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Discrete element method (DEM) numerical biaxial tests on samples with different particle
shapes are performed to investigate how the multiscale evolves with varying particle
shape. The samples used in such simulations are composed of circular, square, and
elongated particles, respectively. For the numerical results, analyses are conducted in terms
of microscopic evolution, i.e. particle rotation and evolution of fabric, and mesoscopic
evolution, i.e. the evolution of loops and improved clustering coefficient. At the microscale,
the mean particle rotation of circular particles is remarkably larger than those of square
and elongated particles, and the shear band localization phenomenon is more obvious
when the aspect ratio (AR) decreases. Considering the fabric evolving with particle shape,
the value of anisotropy gradually increases when particle shape becomes irregular, and
contacts of circular particles are pronouncedly less than those of irregular particles from
the coordination number and curves of degree distribution. At the mesoscale, when the
particle relationship is considered, the isotropic particles (i.e. circular and square particles)
have similar evolutions of loops and modified clustering coefficient, whereas the elongated
particles have remarkable three loops and modified clustering coefficient, which are both
larger than those of isotropic particles.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Granular assemblies exist in nature extensively. Human activities are intimately linked to the properties of granular
assemblies, such as debris-flow, mining, and damming engineering. Such materials have various particle shapes. Particle
shape has dramatic effect on the macro-, meso-, and micro-properties of granular materials. For example, Hidalgo et al.
[1] find that stress propagation is strongly affected by the grains elongation, and Nouguier-Lehon [2] exhibits that the
cumulative rotations of discs are higher than those of polygons and that the stress-strain relations are diverse with different
particle shapes. At the macroscale, strength and deformation are usually discussed. At the mesoscale, the particle relations
of a particle cluster are usually considered. At the microscale, the contact information and property for single particles are
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usually analyzed. Hence, the physical mechanisms for the particle shape affecting granular materials on the multiscale have
always caught the interest of many researchers [3-5]. How the particle shape affects the behavior of granular materials is not
clear till now, such as the rolling of particles varying with the particle shape, the fabric of granular materials affected by the
particle shape. Thus, the influence of particle shape on the properties of granular materials remains an open topic till now.
Different methods are carried out to explore the physical mechanisms. On the one hand, there are some researchers using
traditional laboratory tests (such as direct shear tests, simple shear tests, and triaxial tests) to explore the role of particle
shape in granular materials, such as Shinohara et al. [6], Sukumaran and Ashmawy [7], Cho et al. [8], Yang and Wei [9], and
Yang and Luo [10], while such traditional laboratory tests only can be used to research the macro-properties of granular
materials. If the microscopic information is collected in traditional laboratory experiments, other assistive technologies, such
as CT scan, X-ray, and electron microscopy, are needed. On the other hand, with the development of discrete element
method (DEM) [11], the micro- and mesostructure in granular materials can easily be analyzed, and complex load-paths
are controlled more easily by DEM than in traditional tests. Furthermore, the irregular particles can be studied in DEM
with computational efficiency promotion. Therefore, some researchers use DEM to explore the effect of particle shape on
the micro- and mesostructure evolution of granular materials. For example, Nguyen et al. [12] used the contact dynamics
method to analyze the combined effect of polydispersity, both in particle size and in particle shape, on the shear strength
and microstructure of sheared granular materials composed of pentagonal particles. De Bono and McDowell [13] performed
one-dimensional normal compression of non-spherical particles with PFC. With this simulation, the non-spherical particles
are shown to give the clumps a lower coefficient of lateral earth pressure at rest, and a lower Poisson ratio compared to
the spheres. And there are also other researchers using DEM to analyze the effect of particle shape on granular materials
[14-17]. In these simulations, few references discuss the macro-properties through micro- and mesoscales, which may
provide a new approach for formulating the stress-strain relationship in granular materials. Thus, some new viewpoints at
the micro- and mesoscale are needed to research the effect of particle shape on granular materials.

At the microscale, fabric evolution is usually discussed both with circular (or spherical) and non-circular (or non-
spherical) particles [18,19]. Particle rotation in the sample is usually analyzed with circular and spherical particles [20].
It is less discussed for fabrics with non-circular and non-spherical particles. Whereas particle rotation is the main style of
particle movement, the effect of particle shape on particle rotation can be used to justify the rolling resistance parameters
introduced to counterbalance the spherical simplification of the grains geometry in DEM simulations [21-23], and other par-
ticle shapes excepting regular polygonal particles that have been researched can be used to compare with circular particles
[21]. Thus, particle rotation varying with particle shape is worth discussing. When the macro-properties are discussed, not
only the single particle and contacts are worth noting, but also the rearrangement of the particles is the key point. Hence,
at the meso-scale, the topologic structure is worth noting. Furthermore, loops dominate the network of the specimen. Some
works have been done in this aspect. For instance, Tordesillas et al. [24] examined the coevolution of N loops and force
chains with circular particles. Zhu et al. [25,26] investigated how the mesoscopic loops evolve along the drained biaxial
loading path by DEM with circular particles, whereas few non-circular and non-spherical particles are used to explore the
evolution of loops. Recently, complex networks, which are a very useful mathematical tool to investigate how the structure
and the organization of granular systems change [27], are used to describe some characters of granular materials. Whereas,
for granular materials, particles too far from each other have no chance to be in contact directly, this may not be the case
for other types of networks. Complex networks need to be modified when granular materials are researched. Walker and
Tordesillas [28], and Tordesillas et al. [29] explored the samples composed of circular particle using a complex network
perspective. Tian et al. [17] applied complex networks in the research of particle shape under direct shear conditions, while
other methods in complex networks are still worth exploring combined with particle shape, and they need be improved to
reflect the characters of granular networks.

