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Abstract

The deformation of three-dimensional highly polydisperse packings of frictional spheres with continuous unimodal and
discrete uniform particle size distributions (PSDs) under uniaxial compression was investigated, using the discrete element
method. The stress transmission and elasticity parameters, i.e., the effective elastic modulus and the Poisson’s ratio of the
granular assemblies were examined; these parameters are important in many engineering disciplines. The influence of the
shape of the PSD on the porosity and the transmission of pressures in samples was observed; however, the shape of the PSD
did not affect the stiffness and the Poisson’s ratio of polydisperse granular packings. The results revealed that, in some cases,
knowledge of the grain size distribution is not a critical issue for modeling granular packings composed of non-uniformly

sized spheres.
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1 Introduction

Granular materials play important roles in the agriculture,
food, pharmaceutical, cosmetics and constructions indus-
tries. Materials are subjected to technological processes, such
as compression and mixing, whose design requires advanced
research into granular matter. Granular packings differ from
one another owing to the different material and geometric
properties of particles composing beds. Material properties
include density, stiffness and surface roughness, while the
geometric properties of particles include their size, size dis-
tribution and shape. Each of these parameters has been found
to determine the structure and the mechanical response of
granular materials to external shear and compressive loads
[1-10].

Most granular packings involved in industrial and natural
processes are related to polydispersity. Polydispersity affects
the rearrangement of the particles and the contact network
in granular systems, thus resulting in different compaction
characteristics of particulate materials and powders, which
is important in the chemical and construction industries.
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The degree of particle size heterogeneity affects geometric
aspects of the packing characteristics and the mechanism of
transmission of contact forces in granular systems [3,11].
Voivret et al. [3] observed that increasing the degree of dis-
order of granules and the participation of small particles
in highly polydisperse mixtures resulted in a decrease in
the total number of contacts. These authors observed no
effect of particle size span on the internal friction angle in
highly polydisperse granular media. A numerical study on
the effect of particle size polydispersity on the microstruc-
tural and micromechanical properties of granular assemblies
with normal PSDs, carried out by Wiacek and Molenda
[12], has shown slight changes in the solid fraction and
coordination number (CN) in mixtures with particles whose
diameters exhibited a standard deviation less than 40%.
Authors observed greater anisotropy of the contact network
and the dissipation of energy in highly polydisperse mixtures,
than that of sphere packings with a small degree of sphere
size dispersity.

Particle size distribution can be described by a continu-
ous or a discrete distribution [ 13—17]. Normal and lognormal
PSDs are often assumed in descriptions of the random vari-
ation that occurs in the data from many scientific disciplines
[18-20] and in descriptions of granular materials, which are
important in many industrial and natural processes (e.g.,
seeds, grains, sands, gravel, powders). In the majority of
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investigations performed on granular materials, the Gaussian
(normal) or log-normal PSDs, which represent continuous
unimodal symmetric and asymmetric PSDs, respectively,
have been applied. Suzuki and Oshima [21], Hwang et al.
[22], Roozbahani et al. [23] and our research group [7], have
reported that various grain size distributions can be applied
in the numerical analysis of granular packings, depending
on the geometrical properties of the material and objective
of the study.

Understanding the relationship between the PSD func-
tion and the microstructural and mechanical characteristics of
granular packings is important in different industries in which
granular materials are processed. This knowledge enables
scientists and engineers to predict the mechanical response
of particulate systems to loads applied during mechanical
processes; this results in an increased efficiency of the pro-
cess and in enhanced quality of the products.

