal and shear stiffnesses were calculated using the equations
k" = E/(R® + R®B)) and k* = G/(RW + R®)), as proposed by [78]; where
R™ and R®) are the radii of the bonded spheres and E the Young’s modulus
calculated from G and v. The frictional coefficient, which is known to not
greatly influence DEM results [44, 79], was set to 0.5; this is a common choice
in DEM simulation [27, 78]. The parallel bonds’ radius multiplier A was used
to define the radius of the cross-section of the parallel bonds; the larger it is
the stronger the bond is (i.e., a larger force is required to break the bond).
The default value of this parameter is 1.0 in the parallel bond model, which
means that the radius of the cross-section is the average of the radii of the
two connected spheres. However, due to the volume loss in the replacement
process, the contact area is underestimated in the simulation. The value of A
was fitted by trial and error to achieve the best match with the experimental
macroscopic stress - strain curve. A summary of the parameters used in the
simulation is shown in Table 1.

In order to reproduce the conditions of the experiment, the diameter and
height of the sample were respectively set to 15 mm and 12.25 mm (same
as in the experimental set-up). Particles were initially randomly generated
in a cylinder that was 15 mm in diameter and 30 mm in height, and then
subjected to free falling movement to the bottom of the cylinder. In order
to generate particles following the same initial grading as in the experiment,

we fitted the probability density of particle sizes found experimentally to a
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Table 1: Parameters used in the DEM simulation

Shear modulus (G) GPa 2.2
Possion’s ratio (v) - 0.25
Density of sphere (p) kg/ m? 2180
Material tensile strength (o) MPa 12.0
Weibull modulus (m) - 30
Normal and shear bond strength (7,, and ;) N/ m3 3.3
Frictional coefficient of sphere (1) - 05
Parallel bond radius multiplier () - 1.25

normal distribution and we used it to generate particles in the DEM sample.
The probability density functions are shown in Figure 7. The porosity of the
sample was between 44 % and 45 %, like in the physical test. The loading
speed was set to 0.1 m/s and the time step was in the order of 107%s to 10~ 7s,
which allowed simulating quasi-static conditions [31, 33, 78]. During loading,
the breakage criterion was checked every ten steps and the compressive strain
of the assembly, the contact forces, the number of broken grains and the
location of the particles were recorded. A flow chart that summarizes the

simulation steps is shown in Figure 8.

4.3. Simulation results

The stress — strain curves for both the experiment and the simulation
responses are shown in Figure 9, in which we can see that simulation results
follow the same trend as the experimental ones. Note that the curves do not

start at 0 strain because results were plotted starting at a stress of 100 MPa.

22



8 v . :

11." — Experiment
FI_ \ —-=Fitting of experiment
A [ IDEM Sampling

(e}
|=1..|

=

Probability density
N

N

0
1.1 1.2 1.3 1.4 1.5 1.6
Particle size (mm)

Figure 7: Probability density functions of DEM and experimental initial particle configu-

rations (before oedometric compression)

- Particles
Generate particles settlement
and ——— Initial state

confining walls

End of the test

Compression
Yes and
> breakage check

l

Replacement

Intermediate ot
quasi-static < Stablization
state

Figure 8: DEM simulation flow chart for the oedometer test

23



The stress — strain curve clearly shows a yielding region at around 2 MPa
after the initial compaction. Before yielding, the curve is smooth with just
a few fluctuations, indicating grain breakage and stress release due to par-
ticle rearrangement. After yielding, the curve shows important fluctuations
caused by extensive particle and bond breakage. The rapid increase in the
number of broken particles and bonds after yielding is more evident in Figure
10. Before yielding there are 20 broken particles and 300 broken bonds, yet
the two values rapidly increase to respectively 280 and 10,000 as the com-
pressive stress reaches 4 MPa. Figure 11 shows the sample before and after
compression (note that in order to have a better view of the fragments, intact
particles are set invisible in Figure 11(b)). We can also see that breakage
is more likely to occur near the loading platens, which is in agreement with

experimental observations.

Strain

— Simulation

- = Simulation without particle breakage 3
—e— Experiment S

15 :
10° 106 107
Stress (Pa)

Figure 9: Comparison of DEM and experimental results of an oedometric compression

test performed on zeolite
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Figure 11: DEM model before compression (a) and broken particles after compression (b)
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We now focus on the evolution of the PSD during compression. Figure
12 compares the numerical and experimental PSDs at axial strains of 0.0%,
4.4%, 7.12%, 11.28% and 15.48%: DEM results are in agreement with phys-
ical measures. As the strain increases, particles continue to break, resulting
in the increase of the number of fines. It is noticeable that the PSD curves in
the DEM simulation are slightly below those in the experiment for the size
range from 1.1 mm to 1.2 mm. We attribute this difference to the surface
chipping that occurs during the experiment, which cannot be captured in
this model. In fact, at the end of the simulation (i.e. for an axial strain
of 15.48%), we find that 35% of the intact particles have broken, compared
to nearly 70% in the experiment. That said, one has to keep in mind that
most breakage models aim to only reproduce the macroscopic stress/strain
curve and the PSD [80, 81, 82], which are both in agreement with experimen-
tal measures in our proposed model. We conclude that our new sequential
breakage model is representative. Chipping will be studied in future work.