The discussion about the role of particle shape in particle rotation is lacking. And few researches adopt loops and
complex networks to explore the mechanisms for particle shape affecting the mechanical properties of granular materials.
In a word, the effect of particle shape on the multiscale evolution of granular assemblies is worth noting till now. Hence,
in this paper, we propose the circular, square, and elongated particles to be explored in biaxial simulations with DEM,
respectively. This is stated in Sect. 2. In Sect. 3, according to biaxial simulations, the macro properties, i.e. strength and
deformation, and the micro properties, i.e. particle rotation and fabric evolution, of granular materials are discussed. Then
in Sect. 4, the evolution of mesoscale for different particle shapes is explored. To explore the evolution of irregular particles,
the loops are improved. The definition of the clustering coefficient in complex networks is modified to reflect the character
of granular materials. In Sect. 5, the effect of particle shape on the multiscale evolution of granular materials is summarized.

2. Numerical simulation
2.1. Particle shape definition

In this paper, the properties of granular materials are simulated by using the program PFC2P. Circular, square, and elon-
gated particles are adopted in the simulations and their shapes gradually become irregular (see Fig. 1a). There is no main
axis in circular or square particles, so they are defined as isotropic particles. Similarly, there is a main axis in the elon-
gated particle, so it is defined as the anisotropic particle. In order to define these differences of particle shapes, the aspect
ratio (AR) proposed by Altuhafi et al. [30] is adopted in the simulations. Referring to Fig. 1b, AR can be calculated as the
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Fig. 1. Particle shape definition: (a) the three types of particle used in simulations; (b) definition of the aspect ratio (AR).

Table 1
Model parameters in DEM simulations.
Parameter Value
Particle size (radius) 0.3-0.6 mm
Particle density 2630 kg/m3
Damping coefficient 0.7
Particle friction (biaxial tests only) 0.5
Wall friction 0
Particle/wall and particle/particle normal stiffness 1.5 x 108 N/m
Particle/wall and particle/particle shear stiffness 1.0 x 108 N/m
Table 2
Porosity results for different types of specimens.
Specimen of Specimen of Specimen of
circular square particles elongated
particles particles
Nmax 0.210 0.193 0171
Nmin 0.164 0.136 0.115
n 0.178 0.154 0133

minimum divided by the maximum Feret diameters, and the Feret diameter can be measured as the distance between two
tangents on opposite sides of the particle. From the definition of AR, it is clear that AR is sensitive to the elongation of the
particle. The definition of the aspect ratio is used to calculate the circular, square, and elongated particles in simulations.
Their values of AR are calculated as 1.00, 0.88, and 0.50, respectively.

2.2. Test preparation

The granular assemblies with different particle shapes have different ranges of void ratios. When the influence of particle
shape on granular materials are considered, the void ratio used to control the granular materials is not reasonable. Hence,
the relative density (D;) is used to control three types of assemblies that are constituted by circular, square, and elongated
particles, respectively. And the relation between porosity (n) and relative density is illustrated as follows:

Dy = (1 — Nmin) (Mmax — n)/[(l — 1) (Nmax — nmin)] (M

where N, is the minimum porosity of the granular assembly and np,x is the maximum porosity of the granular assembly.
The nmax and npi, values of different granular assemblies are obtained by simulating the relative density test of coarse-
grained soils, which can refer to the specification of soil test [31]. The model parameters used in the relative density test,
referring to Tian et al. [17], are illustrated in Table 1 (note: there is no friction in the relative density test to improve the
computation cost, and it has little effect on the result of nmax and npi). The linear model in PFCZP is used in this test
and the range of particle size is drawn from uniform distributions throughout the model domain. These parameters are also
used in biaxial tests that will be introduced later. At last, the simulated results of np.x and npi, are shown in Table 2. And
the 70% relative density translated to porosities of different particle shapes are shown in the last row of Table 2. Table 2
shows both npax and npyi, to decrease when AR decreases.

2.3. Biaxial simulation

The process of performing the biaxial simulation is illustrated here. At first, four walls are generated, with dimensions
80 mm (height) x 40 mm (width). According to the porosities displayed in Table 2, the radii of clumps ranging from 0.3 to
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Fig. 2. DEM specimen after generation.

0.6 mm are generated in the walls. There are 3947 particles in the sample with circular particles, there are 4070 particles
in the sample with square particles, and there are total 4182 particles in the sample with elongated particles (the number
of particles is mainly limited by the computational efficiency of DEM and data processing of the loop in the latter, and it
is large enough that we can study the properties of granular materials). Circular, square, and elongated particles have the
same range of size, and sample generation is controlled by relative density, so there are a comparable number of particles
in different samples. The initial state of a specimen is illustrated in Fig. 2. Then, the confining pressure (200 kPa, 400 kPa,
and 600 kPa) is applied on the specimen through four walls. When the target of the confining pressure is attained, the top
and bottom walls are moved with constant down and up velocities, respectively. The value of this velocity is 0.8 mm/s. To
ensure the quasi-static condition, the inertia parameter I [32,33] is adopted as follows:

I=¢é/m/p (2)

where ¢ is the shear strain rate, m is the mean particle mass, and p is the confining pressure. The quasi-static condition
is characterized by I « 1. In the biaxial simulations, the inertia parameter I is below 2.0 x 10~%, which is low enough to
ensure the quasi-static condition. At last, shear ceases when the axial strain attains 20%.