Suzuki and Oshima [21] generated mixtures of spheres
with log-normal, log-uniform, Rosin—Rammler and
Andreasen (Gaudin—Schumann) PSDs to examine the rela-
tionship between the coordination number and the shape of
the PSD. They reported that the CN deviated from the value
obtained for a monodisperse sphere bed as the size distri-
bution broadened; they found that an average CN ~ 6,
which is the value for a uniform-sized frictionless sphere
packing. The CN was found to be independent of both the
type of PSD and the degree of particle size heterogeneity.
Hwang et al. [22] simulated two-dimensional packing struc-
tures composed of circular and ellipsoidal particles with
normal, Rosin-Rammler and uniform PSDs. The porosity
of granular packings was found to be strongly affected by
the shape of PSD. For ellipsoidal particles, a uniform dis-
tribution provided the greatest porosity, while the smallest
porosity was observed in mixtures with a normal distribu-
tion. Hwang et al. [22] reported that the average CN was
dependent on the type of PSD, thus contradicting to findings
of Suzuki and Oshima [21]. Roozbahani et al. [23] studied the
effect of the PSD shape on the porosity of polydisperse sphere
packings with the same size range and normal, exponential,
log-normal, and random, size distributions; they found that
a log-normal distribution provided the smallest porosity. In
turn, they observed that samples with a random PSD exhib-
ited the greatest porosity.

Wiacek and Molenda [7] conducted discrete element
method (DEM) simulations for polydisperse packings of
spheres with a small degree of particle size heterogeneity
(equal to 20% of the particle mean diameter) and, with
normal, log-normal, random, and uniform PSDs. Authors
observed no effect of the shape of PSD on the microstructure
in the packings with continuous PSDs. A uniform distribution
provided a smaller solid fraction and CN than that pro-
vided by the normal distribution of diameters of spheres. The
continuous distributions provided the same microstructure
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and micromechanical characteristics of polydisperse sphere
packings; thus, the choice of the shape of a continuous PSD
for DEM simulations of quasi-static processes should not
be a critical issue if the micromechanical properties of the
packings are considered.

Dahl et al. [14] conducted three-dimensional simulations
of unbounded shear flows to investigate the stresses and
granular energy in particulate systems with Gaussian and
lognormal sphere size distributions. The shear stresses in
mixtures were found to be similar to those predicted on the
basis of monodisperse kinetic theory and that were indepen-
dent of the width of the PSD. Pressures in samples decreased
with an increase in degree of particle size heterogeneity; how-
ever, the shape of the PSD was not observed to affect the
pressure.

A particulate assembly subjected to external loads under-
goes deformations, and the bulk response of a material
is strongly affected by its porosity [24]. Schopfer et al.
[24] conducted DEM simulations of confined triaxial exten-
sion and compression tests for polydisperse samples with
power-law and uniform bimodal PSDs. Their results showed
that the strength and angle of internal friction were strictly
related to the porosities of the samples; however, they were
independent of the PSD. The Young’s modulus decreased
substantially with an increase in porosity and was high in
packings with a power-law PSD. The Poisson’s ratio, which
was independent of porosity, was high in mixtures with uni-
form and bimodal distributions.

A review of the literature reveals that the results of studies
on the influence of the shape of the PSD on the microstruc-
ture and mechanical characteristics of granular packing are
frequently inconsistent. This inconsistency may be due to
the fact that the structural properties of granular packing and
its mechanical behavior depend on both, the particle size
polydispersity and the contact density [25-27]. Because the
contact density is determined via a generation procedure and
loading process, the order of the curves for different dis-
tributions as well as their trends may differ among various
projects.

A review of the literature also reveals that the majority of
investigations conducted so far has been devoted to particu-
late assemblages with a small degree of polydispersity and
has addressed only their structure and micromechanics. No
comprehensive study on the effect of the type of PSD on the
structure and mechanical properties of highly polydisperse
granular mixtures has been reported so far, thus resulting in a
research gap. The previous studies, despite being important
to engineers and technological process designers, are insuffi-
cient. Therefore, the objective of the presented project was to
analyze the compression mechanics of highly polydisperse
granular mixtures with various PSDs; the analyzed traits
include the structural and mechanical properties of these
materials at both the microscale and macroscale. The normal,
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log-normal and non-uniform random distribution functions
were applied to compare properties of mixtures with dif-
ferent continuous unimodal PSDs. Investigations were also
extended to ternary packings with uniform discrete PSDs.
Ternary mixtures represent the simplest case of polydis-
perse particulate systems, which exhibit interesting behavior.
Understanding such behavior could pave the way for fast
and accurate interpretation of the effects observed in com-
plex packings of non-uniformly sized grains. In some cases,
multicomponent granular packings can be replaced by sim-
ple bidisperse or tridisperse samples [28], which decreases
computational effort and is of interest to researchers and engi-
neers.

