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Abstract

This paper deals with the effect of contact conditions on the crushing mechanisms and the strength of granular materials. The
computation of crushable grain material under different loading conditions is performed using 3D model of discrete element method
(DEM). The crushable macro-grain is generated from a large number of identical spherical micro-grains which are connected according
to the bonded particle model. First, the parameters of the proposed DEM model are calibrated to match the force-displacement curve
obtained from Brazilian Tests performed on cylinders made of artificially crushable material. The damage profile right at the point when
the force-displacement curve reaches its maximum is seen to replicate the same crack patterns observed in Brazilian test experiments.
Then, parametric investigations are performed by varying the coordination number, the contact location distribution, and the contact
area. The results show that these parameters play a significant role in determining the critical contact force and fracture mechanism
of crushable particles compared to a traditional macro-grain crushing test. Increasing distribution and coordination number of the
macro-grain increases particle strength when large area contact is permitted. However, for linear contact area, the effect of increasing

coordination number on particle strength is marginal.
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1 Introduction

Crushing mechanisms in granular materials are important
processes for many geotechnical engineering applications.
Under high stresses, grain breakage alters the grain size
distribution and is usually accompanied by a reduction of
the permeability and an increase in compressibility of the
grain skeleton [1-4]. These complex microscale processes
play a critical role in the performance and serviceability of
many engineering applications, such as embankments [5],
rockfill dams [6, 7], railway tracks and geotechnical
engineering [8]. The mechanisms of grain crushing are
complex and depend closely on the stresses transmitted
through particle contacts.

Previous experimental observations revealed that the
macro-grain crushing of a grain assembly under com-
pression is influenced by many factors, including, local
microstructure defects, particle size and shape, coordina-
tion number of the macro-grain (number of contacts to the
particle [9]), position of the contact points, loading condi-
tions, duration, and boundary conditions [10—15].

Numerous authors have developed failure models that
take into account the coordination number in the assem-
bly of grains. Some authors have proposed failure criteria
for tensile [16] and plane shear [17] fracture modes tak-
ing into consideration the effect of the coordination num-
ber. The high coordination number is known by its effect
for increasing the strength of particles and of preventing
crushing. Wang and Arson [18] have clarified this mecha-
nism by the redistributing of the compressive forces con-
centrated at the contact points of the particles in a distrib-
uted pressure close to the hydrostatic pressure conditions.

Nevertheless, the effects of the contacts position and
contacts area on the fragmentation patterns and strength
of the particles have not been deeply investigated. Few
works have focused on the effect of these parameters.
Todisco et al. [19-20] designed an experimental device to
study multi-contact crushing of sand or limestone parti-
cles. Using Weibull's statistics, they pointed out that an
increase in the coordination number leads to a decrease
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in the probability of crushing. They showed that in addi-
tion to the coordination number, the nature of those con-
tacts, controlled by particle morphology and mineralogy,
also plays a significant role in determining the strength of
a particle. They exhibited that compressed particles with
higher coordination number have a lower probability of
crushing than compressed particles between two diamet-
rical opposite forces.

Salami et al. [10], using original experimental apparatus
with multiple contact points with both surface and linear
contacts, demonstrated that the coordination number and
their positions play an important role in the fragmentation
of an individual grain and that the critical contact force is
highly dependent on the contact area (the area of the con-
tact between the macro-grain and the loading plate).

Using drop weight crushing tests, Artoni et al. [21]
showed a strong effect of contact orientation on particle
strength as well as similar fracture patterns.

From the review of experimental works, it should be
noted that the coordination number was restricted to
grains with a few coordination number less than or equal
to 6 for Salami et al. [10] and 4 for Artoni et al. [21]. This
restriction is not representative of particles that are part
of a well graded granular assembly. Further, it is difficult
to define the stress and to capture critical contact force
and crushing evolution in testing specimens. Compared
with experimental investigations numerical simulations
offer the chance to observe process dynamics in given
time and spatial coordinates [21, 22]. Detailed micro and
macro scale information can also be recorded. Reruns of
the numerical simulations using different material and
process parameters become possible for optimization.
Significantly more information can be obtained from this
model than by experiments. Thus, the use of numerical
modeling seems to be unavoidable.