3. Macromechanical properties and microanalyses
3.1. Mechanical properties in the macroscale

Fig. 3 shows the relations between the deviatoric stress (07 —07) and the axial strain (¢1), and the volumetric strain (&)
of the samples varying with the axial strain (e1) is also illustrated in Fig. 3. As we can see, the deviatoric stresses of circular,
square and elongated particles all exhibit a peak followed by a softening reaching the critical state. And all the volumetric
strains are compressed firstly, then followed by dilatancy; at last, the critical state is achieved. Because of that, the samples
used in the simulations are all dense.

Under the same confining pressure, the influence of particle shape on the macro-mechanical properties is analyzed here.
Fig. 3 shows that the peak and the residual deviatoric stresses both increase when the particle shape is irregular. This
phenomenon can be explained as follows. As the sample is sheared, the particles in the sample have two styles to move,
which are sliding and rolling. Contacts of different particle shapes are illustrated in Fig. 4, where there is only one contact
between two circular particles, and there are two or more contacts between two irregular particles. The increasing number
of contacts around one particle can enhance the sliding constraint and rolling resistance of it. To move irregular particles,
greater force will be applied. And the elongation of the particle can obstruct the rolling of the particle, so the particle rolls
harder when AR decreases. The circular particles have less contacts than irregular particles, and the circular particle has the
largest aspect ratio (AR = 1.00) among the three shapes used in simulations. Therefore, the sample with circular particles
has the lowest peak and residual deviatoric stresses among all the curves. The square particles and elongated particles
have more contacts than the circular particles, whereas the square particle has the intermediate aspect ratio (AR = 0.88).
And the elongated particle has the smallest aspect ratio (AR = 0.50) among these three particle shapes. Hence, the sample
with square particles has intermediate peak and residual deviatoric stresses, and the sample with elongated particles has
the largest peak and residual deviatoric stresses. On the other hand, the value of dilatancy at steady state increases when
particle shape becomes irregular. The volumetric strain of the sample is related to the space constructed by the particles
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Fig. 3. Relation between the deviatoric stress and the axial strain, and the volumetric strain of samples varying with the axial strain: (a) confining pressure,
200 kPa; (b) confining pressure, 400 kPa; (c) confining pressure, 600 kPa.

Contact point:  —

P e ot

Fig. 4. Contacts between particles: (a) circular particles; (b) square particles; (c) elongated particles.

in it. Considering the AR of three particle shapes used in the simulations, when AR decreases, particle rolling needs more
space. Hence, the dilatancy of the elongated particle is the largest, and the dilatancy of the circular particles is the smallest
among the three particle shapes.

For the same particle shape, the effect of different confining pressures is considered here. The curve of deviatoric stress
varying with axial strain moves up when the confining pressure increases, and the amount of compression increases and
the dilatancy decreases when the confining pressure increases. Such a phenomenon can be explained as follows. With the
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Fig. 5. Mean rotation of particles with different particle shapes at the critical state: (a) confining pressure, 200 kPa; (b) confining pressure, 400 kPa;
(c) confining pressure, 600 kPa.

confining pressure growing up, contacts among particles are stronger than those at low confining pressure. Hence, under
high confining pressure, greater force is needed to make particles move (i.e. the peak and residual deviatoric stresses both
increase when the confining pressure increases). On the other hand, the high confining pressure helps to compress the
space among particles, thus the amount of compression increases when the confining pressure increases. And under high
confining pressure, the space is constructed harder when axial strain increases, so the dilatancy of the samples decreases
when the confining pressure increases. This result is the same in other researches, such as those of Alonso-Marroquin et al.
[34], Bi et al. [35], and Hama et al. [36].

3.2. Particle rotation at the critical state

It is well known that rotation is an important pattern of particle movements and that there is much interest to find
its effect on granular materials [37-39]. Thus, at the critical state with a larger axial strain, the differences of particle
rotation among circular, square, and elongated particles are explored here. The mean clockwise rotation and the mean
counterclockwise rotation of the three types of particle shapes are calculated, respectively. These values are illustrated in
Fig. 5. As we can see, not only the absolute values for the mean clockwise rotation increase when AR increases (the particle
shape gradually becoming regular), but the mean counterclockwise rotation follows the same trend by varying AR. On the
one hand, the circular particle is isotropic and has less contact points to constrain it than the irregular particles have. There
are less constraints for the circular particle among the three types of particle shapes, so it has the maximum values of the
mean rotation. On the other hand, the elongated particle is anisotropic and has a mass of contacts around it. Hence, it has
the minimum values of the mean rotation.

The particles with rotation exceeding the mean rotation values are shown in Fig. 6. For the circular, square, and elongated
particles, their rotations exceeding their mean clockwise rotations, respectively, are indicated by black particles, and their
rotations exceeding their mean counterclockwise rotations, respectively, are indicated by orange particles. The clockwise
rotation is dominant in the direction that dips to the left side. The counterclockwise rotation is dominant in the direction
that dips to the right side. This pattern of particle rotation is similar to the strain localizations of Iwashita and Oda [37] and
O’Sullivan et al. [38], which is more obvious when the confining pressure increases.