2 Numerical method

Because experimental studies cannot provide detailed
insights into the microstructure and micromechanical prop-
erties of particulate assemblies, numerical simulation tech-
niques are increasingly preferred to represent granular media.
In this study, discrete element simulations were performed to
investigate compression mechanics of polydisperse granular
packings. The DEM, which is based on a microstructural
approach, is a numerical technique for investigating the
mechanical behavior of particulate systems in detail [29].
In the present study, a simplified non-linear Hertz—Mindlin
contact model was used.

Three continuous unimodal PSDs: normal, log-normal,
and random, that were complemented by a discrete uniform
distribution, were considered in this study. The first PSD is
a continuous normal distribution described by the following
probability density function:

1 —(D—p?

e 2, (1)

D7 B =
f(D, pu,o0) G

where D is a random particle diameter, x is the mean or
expectation of the distribution and o is the standard deviation.
A histogram of the normal distribution of the diameters of
particles is shown in Fig. la.

The second continuous unimodal PSD is a log-normal dis-
tribution. It is represented as follows:

FDp o) = — L @)
W0) = ————e 207,
Do /2w

which is closely related to the normal distribution. A his-
togram of the log-normal distribution of the diameters of
particles is illustrated in Fig. 1b.

The third-unimodal PSD is a continuous PSD with diam-
eters of spheres non-uniformly and randomly sized within
the range between 0.35D;, and 5.2Dj,, where D, = 7.3 mm

is the diameter of a basic sphere modeled in simulations.
A histogram of the random distribution of the diameters of
particles is shown in Fig. 1c.

The fourth PSD is adiscrete uniform distribution expressed
by the following probability function:

1 if b=D\,Ds,....D,
0, ifnot

P(D) = { 3

where 7n is the number of fractions in the mixture. Ternary
sphere packings were generated with an equal number of par-
ticles with diameters of 2, 7.3 and 12.6 mm. A histogram of
the uniform distribution of diameters of particles is illustrated
in Fig. 1d.

In this study, three-dimensional (3D) simulations of
uniaxial confined compression of granular packings were
conducted, using the EDEM package [30]. The uniaxial
compression test is a common method for determining the
mechanical properties of granular materials of interest to
technological process designers. Both, physical [31,32] and
numerical [10,33-36] modeling of the compression of a gran-
ular solid may provide useful scientific insight and valuable
knowledge necessary for efficient design.

The uniaxial compression test enables analysis of the
stress—strain characteristics of granular solids and determi-
nation of material parameters such as the lateral-to-vertical
pressure ratio (k), the modulus of elasticity (E), or the Pois-
son’s ratio (v). The uniaxial compression apparatus with
square cross section 0.12 m long and 0.132 m high was
modeled to measure loads in two perpendicular horizontal
directions x and y in a sample subjected to deformation in
vertical direction z (Fig. 2). The dimensions of the sample
were greater than 15 mean particle diameters (D) which we
previously found to be a representative elementary volume
for polydisperse granular assemblies [37]. Packings were
composed of spheres with the same mean particle diameter
(D = 7.3 mm) and standard deviation of particle mean diam-
eter (6 = 0.6D). The number of particles in samples varied
from 2200 for log-normal and random distributions to 2300
and 2400 for normal and uniform distributions, respectively.
The spheres were simulated with the following input param-
eters: density p = 1720kg/m3, Poisson’s ratio v = (.26,
Young’s modulus ¥ = 560 MPa, coefficient of restitution
for collisions between particles e, = 0.21, the coefficient
of restitution for collisions between a particle and a wall of
epw = 0.54, a coefficient of static friction between spheres
tspp = 0.4, and the coefficient of static friction between a
sphere and a wall of pspy = 0.29. Because the real mate-
rials exhibit some rolling strength, the coefficient of rolling
friction w, = 0.01 was applied. The walls of the chamber
were modeled with p = 7800 kg/m3, v=03and Y =200
GPa, which were material parameters of the steel.
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Fig.1 Histogram of a normal, b log-normal, ¢ random, d uniform particle size distributions