Many finite element, Lagrangian finite difference, and
boundary element programs have interface elements or
"slip lines" that allow them to model discontinuous mate-
rial or crack propagation to some extent. However, their
formulation is generally restricted in the cases of the use
of numerous cross interfaces, total separation of the parts
of the model or the need to recognize new contacts.

According to McDowell et al. [23], the discrete ele-
ment method DEM, using the particle flow code (PFC3D),
has been one among the foremost common numerical
approaches to model fracture in granular materials. This
approach provides a virtual laboratory to simulate mechan-
ical tests without the limitations of the size and controlling

particle multi-loading encountered in the laboratory.
In this context, DEM offers an attractive alternative in
that the bonded particles can be broken apart and without
any assumption of a custom model. For these reasons, in
this paper, the effect of different loading conditions on the
fragmentation patterns and particle strength are examined
using experimental Brazilian laboratory tests and discrete
element method (DEM) model. The 3D crushable granular
material is made up from a large number of micro grains
which are connected according to the properties of crush-
able parallel bond. According to the experimental results,
the proposed 3D discrete element method model is first cal-
ibrated. Then, parametric studies are carried out to study
the effects of coordination number, location, and contact
arca. Finally, the results are compared with other investi-
gations and discussed.

2 Experiments: Brazilian strength test

Systematic experimental testing of samples crushing for nat-
ural materials is usually difficult due to the relatively high
stress required to crush the grains, and also the variability
and heterogeneousness of natural deposits, which makes it
difficult to get repetitive results. For these reasons, in order
to obtain similar test results, an artificial material was con-
sidered for experimental Brazilian laboratory tests where
cement and silt were mixed according to their mass ratio in
which cement provides bonding and silt is the main filling
material. Cylinder specimens with a diameter of 60 mm and
height of 60 mm were tested using the Brazilian strength test
in a static loading machine. Displacement transducer was
used for the measurement. The vertical load was respec-
tively transferred to specimen through plywood trips with a
width of 10 mm. The specimens were compressed between
two diametral opposite loading strips as shown in Fig. 1.
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Fig. 1 Sketch of the initial geometry of the sample in the splitting
tensile test



During the rise of the externally applied load frame with a
constant loading velocity of v = 0.025 mm/s, the reaction
force was recorded as a function of displacement until the
breakage of specimens. Thus, the load-displacement data
has been plotted for all the specimens.

Several splitting tests on the artificial crushable speci-
mens were carried out. In all tests the main vertical mac-
ro-crack first occurred at the mid-height of the specimen
in the central vertical zone. Then it propagated towards
the top and the bottom of the specimen or\and branched to
form a wedge directly under the plywood board. Finally,
at failure, the concrete specimen was divided into two
main parts as shown in Fig. 2(a).

Similar load-displacement results were measured for
all Brazilian laboratory tests. Fig. 2(b) illustrates typical
corrected load-displacement recorded for one represen-
tative of the samples. The correction includes the initial
nonlinear displacement because of the loading contact
defect and deformation of the plywood strip. A brittle
failure was observed for all Brazilian tests. The applied
force increases with increasing of the prescribed vertical
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Fig. 2 (a) Typical failure observed for artificial cylinder samples

subjected to Brazilian test; (b) Typical load-displacement diagram of
artificial material in the Brazilian tests
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displacement and it drops suddenly after the peak point.
The average peak contact load 8.4 kN was reached at ver-
tical diameter rapprochement of 2.2 mm.