The observed difference about particle rotation in Fig. 6 can be explained as follows: at the critical state, the plot of
displacement vectors is shown in Fig. 7. As we can see that the displacement gradually decreases with particles getting
closer to the center of the sample. When the displacements around one particle are not consistent, the particle will rotate,
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Fig. 6. Distribution of rotation whose magnitude exceeds the mean clockwise or counterclockwise rotation at the critical state: (a) confining pressure,
200 kPa; (b) confining pressure, 400 kPa; (c) confining pressure, 600 kPa.
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Fig. 7. At the critical state, plot of displacement vectors under a confining pressure of 200 kPa: (a) sample with circular particles; (b) sample with square
particles; (c) sample with elongated particles.
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Fig. 8. Reason for and mechanisms of particle rotation: (a) reason of particle rotation; (b) weak constraint: clockwise rotation accompanied with counter-
clockwise rotation; (c) strong constraint: formed column-like structure.

as shown in Fig. 8a. And the gradients of displacements are drawn in Fig. 7. Clockwise rotation results from the decrease
of the displacement vector, which dips to the right, whereas counterclockwise rotation results from the decrease of the
displacement vector, which dips to the left (the trend of displacement vectors under a confining pressure of 200 kPa is
almost the same as at 400 kPa and 600 kPa, so only the 200 kPa displacement vector trend is given). Thus, clockwise rotation
is dominant in the direction that dips to the left-hand side. Counterclockwise rotation is dominant in the direction that dips
to the right-hand side. The displacement gradient and particle rotation are perpendicular with each other. The direction
of particle rotation near the boundaries of the sample is more random than in other regions since they are influenced,
not only by the gradient of displacement, but also by the boundary. Furthermore, it is well known that particle rotation
plays a dominant role in the development of shear bands in granular materials [37,40]. Thus, the shear band localization
phenomenon is discussed with particle rotation here. According to Fig. 6, the confining pressure of 200 kPa is discussed
firstly. The circular particles that rotate by more than their mean particle rotations are dispersed so widely that the shear
bands are not clear defined. For the elongated particles, such highly rotated particles are concentrated inside the shear
bands. The square particles are intermediary between such two cases. So, the shear band with localization phenomenon is
more obvious when AR decreases. Then increasing the confining pressure can also make particle rotate concentrated inside
the shear bands. This can be explained as follows. Both the decrease of AR and the increase of the confining pressure can
enhance the rolling resistance between particles. When the particles have low rolling resistance, they can roll freely. One
particle rolling clockwise or counterclockwise makes its neighbors rolling in the opposite direction (Fig. 8b), because of force
and reaction force. When the particles have high rolling resistance, the column-like structure (Fig. 8c) and shear bands are
formed.

3.3. Anisotropy

To analyze the effect of particle shape on the contact properties of granular materials, the anisotropy of contact normal
is adopted. The process of quantifying anisotropy is explained here. Firstly, the orientations of the contacts in the sample
are plotted as rose diagram, whose interval of the angle is 10 degrees, and the polar axis represents the number of contact
normals. Then, the second Fourier component proposed by Rothenburg and Bathurst [41] to quantify the value of anisotropy
is used in the simulations. Such method is shown as follows:

E@0)=[1+acos2(0 —6a)]/2n ()

where a defines the magnitude of anisotropy, 6 is the contact normal orientation between particles, and 6, is a parameter
describing the direction of anisotropy. When the parameter a = 0, the contact normal distribution is isotropic. The param-
eter a has a larger value when anisotropy increases; nevertheless, its value cannot exceed 1. The rose diagram and fitted
functions E(0) are illustrated in Fig. 9a. Rose diagrams of contact normal under confining pressures of 200 kPa, 400 kPa,
and 600 kPa are illustrated in Figs. 9, 10, and 11, respectively.

The evolution of the anisotropy coefficient a with increasing the axial strain is illustrated in Fig. 12. At the initial state
(axial strain 0%), the samples with three different particle shapes are all isotropic. The values of anisotropy for three particle
shapes suddenly increase, when axial shearing just starts. Then the anisotropy of circular and square particles will be steady
when the axial strain increases. The anisotropy of the elongated particles will slow down the rate of growth. At the critical
state (axial strain 20%), the anisotropy of elongated particles is remarkably greater than that of circular and square particles,
and the square particles have a larger anisotropy than circular ones. This phenomenon can be explained as follows. The
samples in biaxial simulations are all generated by randomly distributed particles, and the confining pressures of the four
walls loading on the sample are the same. Hence, at the initial state, the contact orientations are distributed homogeneously
in the sample (i.e. at the initial state, the samples are all isotropic, as shown in Figs. 93, 9c, 9e, 10a, 10c, 10e, 11a, 11c, and
11e). From the comparison between the initial state and the critical state, we can see that the numbers of contacts for
circular, square, and elongated particles in the horizontal direction all decrease at the critical state, compared with the
initial state. Along the vertical direction of the sample, the number of contacts for circular particles has few reduction,
and there is a remarkable decrease in the number of square particles. But to better resist axial loading, the elongated
particles (i.e. the main axis of the particle) rotate to be perpendicular to the major principal stress direction. Numerous
elongated particles rotate to the state as can be seen in Fig. 4c, leading to a remarkable increase of the contacts between
elongated particles in the vertical direction, and a decrease in the horizontal direction. At the critical state, the contacts of
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Fig. 9. Rose diagrams of contact normal with confining pressure 200 kPa: (a) circular grains at 0% of axial strain; (b) circular grains at 20% of axial strain;
(c) square grains at 0% of axial strain; (d) square grains at 20% of axial strain; (e) elongated grains at 0% of axial strain; (f) elongated grains at 20% of axial
strain.