The particles with random initial coordinates were gen-
erated in the box with a height that was twice that of the
chamber of the apparatus. The spheres then settled onto the
bottom of the test chamber under gravitational force which
resulted in different initial anisotropies of packings. The ini-
tial configuration of the sample with normal PSDs is shown
in Fig. 2. As soon as the total kinetic energy of the particles
decreased to less than 10 ~3J, which was considered an equi-
librium state, spheres were compressed through the top cover
of the chamber, which was moved vertically downward at a
constant velocity of 3 m/min. A maximum vertical pressure
on the cover o, = 100 kPa was adopted in accordance with
the recommendation of Eurocode 1 [38] for the measurement
of solid properties of general relevance for silo design. The
simulations were conducted with the time step varying from
10~7 to 107, Three replicate experiments were performed
for each PSD to verify repeatability of the numerical tests.
The coefficients of variation in the samples did not exceed
5 and 3% for the solid fraction and the average CN, respec-
tively, which demonstrates good test repeatability.

3 Results and discussion

Figure 3 shows the span of the PSD, calculated for granular
packings with various shapes of PSD. The particle size span,
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Fig. 2 Initial configuration of a sample with a normal particle size
distribution

which is a measure of the degree of polydispersity of mixture,
is defined as follows [11]:

(Dmax - Dmin)

— ~max 7 Pmin/ 4
(Dmax + Dmin) ( )

N

where Dpin and Dpax are the smallest and the largest
sphere diameters, respectively. The case s = 0 corresponds
to a monodisperse distribution, while s = 1 represents
an infinitely polydisperse system. The particle size span
decreased from 0.73 for the assembly with a uniform PSD to
0.97 for the mixture with a log-normal distribution (Fig. 3).
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Fig.3 Particle size span in polydisperse packings with various particle
size distributions

The difference between size spans calculated for packings
with normal and uniform distributions exceeded 23%, despite
the same mean diameter of spheres and standard deviation
of particle mean diameter in these mixtures.

The evolution of porosity (@) in mixtures with various
PSDs when the mixtures were subjected to compressive loads
is shown in Fig. 4. The mean values are shown along with
error bars that indicate 1 s.d. Mixtures with normal, log-
normal, and random PSDs exhibited similar initial porosities.
The uniform distribution provided greater porosity than the
continuous PSDs; however, the difference in @ values cal-
culated for a ternary sample and for one with Gaussian PSD
function did not exceed 3%. The porosity decreased sharply
at low vertical stresses that resulted from initial fast con-
solidation of loose sample because of the rearrangement of
particles and the filling of empty pores between spheres.
For high compressive loads, less or no particle rearrange-
ments occured in mechanically stable samples and a slow
monotonic decrease in porosity was observed. For a vertical
pressure of 100 kPa, the porosity was the smallest in assem-
blies with log-normally and randomly distributed diameters
of particles. The @ values increased by more than 3 and 7%
in packings with normal and uniform PSDs, respectively,
which corroborates previous findings reported by Hwang et
al. [22] for two-dimensional packings of circular particles.
These results are in partial agreement with those previously
reported by authors for mixtures with a small degree of poly-
dispersity (¢ = 0.2D) [7], where the authors observed a
slight differences between densities of packings with con-
tinuous PSDs in the examined mixtures. A decrease of few
percent in the packing density was observed in mixtures with
a discrete uniform PSD, as compared with the packing den-
sity in samples with continuous PSDs. These findings suggest
that the degree of polydispersity may determine differences
between densities of packings with various PSDs.