3 Discrete numerical model

3.1 Contact models

All numerical computations were carried out through the
particle flow code PFC3D [24]. With PFC3D code it is pos-
sible to reproduce many behaviors observed in solid mate-
rials by using contact model that allows bonds at contacts to
be created. In the bonded balls implemented in PFC3D, the
linear parallel bond consists of a linear model and a parallel
bond interfaces. The linear model interface can carry only
a non-tensional force and slipping in the shear (tangential)
direction is governed by a Coulomb criterion. Parallel bond
interfaces mimic the role of a sticky grain cementing agent
that can transmit forces and moments between the bounded
particles. Therefore, bonds conceptually represent material
between pieces (i.e., balls, and facets) that may carry loads
to specified limits. During computation, if contact stresses
are below strength limits, the material can act in a similar
way to a continuum approximation of a solid. Once the ten-
sile strength or shear strength of a bond is reached during
loading, bonds break and neighboring pieces are free to
behave like they are in an un-bonded state. For instance,
frictional slip may occur locally, simulating the initiation
and propagation of fractures. The bonded-particle mod-
eling methodology is discussed thoroughly in Potyondy
[25]. It should be noted that the linear parallel bond contact
model in PFC produces unrealistically low ratios of com-
pressive to tensile strength (Potyondy, [25]). To overcome
this shortcoming, it is more suitable to use the flat joint
contact model. However, assigned the same properties, flat
joint contact and parallel bonded models give almost the
same tensile strength (Itasca Consulting Group [24]).

For this analysis, two types of contacts will be present:
ball-ball and ball-facet contacts. The linear contact model
was used for the contact between balls of macro-grain
and facets of loading system. However, the linear parallel
bond model was adopted for ball-ball to generate a bonded
macro-grain.

3.2 DEM Model calibration

For the DEM model proposed for simulation of the behav-
ior of the tested artificial crushable material, the crushable
macro-grains have a cylinder shape with a diameter and
height of 60 mm and generated using non-breakable micro-
grains "balls". With the aim of reproducing the conditions
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of the experiment, the diameter of the micro-grains was
set to 3 mm. The loading platens were modeled by plate
rigid walls. First identical balls were generated, confined,
and bonded in the form of cylindrical macro-grain. Then,
stiffness and bond parameters of the DEM cylindrical mac-
ro-grain model were calibrated to better matching force—
displacement curves obtained with our experiments during
Brazilian crushing tests performed on cemented silt.

To simulate the initial state before loading, first, the
randomly generated balls created using the ball distribute
command were confined in a closed material vessel repre-
senting the geometry of the macro-grain. The linear bond
model for ball-ball and ball-facet contacts was selected.
After computing equilibrium, this state was accompanied
by an initial overlap between balls. The model cycle com-
mand was given with the calm keyword to periodically
null all ball translational/rotational velocities, effectively
removing kinetic energy from the system. This allows
the balls to be rearranged without significant overlap and
without significant movement, achieving a dense packing
relatively rapidly. Then, we installed parallel bond to ball-
ball contacts and removed the vessel wall to obtain initial
arrangement before loading, due to the overlap, some of
the loads were transferred to stretching the parallel bonds.
To observe this transfer, a measurement sphere can be cre-
ated, and history monitoring can be set up to record the
evolution of the stresses within the assembly. With a high
overlap, the assembly specimen explodes. To remove this
perturbation, one must reset the contact forces contact
moments as well that have been accumulated to the bodies
during the previous force-displacement calculation cycle.

In the early stage of calibration, the Young's modulus
of the particle £*, Young's modulus of the parallel bond,
E , normal-to-shear stiffness ratio K* = K /K and the ratio
of normal to shear stiffness of the parallel bond, K /K
were chosen to match the linear response, elastic part,
before the peak load. The grain and cement moduli and
ratios of normal to shear stiffness were set equal to one
another to reduce the number of free parameters. The fric-
tional coefficient, which is known to not greatly influence
DEM results (Potyondy and Cundall) [26], was set to 0.5
as recommended in the state of the art (Wang et al.) [27].
The linear behavior was found to be highly governed by
Young's modulus.