circular, square, and elongated particles are almost the same in the horizontal direction. The contacts of circular particles
in the vertical direction are the less numerous among the three types of particles. Along this direction, the sample with
square particles has an intermediate number of contacts, and the sample with elongated particles has the largest number
of contacts, as illustrated in Figs. 9b, 9d, 9f, 10b, 10d, 10f, 11b, 11d, and 11f. Thus, the anisotropy of elongated particles is
greater than that of the other shapes, and that of square particles is greater than that of circular particles at the critical
state. On the other hand, the directions of anisotropy for circular, square, and elongated particles are almost consistent with
the direction of o7, at the critical state.

3.4. Degree

Here, the definition of degree, which is taken from the network theory [27], is totally the same as that of the coordination
number [42]. Fig. 13a shows examples of different granular assemblies. The number of contacts around one particle is
defined as the degree of this particle. For example, node 1 has three contacts, so its degree is 3. Node 2 and node 3 have
4 degrees, respectively. Then, the average degree is defined, which is the number of contacts per particle in the granular
assembly, denoted by Z. The calculation of Z is as follows:

Z =2N¢/Np (4)

where N is the total number of contacts, and Np represents the number of particles. And a multiplying factor of 2 is
applied, because each contact is shared by two particles.

In Fig. 14, the distributions N,/>_ N, are illustrated. N, represents the number of nodes with n degrees. The same
sample is explored here. At the initial state, the curve of the degree distribution is located on the right side of the curves
in the subsequent states. During the loading process, the curves move to the left suddenly at first, and then the curves in
axial strain 10% and critical state almost coincide with each other. For the samples with circular particles, when the state
transfers from initial to axial strain 10% or 20%, the percentage of 4 or higher degrees (the high degree) decreases and of 3
or lower degrees (the low degree) increases. For the samples with square particles, when the state switches from the initial
to a later state, there is a decrease of 5 or higher degrees (the high degree), but there is an increase of 4 or lower degrees
(the low degree). And for the sample with elongated particles, 5 or higher degrees (the high degree) decreases and 4 or
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Fig. 10. Rose diagrams of contact normal with a confining pressure of 400 kPa: (a) circular grains at 0% of axial strain; (b) circular grains at 20% of axial
strain; (c) square grains at 0% of axial strain; (d) square grains at 20% of axial strain; (e) elongated grains at 0% of axial strain; (f) elongated grains at 20%
of axial strain.

lower degrees (the low degree) increases when the system switches from the initial to a subsequent state. Figs. 15 and 16
show the degree distribution under confining pressures 400 kPa and 600 kPa, respectively. It can be seen that the trend is
almost the same as that in Fig. 14, but the confining pressure has an effect on the starting point of the high degree. Under
400 kPa and 600 kPa, the high degree of elongated particles starts from 6 degrees. Under 600 kPa, the high degree of square
particles starts from 6 degrees. These results are explained here. Particle contacts in the sample decrease when the dilatancy
increases. Thus, the high degree loses contacts, which are transferred to the low degree. Then the high degree decreases as
the low degree increases. When the confining pressure increases, the sample is denser, resulting in more contacts around
particles. So the boundary between the low degree and the high degree is increased. Fig. 17 shows the curves of the degree
distribution for different particle shapes. The degree distribution of circular particles stays on the left side of the curves
of other particle shapes all the time. The curves of square and elongated particles are almost the same at the initial state,
but the curve of square particles is located on the left side of the one that regards the elongated particles at the critical
state. The irregular particles have similar contact numbers, which are intrinsically larger than for circular ones, as illustrated
in Fig. 4. Thus, the distributions of the circular particles are always on the left side of those of irregular particles. The
distributions of irregular particles are consistent with each other at the initial state. At the critical state, the elongated
particles have more contacts than square ones (as illustrated by Fig. 9d, 9f, 10d, 10f, 11d, and 11f), and the samples of these
two shapes have similar particle numbers. So, the curve of square particles is located on the left side of the one that regards
elongated particles.

The evolution of Z with the axial strain is illustrated in Fig. 18. This figure evidences that the trends of all the curves
are the same. They all show an increase at first, and then decrease dramatically, whereas curves slow down with the
decreasing velocity and gradually evolve steadily at last. The contacts generated in the vertical direction are more than
the disappeared contacts in the horizontal direction at the initial state, the total number of contacts increasing, thus there
is a peak in the curves. When the axial strain increases, the contacts generated are gradually fewer than those that had
disappeared with sample compression and dilatancy, and the total number of contacts decrease, as Z. On the other hand,
the Z value of circular particles is the lowest among the three particle shapes, and that of the elongated particles is the
highest. Let us focus again on the contacts of the different particle shapes illustrated in Fig. 4. The contacts of circular
particles are remarkably fewer than these of the other shapes. Thus, irregular particles have bigger values of Z than circular
particles. Comparing the square particles with the elongated ones, we can find that the number of contacts between the
particles exhibits few differences. Hence, the Z values of irregular particles are very close to each other at the initial state.
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Fig. 11. Rose diagrams of contact normal with confining pressure 600 kPa: (a) circular grains at 0% of axial strain; (b) circular grains at 20% of axial strain;
(c) square grains at 0% of axial strain; (d) square grains at 20% of axial strain; (e) elongated grains at 0% of axial strain; (f) elongated grains at 20% of axial
strain.