The shape of the PSD function slightly influenced the aver-
age CN, which represents the number of contacts in a sample
per number of particles. Figure 5 shows the evolution of the
average CN in samples with different PSDs subjected to com-

0.49 -
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047
%‘ 0.45 —4— log-normal distr.
o
8 043 1 —&— random distr.
0.41
—— uniform distr.
0.39 T T T T

0 20 40 60 80 100
vertical pressure, kPa

Fig.4 Evolution of porosity for samples with various PSDs when sub-
jected to compressive loads

—&— normal distr.
4— log-normal distr.
—&— random distr.

uniform distr.

average coordination number

0 20 40 60 80 100
vertical pressure, kPa

Fig.5 Evolution of the average coordination number for samples with
various particle size distributions when the samples were subjected to
compressive loads

pressive loads. The results indicate that the differences in CN
values for various PSD functions lie within the range of scat-
ter. This result corroborates our previous findings [7] and
those of Suzuki and Oshima [21] who observed negligible
differences between the average CNs in packings of spheres
with various continuous PSDs. We observed smaller CNs in
samples with a small degree of particle size heterogeneity
and a discrete uniform PSD than the CNs calculated for con-
tinuous PSDs [7]. This effect was not observed in the present
study, which suggests that the influence of the type of PSD on
the average CN can be determined by the degree of particle
polydispersity.

The compression process was observed in the present
study to comprise two stages, which is consistent with the
observations of Duberg and Nystrom [39], Sheng et al. [40]
and Frenning [41]. In the first stage of compression, for
compressive pressures lower than 15 kPa, the perturbation
of the top layer of particles due to loads exerted by the
cover of the chamber induced substantial changes in parti-
cle positions and in interparticle contacts. The CN decreased
because of rearrangements of spheres without the formation
of stable contacts. The average CNs reached minima lower
than 3 for the log-normal, random, and uniform distribu-
tions, which corroborates the findings of Sheng et al. [40]
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and Frenning [41]. The first stage continued until the parti-
cles began to assume spatially frustrated configurations. The
system reached a state where its capacity to rearrange was
exhausted and where particles were locked by structurally
stable contacts with neighboring particles. On reaching that
state, any further decrease in porosity of granular packing
might result only from deformation of elastic spheres under
increasing applied load. In the second stage of the compres-
sion process, new stable contacts were formed and a rapid
increase in the CN was observed.

The degree of mobilization of friction at the sphere-to-
sphere contacts was examined for granular packings with
different PSD functions. The friction was considered to be
fully mobilized when the average ratios of tangential and nor-
mal contact forces (F'/F™) equaled the coefficient of static
friction between spheres, which was 0.4 in these simulations.
The average value of F'/F" was 0.195 for the uncom-
pressed polydisperse assembly with a normal PSD; this value
increased by more than 28% for mixtures with log-normal
and random PSDs (Fig. 6). The average value of F'/F" was
nearly 17% higher in the ternary sample, as compared to
packing with the Gaussian PSD function. In uncompressed
packings, the shape of the PSD was found to affect the degree
of mobilization of friction at the point of contact between par-
ticles; however, no influence of the PSD type on mobilization
of friction was observed in sphere packings under a vertical
pressure of 100 kPa (Fig. 6). These results are in agreement
with those of our previous findings for mixtures with small
degree of particle size polydispersity [7]. However, in the
packings examined in the present study, mobilization of fric-
tion differed for various continuous PSDs.

At low compressive loads, stronger anisotropy effects and
a greater contribution of the nonaffine motions, which are
affected by the PSD, may be observed [42], thus resulting
in different F’/F" values. The approximate average values
of F'/F™ at high compressive loads in all of the simulated
packings was strictly related to approximately the same per-
centage contribution of contacts with nearly fully mobilized
friction (F'/F" > 0.38) in all of the samples.