The second stage of calibration involved a series of
numerical tests to match the peak load. The tensile bond
strength and the shear strength of the parallel bond were

strictly linked to the peak load and crush pattern (Itasca,
PFC). The tensile strength was chosen in accordance with
the peak load and the shear strength was chosen arbitrary
greater than tensile strength to permit both tensile crack
and shear crack to develop during loading.

The calibrated parameters are shown in Table 1. It should
be pointed out here that as the study in this paper focuses
mainly on the different loading conditions on the fragmen-
tation patterns and particle strength some parameters were
chosen simply.

The response of a DEM model is sensitive to the load-
ing rate which must be slow enough to ensure a qua-
si-static response. Therefore, a loading velocity sensitiv-
ity analysis was performed under different wall velocities
with the control of peak loading force and the ratio of the
unbalanced force magnitude to the applied force magni-
tude. Considering the quasi-static condition and compu-
tational efficiency, the selected loading velocity applied to
the loading platform was 0.01 m/s generating an unbal-
anced force to contact force ratio of less than 0.001 during
the crushing process. By further reducing the velocity,
the results showed no effect on the peak load however the
computation time became troublesome.

During the entire simulation, the contact force, as well
as the number of broken bonds were recorded.

Typical simulation results of calibrated model are
shown in Fig. 3, in which we can see that once the peak
force is reached, the macro-grain breaks into two main
parts (Fig. 4), which is in agreement with experimental
observations (Fig. 2(a)). The macro-grain was randomly
rotated and tested where it gave similar results which con-
firm that there is no weak area inside the macro-grain as
well as crystal-like groups often observed in two-dimen-
sional simulation.

Table 1 Parameters used in the DEM simulation

Elementary particle size, D mm 3

Installation gap, g i mm 0.002
Density kg/m’ 2400
Young's modulus of the particle, £* GPa 0.14

Ratio of normal to shear stiffness of the
particle, K, /K

Particle friction coefficient, x 0.5
Young's modulus of the parallel bond, £ GPa 0.14

Ratio of normal to shear stiffness of the
parallel bond, K /K

Tensile bond strength MPa 1.3
Cohesion bond strength MPa 7
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Fig. 3 Load-displacement curve during the Brazilian test simulated by
the DEM: calibration of DEM macro-grain model against experimental

test results
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Fig. 4 Fracture patterns for calibrated model: (a) initial state; (b) at the

peak load

4 Results of computation and discussion
The strength and breakage of bonds in a crushable mac-
ro-grain were examined for different coordination number,
contact location and type of contact. These tests were cho-
sen to mimic true grain conditions in granular materials.

Fig. 5 sketches the geometry examined for different coor-
dination number and location. The macro-grain is investi-
gated for diametric contact, three contacts with different
angles a, four contacts with 90 degree and eight contacts
with 45 degree.

Three contact models were considered plate contact model,
cylinder contact model and linear contact model. These
three models are outlined in more detail in the following.

4.1 Effect of contact area for diametral compression
The effect of contact area for diametral compression test
was examined for plate, cylinder and linear contacts cover-
ing the majority of the natural contacts in reality between
the grain assembly. Within the loading phase, both the top
and bottom walls were under a constant velocity.

Fig. 6 shows the captured fracture patterns for these
three types of contact area. The fracture patterns are
similar to that obtained experimentally in Brazilian test.
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Fig. 5 Sketch of the geometry examined for different coordination

number and location

A diametric plane fracture is found, which is initiated by
the breakage of a few bonds close to the vertical diametric
plane. Then, bonds continue to progressively break around
the vertical diametric plane until the crack relates the two
loading points. Force-displacement curves obtained from
simulations are plotted in Fig. 7. For all contact types, the
loading force first increases substantially linear with the
increasing displacement of the wall till it reaches the peak
point where it drops sharply. From the force displacement
diagram the highest peak loading of the crushable mac-
ro-grain is firstly the case of plate contact 8.4kN, second
the case of cylinder contact with a peak load of 7.5 kN,
then the case of linear contact with peak load of 3.4 kN.
So, we can say that the peak loading and the apparent stiff-
ness of the macro-grain in case of plate contact are greater
than cylinder and linear contact.