An important feature of our proposed new model is the generation of
non-spherical fragments. We use the Flatness Ratio (FR) and the Aspect
Ratio (AR) to characterize particles’ shapes; these two parameters are given
by F'R = Duin/Dmea and AR = Doy / Dinin, Where Dinin, Dipea, and Dy
are respectively the smallest, medium and largest dimensions of the smallest
cube that can be circumscribed to a particle. The distributions of FR and
AR calculated at the end of the simulations are shown in Figures 13 and
14, respectively. Note that in the initial test, both the FR and AR are
equal to 1.0, because granules are initially quasi-spherical. At the end of the

experiments (respectively, simulations), 81% of the particles (respectively,
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Figure 12: Evolution of the PSD in the simulation and in the experiments

78% of the particles) have an FR between 0.9 and 1.0 and 71% of the particles
(respectively, of 80% the particles) have an AR in the range of 1.0 to 2.0.
The match between experimental and numerical results is thus satisfactory
for quasi-spherical fragments, which constitute about three-quarters of the
particles in the final stage of the oedometer test. Figure 13 shows that the
number of particles with an FR between 0.8 and 0.9 (respectively, between
0.4 and 0.8) is lower (respectively, higher) in the simulation than in the
experiment. We think that the high number of particles with an FR between
0.8 and 0.9 in the experiment is due to chipping, a process by which mother
particles that have not yet experienced primary breakage by splitting are
eroded. Eroded mother particles are considered non-spherical in the image
analysis but they are considered spherical in our model. Furthermore, the
high number of particles with an FR between 0.4 and 0.8 in the simulations

is attributed to the type of primary breakage in our model, which produces
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fragments of FR around 0.5, separated by a breakage plane. Figure 14 shows
that the number of particles with an AR between 2.0 and 3.0 (respectively,
over 3.0) is lower than (respectively, negligible in front of) the experimental
values. This difference is also attributed to chipping, which produces a large
number of angular fragments (chips) through a process that is not captured
(yet) by the proposed model. To support this interpretation, note that in the
experiments, the smallest 10% particles (which stem in part from chipping)
have, in average, an AR that is 14% higher than the 90% larger particles.
An example of surface chipping is shown in Figure 15: the particle that is
subject to surface chipping is surrounded by eight neighbouring particles.
This process generated a large fragment with a FR close to 1.0 and several
smaller fragments with high AR, which can explain the differences between

the simulations and the experiment in Figures 13 and 14.
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Figure 13: Flatness ratios of the particles before and after the compression
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Figure 15: 3D image (left) and 2D slice (right) of a particle undergoing surface chipping

(Contact delimiting the failure are denoted with yellow arrows) [83]
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5. Conclusions

Understanding the micro-mechanisms leading to particle crushing is im-
portant because fragmentation affects the bulk mechanical behaviour of gran-
ular materials. The DEM is often used to study particle breakage. An ap-
propriate breakage model is crucial in DEM because it defines the breakage
criterion and the configuration of the fragments. In this paper, we conducted
an oedometer test on zeolite granules and employed XCT during loading, and
we proposed a new DEM replacement method. We analysed the experimen-
tal results and the 3D images at both sample and grain scales with emphasis
given on particle breakage. From the quantitative 3D experimental analysis,
we validated and calibrated the DEM results. In summary, here are the main

conclusions:

1. The DEM model includes both tensile splitting and bond breakage,
combining the two most commonly used DEM models in the literature:
particle replacement (used for primary splitting breakage) and clus-
tering (used for breakage of fragments). The model allows simulating
several cycles of splitting breakage and cluster fragment breakage. Se-
quential breakage stops when a fragment reaches a critical size of 200
microns, which corresponds to the minimum segmentation size from
XCT image analysis.

2. The use of the cluster method implies that angular fragments can be
produced during the simulation, depicting a realistic evolution of par-
ticle grading during crushing.

3. An important improvement upon previously proposed models is that

during tensile splitting, the breakage plane is defined by the contact
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carrying the maximum normal force and by the direction of minimum
principal stress, instead of assuming that the breakage plane contains
the two maximum contact force vectors.

. The 3D images confirm that multiple generations of breakage occur
during the oedometric compression of zeolite and, by using rigorous
algorithms, we could accurately quantify the evolution of the PSD.
The PSD obtained with the new DEM model exhibited an impressive
matching with experimental results.

. The bulk response of the oedometric compression was also compared
to the DEM results. Using the new breakage model results in good

agreement with the experimental stress — strain relationship.

This research is expected to improve the breakage models used in DEM,

to better represent the breakage process as well as the definition of macro-

scopic properties, and to provide a useful tool for further analysis of particle

breakage mechanisms using the DEM.
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