At low vertical pressures, a sharp increase in the average
ratio of tangential-to-normal contact forces was observed
because of the rearrangement of particles in the sample,
which was followed by a weak increase in F’/F" values in
mechanically stable samples at great compressive loads. The
evolution of the average F'/ F" value with imposed compres-
sive loads for sphere packings with a normal PSD is shown
in the inset of Fig. 6.

The stress—strain relationships for lateral and horizontal
pressures in the examined packings are plotted in Fig. 7.
Three PSD-s were selected to simplify the figure. Samples
with a uniform PSD were less compressible than mixtures
with continuous PSDs. In packings with normal and random
PSDs, the vertical and horizontal stresses reached maxima
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Fig.6 The average value of F'/F" for samples with different particle
size distributions for compressive loads of 0 and 100kPa. Inset: evolu-
tion of the average F'/F™ value for samples with normal particle size
distribution when subjected to compressive loads

at relative strains that were larger by 10 and 17%, respec-
tively, than the maximal stresses of mixtures with a uniform
distribution. However, in the whole range of stress, the dif-
ferences between relative strains calculated for various PSDs
were within the range of scatter.

The elastic response of highly polydisperse granular pack-
ings to a compressive load was examined in this study
using the definition of effective elastic modulus taken from
Eurocode 1 [38], which is represented as follows:

2
E—pgl% (1— 2k > (5)

Au, 1+ kg

where H is the height of the assembly, Ao, is the change
in vertical pressure during each time step, Au; is the change
in vertical displacement, and k7 is the ratio of the change
in lateral pressure to the change in vertical pressure during
each time step. The equation for effective elastic modulus
was derived from Hook’s law under the assumption of lin-
ear elasticity and isotropy of the medium. The stress tensor
has been given in terms of a strain tensor, on the basis of
the theory of elasticity [43]; however, the traditional theory
of elasticity in soil mechanics requires crude assumptions
that neglected discontinuity, non-homogeneity, or elasticity
of real assemblies. Further assumptions include rigidity of
container walls, symmetry of wall loads, and constancy of
the lateral-to-vertical pressure ratio.

Figure 8 shows the evolution of E under an imposed com-
pressive load in mixtures with various PSD functions. The
effective elastic moduli of polydisperse granular packings
increased with increasing compressive loads because of a
decrease in porosity of the sample, which is consistent with
the results presented by Schopfer et al. [24]. These authors
also reported that the elasticity of polydisperse mixtures was
affected by PSD. In the current study, no effect of the shape
of PSD on stiffness of samples was observed. High variation
of the E values was observed, which was probably a result of
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Fig.8 Evolution of the effective elastic modulus for samples with var-
ious particle size distributions and under imposed compressive loads

a nonreplicable spatial structure of the randomly generated
assemblies.

The lateral-to-vertical pressure ratio (k), which is defined
as the ratio of horizontal pressure in the x direction to the
vertical pressure (see Fig. 2), was calculated for polydis-
perse samples with different PSD functions. Figure 9 shows
the evolution of the pressure ratios with imposed compres-
sive load in the simulated mixtures. Similar to the porosity,
the k values decreased sharply because of rearrangement of
particles during initial fast consolidation of the sample at
vertical stresses up to ~20 kPa. Further gradual mobiliza-
tion of friction in points of contact between particles with
increasing vertical pressure resulted in a slight change in the
k values. For a vertical pressure of 100 kPa, the k value was
the highest in the mixture with the normally distributed diam-
eters of spheres. A 6% decrease in the pressure ratio in the
ternary sample and a greater than 10% decrease in packings
with log-normal and random PSD functions were, probably
related to the initial values of F'/F", which determined the
transmission of pressures through the compressed particulate
system. The inset of Fig. 9 shows the k values estimated for
polydisperse samples with different PSDs for a vertical load
of 100 kPa.
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—&— random distr. —<— uniform distr.
1

09 1 g Ts
o 0.45 n |

0.8 B e ;
w
[}
s
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Fig. 9 Evolution of lateral-to-vertical pressure ratio for samples with
various particle size distributions with imposed compressive loads.
Inset: the lateral-to-vertical pressure ratios for samples with normal,
log-normal, random, and uniform PSD when subjected to a vertical
load of 100 kPa

On the basis of the theory of elasticity, when an elastic
material is subjected to confined uniaxial deformation, the
Poisson’s ratio (v) can be expressed as a function of k [44]
as follows:

(6)

Because the Poisson’s ratio of a material is related to its
elastic modulus [43], which was approximated for all of the
samples, slight differences in v values in packings with var-
ious PSDs were observed (Fig. 10).