However, the elongated particle has a main axis, and the square particle is isotropic. To better resist the axial loading, the
elongated particles rotate to be perpendicular to the major principal stress direction (illustrated in Fig. 4c). This results in a
larger number of contacts in this direction and increases the resistance to axial loading. Therefore, during deformation, the
contacts of the elongated particles are larger than these of square particles, resulting in a remarkable gap between them.

Combining Figs. 14 and 18, the evolution of deviatoric stress is discussed at the microscale. Under the same confining
pressure, at the initial state, there are the biggest percent of the high degree and smallest percent of the low degree for
the degree distribution. And Z is near the peak point (i.e. the number of contacts is near the peak). This means that the
number of contacts around the particles is the maximum among the total shearing process. To compress the sample, a big
deviatoric stress is needed. So the deviatoric stress increase to the peak point rapidly. When the axial compression goes
on, the percent of the high degree decreases and that of the low degree increases, and Z decreases. There is less limits
on the particles. Particles can slide and roll more easily than at the initial state. Thus, the resistance gradually decreases.
This resistance is steady when Z and the degree distribution are steady. On the other hand, combining Figs. 17 and 18,
the different particle shapes can be analyzed. The Z of circular particles is lower than that of irregular particles, and the
degree distribution of circular particles is located on the left side of irregular particles. Thus, the circular particles are more
easily sliding than the irregular particles are. And it is an isotropic particle, which can roll easily. Therefore, the sample
with circular particles has the smallest peak and residual deviatoric stresses. When the irregular particles are researched,
the curves of the degree distribution are similar at the initial state. But the degree distribution of the elongated particles is
located on the right side of that of the square particles at the critical state. The Z value of the elongated particles is bigger
than that of the square particles all the time. The elongated particle has a main axis, and the square one is the isotropic
particle. Thus, the elongated particles have more limits to slide and roll than square particles, and thus the specimen of
elongated particles has biggest peak and residual deviatoric stresses.

4. Mesostructure evolution
4.1. Loop evolution

The example of granular assemblies, illustrated in Fig. 13b, can be treated as networks, whose nodes and edges represent
particles and contact relations, respectively. The topologic structure in networks called loops is made up of edges and nodes.
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When the loop has N edges, it is called “N loops”. This definition is easy to use in samples with circular particles [24,25].
When the irregular particles are considered, the contact points between two irregular particles may be two or more than
two (see Fig. 13a). In order to calculate the loop of irregular particles, the contacts between two particles should be treated
as one contact relation. Thus, in Fig. 13b, these networks all have two three loops, one four loop, and one five loop. On
the other hand, the property of the loop is dependent upon its side number. When the side number increases, with larger
void space and more degree of freedom, the loops tend to be looser and more deformable. On the contrary, with the side
number decreasing, the loops have smaller void space and there are few degrees to move. In a word, when the loop is
forced to move, its nodes with different displacements, the loop transfers to other categories when the degree of freedom
cannot be satisfied with the deformation.

Under a confining pressure of 200 kPa, the different loops in samples are computed, and their evolution with axial
strain are illustrated in Fig. 19. There are few 11 or higher-order loops in samples, thus only 10 or lower-order loops are
investigated. Here, as illustrated in Fig. 19a, 3 and 4 loops, about percent 50% in samples, dominate the topologic structure
for the circular particles. And the number of 4 loops is more than one of 3 loops. When the side number of loops increases,



8 Hd

[ S
=]

Percent /%

3
[

&

]

J. Tian, E. Liu / C. R. Mecanique 346 (2018) 1233-1252

Degree

c
=
<
-
s
7]
o
b
o
"

25

20

15

10

1245

b
—o— Circle_0% 35 —&—Square_0%
Circle_3% Square_3%
—8— Circle_10% 30 F —#— Square_10%
—»*— Circle_20% —»— Square_20%
25
s
=20
=
3
515
~
10+
5}
0 1 2 3 45 6 7 8 9 10 11 12
Degree
C
r —=&— Elongated particle_0%
Elongated particle_3%
3 —#— Elongated particle_10%
—»— Elongated particle_20%
0 1 2 3 4 5 6 7 8 9 10 11 12

Degree

Fig. 14. Distribution of degrees under a confining pressure of 200 kPa: (a) sample with circular particles; (b) sample with square particles; (c) sample with

elongated particles.

Percent /%

45

35
30
25
20
15
10

—&—Circle_0%

Degree

Percent /%

| 30 - —®— Square_0%
Circle_3% Square_3%
—— Circle_10% S $
. i —#— Square_10%
—»— Circle_20% 25 —%— Square_20%
< 20
S151
3]
5
~0t
5 L
0 Y L KX 2
5 6 7 8 01 2 3 45 6 7 8 9 10 11 12
Degree
C .
30 ¢ —&— Elongated particle_0%
Elongated particle_3%
25 | —#— Elongated particle_10%
—»— Elongated particle_20%
20 |
15
10
St
v S gy

2 3 45 6 7 8 9 1011 12
Degree

Fig. 15. Distribution of degrees under a confining pressure of 400 kPa: (a) sample with circular particles; (b) sample with square particles; (c) sample with
elongated particles.