The high peak load discrepancy between surface contact
and linear contact might be attributed to the higher concen-
tration of forces near the contacts in the case of a contact
along a line. These numerical tests demonstrate the strong
effect of surface contact in diametric loading tests.

The commonly used indirect tensile strength of a cylin-
drical sample with diameter D and thickness T is given by:
o= 2B , (1)

DT
where P__is the peak load and D and 7 are the diameter
and the thickness of the specimen respectively.
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This expression gives P, = 7.35 kN which is close to
the results of plate and cylinder contacts. Comparing the
peak load P, predicted by Eq. (1) with the present results
shows good agreement with the cases of plate and cylinder
contacts however high discrepancy is noted with the case
of linear contact.

Contact (a) (b)

Plate ‘

Fig. 6 Fracture patterns for diametral cases: (a) initial state; (b) at the

peak load

Diametric

Plate contact

8 ——— Cylinder contact

7 Linear contact

Load (kN)
IS

(0] 02 0.4 0.6 0.8 1 12 14 16

Displacement (mm)

Fig. 7 Load-displacement curve for diametral cases

In addition, it should be noted that contact area strongly
impacts the stiffness of the macro-grain. Fig. 7 shows
clearly the decrease of the apparent stiffness with the
decrease of loading contact area.

4.2 Effect of contact area for four contacts: 4-90
configuration

The effect of the plate, cylinder, and linear contact surface
for the case of four contacts with 90 degree (4—90 config-
uration) was also investigated. Fig. 8 shows the fragmen-
tation pattern. The macro-grain breaks into different parts
ranging between 3 to 4 main parts. The results of force-
displacement curve are plotted in Fig. 9. The results show
a more complicated post-peak behavior, which is explained
due to several major failures within the macro-grain.

The recording of loading-displacement curve shows
that the peak load of the four contact cases increased com-
pared to diametric loading cases. The peak load increase
is more pronounced with the increase of contact area. For
instance, peak load increases for plate contact and linear
contact are 61 % and 13 % respectively. This larger load

Contact

(b)

Plate

@
=

Cylinder

Linear

Fig. 8 Fracture patterns for 4-90 cases (a) initial state; (b) at the peak
load
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Fig. 9 Load-displacement curve for 90-4 cases

can be credited to the macro-grain breaks to more frag-
ments in the four contacts case which infers more break-
age inside the macro-grain compared to the diametric case
and that leads to a larger loading breakage.

There was an importance difference between the cur-
rent work and Salami et al. [10]. The computation results
are in disagreement with those of Salami et al. [10] in which
there was a presence of diametral crack and two second-
ary cracks between the top and lateral contacts. To explain
these differences, focusing on the stresses applied on the
sample Salami et al. [10] loaded the sample by giving the
top plate a constant velocity, however lateral contacts were
just put in contact with the specimen. Therefore, the lat-
eral contacts were then passive. In contrast to our work, all
the loading platen were moving towards the center.

4.3 Three contacts: Effect of the location

4.3.1 Plate contact

In order to examine the variation of contact locations, five
configurations corresponding to five values of angle a
(0: explained earlier in diametral compression, 20°, 30°,
45° and 60°) were examined. The two bottom walls were
positioned symmetrically with their normal pointing
towards the centerline of the cylinder.