Figure 11 shows the evolution of the Poisson’s ratio in
samples with different PSD functions when the samples were
subjected to compressive loads. For most common materi-
als the Poisson’s ratio is in the range 0-0.5, while perfectly
incompressible materials have a Poisson’s ratio of 0.5.

The Poisson’s ratio decreased sharply at small vertical
pressures, which was followed by a slow decrease at vertical
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Fig. 10 The Poisson’s ratio for samples with normal, log-normal, ran-

dom, and uniform particle size distribution when the samples were
subjected to a vertical load of 100 kPa
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Fig. 11 Evolution of the Poisson’s ratio for samples with normal, log-
normal, random, and uniform particle size distributions with imposed
compressive loads

pressures greater than 20 kPa. Because the Poisson’s ratio
is a function of the lateral-to-vertical pressure ratio and the
latter one was found to be determined by the porosity of the
material, the porosity dependence of the Poisson’s ratio is
evident. These results contradict the findings of Schopfer et
al. [24], who found that the Poisson’s ratio was independent
of porosity.

At low compressive loads, large differences in elastic
response of the mixtures with various PSDs were observed.
These differences were probably caused by stronger anisotropy
effects and greater contribution of the nonaffine motions
affected by PSD [42].

4 Conclusions

In this study, the compression mechanics of polydisperse
granular mixtures with different PSDs was examined. 3D
discrete element simulations of uniaxial compression test
were conducted for highly polydisperse packings composed
of spheres with normally, log-normally, randomly and uni-
formly distributed diameters of particles. The mean particle
size and standard deviation of the particle mean diameter
(0.6D) were set to be the same in all of the samples.

@ Springer

The analyzed parameters included porosity, number of
contacts, and degree of mobilization of friction at the sphere-
to-sphere contacts, which enabled a detailed interpretation
of the effects observed in polydisperse mixtures at the
macroscale. Behaviors studied macroscopically included the
transmission of pressures in particulate assemblies and the
evolution of elastic parameters (effective elastic modulus and
the Poisson’s ratio) with imposed compressive loads.

The porosity of samples decreased sharply at low verti-
cal stresses because of the rearrangement of particles and
the filling of empty pores between spheres during the ini-
tial fast consolidation of loose samples. At high compressive
loads, weak or no particle rearrangements in mechanically
stable samples occurred and a monotonic decrease in poros-
ity was observed. Changes in the lateral-to-vertical pressure
ratio and the Poisson’s ratio in samples subjected to exter-
nal loads were strictly related to changes in porosities of
packings. Coordination number, effective elastic modulus,
and degree of mobilization of friction in contacts between
particles also showed relationships with the structure of
particulate assemblages. Substantial differences in the val-
ues of parameters calculated for samples with normal and
log-normal PSDs were observed, despite the close relation
between these two distribution functions. Contrary to expec-
tations, the microstructural and mechanical properties of
mixtures with log-normal PSD were similar to properties of
packing with a random PSD.

This study has shown that the shape of the PSD affected
the porosity and transmission of pressures in highly polydis-
perse granular assemblies subjected to compressive loads;
however, the average CN and the elastic parameters were
found to be independent of the PSD function. The results
revealed that, in some cases, knowledge of the grain size dis-
tribution is not a critical issue for modeling granular packings
composed of non-uniformly sized spheres.

Because typical granular materials involved in industrial
and natural processes can be described by various PSD func-
tions, the scientific outcomes from this project should find
wide application in research investigation granular mechan-
ics and in the design of processes, in which particulate
mixtures participate.
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