1246 J. Tian, E. Liu / C. R. Mecanique 346 (2018) 1233-1252

a b

45 - —— C§rcle_0% 30 - —&— Square_0%
wof = Girce_10% uare X
- - —#— Square_10%
) G —%—Ci 25 . =
3| a\ Circle_20% /‘SK —%— Square_20%
= S0 e 20} W\ \
S 25t b
S | g15¢
S S
st &~ 10}
10
5 i
ol— — 0 -
o 1 2 3 _ 4 5 6 7 8 01 2 3 45 6 7 8 9 101112
Degree Degree
C
30 —o— Elongated particle_0%
Elongated particle_3%
25} —#— Elongated particle_10%
—*— Elongated particle_20%
§ 20
§15f
S
a0t
Sk
0 L— .

0 1 2 3 4 5 6 7 8 9 1011 12
Degree

Fig. 16. Distribution of degrees under a confining pressure of 600 kPa: (a) sample with circular particles; (b) sample with square particles; (c) sample with
elongated particles.

among 5 or higher-order loops, the curves of loops gradually move down. The numbers of 3, 4, and 5 loops all decrease
pronouncedly at first, and with evolution of the axial strain, they oscillate around different levels. The number of 6 or
higher-order loops increases pronouncedly firstly, and when the axial strain increases, they are nearly steady. These features
are the same as in previous studies [24,25], which lack the loop features about irregular particles. Then, the loop features of
square and elongated particles are discussed here. The loops evolution of sample with square particles is shown in Fig. 19b.
These trends for loops evolution with axial strain are the same as those for the sample with circular particles, whereas the
loops evolution of the sample with elongated particles shown in Fig. 19c is different from that of circular or square particles.
Here, the number of 3 loops is pronouncedly larger than that of 4 loops. And the evolution of 5 loops is different from that
of isotropic particles. For the one evolving with axial strain, it has a pronounced increase and then oscillates around a level.
This trend is the same as that of the higher-order loops.

The amplifying diagrams taken from the samples are displayed in Fig. 20. As we can see, 3, 4 and 5 loops evolve from
lower-order to higher-order with dilatancy going on. When the sample is sheared with dilatancy, the contact relations
between particles disappear more than those generated. The loop with less degree of freedom (i.e. 3, 4, and 5 loops for the
isotropic particles, and 3 and 4 loops for the elongated particles) which cannot be satisfied with the deformation, gradually
switches to higher-order loops (i.e. 6 and higher-order loops for the isotropic particles, and 5 and higher-order loops for the
elongated particles), which have more space to deform. Then the numbers that loops with lesser degree of freedom transfer
to higher-order loops are equal to the ones that higher-order loops transfer to loops with lesser degree of freedom. The
higher-order loops deform to have more space to satisfy the dilatancy.

When we are talking about of different particle shapes, the isotropic particles display a similar trend for the evolution
of loops, whereas the elongated particles have 3 loops, which is pronouncedly more than 4 loops. And 5 loops increase at
first. These are dramatically different from those of isotropic particles. 5 loops made up of elongated particles have higher
degree of freedom than those for isotropic particles. When the 3 and 4 loops are considered, 3 loops can afford more
forces than 4 loops. The topologic structure of the elongated particles can resist larger forces than that of the isotropic
particles. At the degree discussed, we know that the microstructure of irregular particles can afford more forces than that of
circular particles. Thus, once again, the peak and residual deviatoric stress of elongated particles are the largest, and those
of circular particles are the smallest. Combining the degree and the loops, on the one hand, the microstructures of irregular
particles are similar, whereas the one of circular particles is different from that of irregular particles. On the other hand,
the mesostructures of isotropic particles are similar, but the one of elongated particles is different from that of isotropic
particles.
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4.2. Modified clustering coefficient

The properties of the network can be researched through the complex network method. And many of the recent devel-
opments of this method have taken place in sociology, biology, and in the field of granular materials [28,43-46]. Studies
have found that the 3 loops dominate the topologic structure at the mesoscale and 3 loops in a network is associated with
frustrated rotations of particles and as such to stability [47,48]. In order to characterize the presence of loops of order three,
the clustering coefficient in complex networks is used. Now, the definition of the clustering coefficient is introduced. The
clustering coefficient of vertex i (C;) is proposed as [49,50]:

- 127" (5)

ki(ki — 1)

Refer to Fig. 21 to understand the definition of C;, where k; is the number of neighbors for i, I; represents the number of
contact relations between the neighbors of i, and k;(k; —1)/2 stands for any neighbor of i connected with any other neighbor
of i. Note that when the clustering coefficient of irregular particles is calculated, the contacts between two particles should
be treated as one contact relation. Averaging all the Cj, the network clustering (C) is defined as [50]:

c—lic (6)
- Ni—l l

i
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where N is the number of nodes in the sample. The values of C; and C both range from O to 1. A high value of the clustering
coefficient means a closely packed structure, whereas a low value corresponds to fewer 3 loops, loose structure, and less
contacts.