Fig. 10 depicts the fragmentation pattern for o (20°, 30°,
45° and 60°). The macro-grain breaks into 2, 3 and 4 main
different parts for a equal 0°-20°, 30—45° and 60° respec-
tively. The essential results of the peak load, displacement
at peak point and number of fragments for the case of plate
contact are summarized in Table 2. In accordance with
experimental and numerical results of Artoni et al. [21]
it is clearly shown that the peak load increases with the
rise of the angle a. Compared to diametric loading where
break in tension is dominant, this increase can be clari-
fied by the mobilization of the friction contribution that
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a=20°

e

a=45°

Fig. 10 Fracture patterns at the peak load for o plate contact cases

Table 2 results for different angle configuration: plate contact

Contact Peak load (kN) I]?:ZEISZ?E?E:;; ?Irl;zlr?lz;?sf
a=0° 8.4 1.05 2
a=20° 9.35 0.85 2
a=30° 9.98 1.02 3
a=45° 10.9 1.25 3
a=60° 11.6 1.49 4

results to an increase in the shear component of the load-
ing. As expected, and in accordance with previous work
mentioned in the literature [10, 19-21] the position of con-
tacts influences the peak load supported by the particle
and therefore its apparent strength.

4.3.2 Linear contact

The effect of linear contact for five values of angle a
(20°, 30°, 45° and 60°) on the fragmentation patterns is
shown in Fig. 11. For a ranging from 0° to 30°, a diame-
tral crack is observed. However, for a starting from 45°
to 60° cracks oriented towards the centerline of the cylin-
der are noted. The results show that area contact can have
a strong impact on the loading capacity and therefore the
fragmentation patterns. Important results are summarized
in Table 3. Contrarily to plate contact, the results of peak
load show marginal effect of varying loading position and
increasing coordination number.
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a=20° a=30°

a=45° a=60°

Fig. 11 Fracture patterns at the peak load for a linear contact cases

Table 3 Results for different angle configuration: linear contact

Contact Peak load Displacc?ment at Number of
(kN) peak point (mm) fragments
a=0° 334 1.09 >
a=20° 3.45 0.97 2
a=30° 3.74 0.99 2
a=45° 372 1.07 )
a=60° 3.62 1.05 5

4.4 Coordination number

For this part, the increase of coordination number was
examined for plate contact cases. Fig. 12 displays a repre-
sentation of fracture patterns and broken bonds obtained for
four coordination number cases: 2, 3, 4 and 8. As mentioned
above, for two contacts case a vertical crack is formed.
For three contact edges, three cracks are obtained between
the top wall and the lateral contact walls. The cracks start
at within the upper part of the sample and then spread
towards the side walls and form a triangular crack.

For the four contact edges, a cloud of broken bonds starts
accumulating near the platen walls with some minor bro-
ken bonds spreading inside the body of the sample. When
the peak load is reached the form of square crack is hardly
seen. For the eight contacts, the broken bonds appear to
form a cloud around the sample and shape a circle. After the
peak load, a large number of small fragments occurs around
the body surface while the core of sample remains together.
There was no obvious path for the fracture pattern in this
case, but deterioration of the sample periphery is evident.

2-contacts 3-contacts

4-contacts 8-contacts

Fig. 12 Fracture patterns for different contact number



Fig. 13 presents the results of force-displacement for
these cases. From the force displacement curve, the force
is increasing linearly with the same slope. The peak load
for the case of 8 contacts is 16.7 kN which represents an
increase of 100 % compared to the case of diametric con-
tact (8.3 kN). Therefore, the current computations confirm
that a large number of contacts prevents the particles from
crushing and are in good accordance with the experimen-
tal work conducted by Todisco et al. [19] where they con-
firmed that a higher contact number resulted in a decreased
probability of crushing.

In addition, it was noted that the increase of the coor-
dination numbers with isotropic distribution affects the
fracture patterns leading to non-fragility splitting failure.
The obtained failures correspond more to shear fracture
mode II according to Ben-Nun and Einav [28]. For the
cases of 4-contacts and 8-contacts there is no crack con-
centration in the center of the sample due to the confine-
ment effect of loading (Fig. 12), and shear and tensile
micro-cracks are concentrated at the particle periphery.
After peak load, contact spheres broken bond by shear
exhibit friction resistance leading to non-fragility split-
ting failure.

In Tsoungui's criterion, the failure is based on the ana-
lytical elastic solution of the distribution of stress in a disc
grain subjected to two opposite forces. The tensile stress
crfx acting at the disc center is expressed by

0 F
ol @)
where F is the external force and R is the radius of the disc.

When a grain is subjected to an arbitrary set of forces,
the complex distribution of forces is replaced by an equiv-
alent distribution (see Fig. 14(b)) of orthogonal forces F,_
and F_;. Then, ng expressed by Eq. (3) for equivalent set
of contact forces.
G)(c)x _ Fmin _3Fmax (3)

TR

The fracture occurs according to a tensile splitting
mode I, in a manner similar to that of a grain between two
diametrically opposed forces.

In this case, the crack originates when the tensile stress,
o, overcomes o, which is assumed to be equal to that of
a grain compressed diametrically.

By expressing the tensile stress o, as a function of

XX 2
the hydrostatic stresses p and of the shear 7, the failure cri-

terion becomes:
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Fig. 13 Load-displacement curve for different contact number
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Fig. 14 Schematic of the two fracture criteria: (a) reference case; (b)

opening fracture mode I according to Tsoungui et al. [16]; and (c) and
in-plane shear fracture mode II according to Ben-Nun and Einav [28]

o’ =2t-p>0,. )

From this relation, it is clear that this failure criteria
is independent from the coordination number and loading
conditions. Further, it can be inferred that no possible of
breakage when the grain is subjected to isotropic loading
configurations. This failure mode I is in accordance with
the computation results only for or near diametral load-
ing conditions. However, it is contradicted by the ruptures
obtained numerically for isotropic loading as 3, 4 and 8
number of contacts with different contact area.

More than 2 number of contacts distributed uniformly
around the macro-grain, the obtained failure mechanisms
are in accordance with the second failure criteria, mode
11, developed by Ben-Nun and Einav [28], for plane shear
fracture modes taking into account the effect of the coor-
dination number. According to the numerical study by
Sukumaran et al. [29], particles under isotropic configu-
ration will crush when the following critical force magni-
tude is met /overcome

F'cril = do—cfwafCN 5 (5)

where o, is the tensile stress at failure of a grain of size d
and f,, f,, foy are reduction factors taking account particle
imperfections, particle curvature and coordination number
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respectively. The first factor f, is deduced from a statistical
law [30] describing the distribution of the flaws or imper-
fections directly affecting the strength. The two other fac-
tors are defined empirically.

Sukumaran et al. [29] suggested capturing the curva-
ture effect by the following partial factor:

D/d

Jo = D/d+1"

(6)
If the grain under question contacts a wall, we use D — o0,

i.e., in which case this factor is omitted since f, — 1.
Further, Sukumaran et al. [29] proposed for any coor-

dination number C greater than 1 the following empirical

D (c-2)(c-3)
fCN=(C—1)e("j[ i ) (7)

where C is the coordination number of the crushing grain.

relation.

This expression satisfies the lower boundary of £, =1
when C =2 and suggests that as C increases, the factor 1,
increases, therefore, the critical force (Eq. (5)) grows, such
that it is harder to crush the particle.

Nevertheless, the use of the critical force described
by Eq. (5) for the present studied cases suffers in sev-
eral ways. For plate and cylinder contacts where D — o
implies f;, — 1, f,y — 1 and . In addition, in the case of
linear contact D — 0, f, — 0, f,y = (C—1) and F_,, — 0.

5 Conclusions

To examine the impact of different grain loading condi-
tions, the effects of contact number, location and contact
area were investigated using experimental Brazilian Tests
conducted on cylinders made of artificially crushable
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