For granular materials, particles too far from each other have no chance to be in contact directly, which may not be
the case for other types of networks. As a result, the clustering coefficient of the vertex is strictly smaller than 1, which is
not necessarily the case for other network types in which any node can be linked to any other one. Clusters for granular
materials are shown in Fig. 21, and there are few vertexes totally compassed by its neighbors, so this condition is neglected
in later discussions. The clustering coefficient of vertex i ranges from 0 to 2/k;. Then, using these C; to calculate C through
Equation (6) cannot provide the really average value, because the C; have a weighted coefficient when the number of
neighbors for i is different. Hence, combining the structure of granular materials, the modified clustering coefficient of
vertex i (C;) is proposed. By eliminating the weighted coefficient, we can make the clustering coefficient of vertex i range
from O to 1. This modified one is proposed as:

ki l;

Cl=Ci==— 7

T2 T k-1 (7)
1 N

C’:NE C (8)

The C; and (] for granular materials are contrasted in Fig. 21. C; and C’ are more reasonable for granular materials, so they
are used in later discussion.

The 2, 3, 4, 5, or 6 neighbors of the vertex are calculated using the modified clustering coefficient, respectively. Such
values are illustrated in Fig. 22. Note here that the neighbor means the particle number around the center particles, which
is different from the contact. On the one hand, the same particle shape is discussed at first. As we can see that the
curves of C’ move upward when the number of neighbors increases. All the curves decrease at first, and then fluctuate
around a steady state, whereas the magnitude of the decrease increases when the number of neighbors increases. This
means that the particles are denser with higher number of neighbors, and 3 loops of high number of neighbors also are
pronouncedly broken. On the other hand, the effect of particle shape on the mesostructure is discussed. Each curve of C’
of elongated particles is larger than that corresponding to isotropic particles, and each curve of circular particles is similar
to that corresponding to square particles. Thus, the isotropic particles have similar mesostructures, and there is a difference
between the elongated and isotropic particles when mesostructure is discussed. The evolution of C’ for the network is
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shown in Fig. 23. The curves of isotropic particles are close to each other, but that of elongated particles is larger than that

of isotropic particles. This demonstrates once more that 3 loops have larger ratio in elongated particles than in isotropic
particles.

5. Conclusion

In this paper, with the help of DEM, the biaxial tests are used to explore the effect of particle shape, including circu-
lar, square, and elongated particles, on the macro-properties of granular materials, with attention focused on micro-scale
evolving with particle shape. Hence, particle rotation, anisotropy of normal contacts and degree are discussed. Furthermore,
the loops and a modified clustering coefficient are proposed to study the influence of particle shape on the mesostructure
evolution of granular materials. From these analyses, the conclusions are summarized as follows.

(1) The particle shape has a pronounced influence on the macro-properties of the granular assemblies. When the value of
the aspect ratio (AR) decreases, i.e. particle shape becomes more irregular, both the peak and the residual deviatoric
stress increase. On the other hand, the value of dilatancy at the critical state increases when particle shape becomes
irregular.

(2) The magnitude and pattern of particle rotation in samples are also influenced by particle shape. With AR decreasing,
the absolute value of both the mean clockwise and counterclockwise particle rotation decrease, and the particles with
rotation exceeding the mean rotation values are also discussed. Clockwise rotation is dominant in the direction that
dips to the left side, and counterclockwise rotation is dominant in the direction that dips to the right side. This pattern
and shear bands become obvious when particle shape becomes irregular.

(3) The characteristics of fabric evolution are remarkably different when particle shape varies. When AR decreases, the
magnitude of anisotropy gradually increases. On the other hand, the average degree (Z) also increases when particle
shape becomes irregular. The Z values of irregular particles, i.e. square and elongated particles, are close to each other
at the initial state. The degree distributions for the irregular particles are almost the same at the initial state, but
the circular particles have lower-order degree than irregular particles. At steady state, the degree distribution curves
move toward higher-order degree when AR decreases, and the curves of irregular particles are very close to each other.

Therefore, irregular particles have similar microstructure, and such microstructure is different from that of circular
particles.
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(4) Particle shape has also an influence on the topologic structure at mesoscale of granular materials. At the mesoscale,
the isotropic particles (i.e. circular and square particles) have similar trends of loop evolution. They both have more
4 loops than 3 loops, and with axial strain evolving, 5 loops have a decrease at first and then a leveling-off, whereas
the elongated particles have obviously different trends compared with the isotropic particles. The elongated particles
have more 3 loops than 4 loops. And Its 5 loops have an increase at first and then a leveling-off. Hence, the isotropic
particles have similar mesostructure, and such mesostructure is dramatically different from that of elongated particles.

(5) The clustering coefficient in complex networks is used to define the evolution of 3 loops in granular materials. But the
original clustering coefficient is not suitable for granular materials. Thus a modified method to calculate the clustering
coefficient is proposed. The results of modified clustering coefficient are also influenced by particle shape. The elongated
particles have a larger value of the modified clustering coefficient than that of isotropic particles. Such values of isotropic
particles are similar. These pronounced mesostructures in isotropic particles are similar, and such mesostructure is
different from that of elongated particles.
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Fig. 23. Network clustering coefficients of different particle shapes under a confining pressure of 200 kPa.

It has been found that the samples composed of circular, square, and elongated particles have different properties for
particle rotation, fabric evolution, and topologic structure. These results can give clues to quantify the mechanical relation
between circular particles and irregular particles in further researches.
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