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Biausinme ckaTbIBaHHSI H npoﬁ.ﬂem«m YacTUll Ha J3BOJIONHUI0O AHU30TPOIIHMH
IrpaHy/IMPOBAaHHBIX MaTepHuaioB
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DakyapTeT MAIIMHOCTPOEHUsI, YXaHbCKUI YHUBEpCUTET, YXaHb, Kurait

IIpedcmasneno uuciennHoe uccied08anue ¢ NOMOWLIO Memood OUCKDEMHbIX DNEeMEHMO8 GIUAHUL
ckamuvleanus u OPoOIeHUs YACMUY HA IBONOYUIO AHUZOMPONULL CKATNLIBAHUS YACTUY (MUKPOCTPYK-
mypa) u cunogoul yenouxku. [ns onucanus aHu3omponuu MuKpOCMpYKmypbl UCHONb3YEMCs CIMpPYK-
MYPHBIL KIACCUYECKUL MeH30p, a 084 AHANO2UHHLIX MEH30pd OPUEHMAYUU, XAPAKMepu3youuxcs
Hanpaeienue;M KOHMAKMHbIX YCUlutl, — 0N onpeoeieHus anusomponuu Ccuiogol yenouxu. Pesyiv-
mamovl YUCIEHHO20 UCCIEO08ANUA NOKA3AU, YMO DE0NI0YUL AHUSOMPONULL UMeem MOm dice Xapak-
mep, umo u 3a8UCUMOCTb Oeopmayuy Om HANPAdICEHUs, OOHAKO AHU3OMPONUs CUNOBOU YenouKu
A6naemcs 6onee UHMEHCUBHOU NO CPASHeHUI0 ¢ anuzomponuel Mmuxpocmpykmypel. bonee moeo,
ckamuléanue 4acmuy no-pasHomy Guusem Ha aHU30Mponuio 00 U Nocie OOCMUICEHUSs MAKCUMANb-
HO20 3HAYEHUs HANPAXCEHUs, M020a KaKk OpoblieHue yacmuy yMenbuiaem aHu3omponuo spamyaupo-
6AHHBIX MAMePUaos.

Knroueswvie cnosa: TpaHyJIMPOBAaHHBIE MAaTCPHUAJIbI, AHU30TPOINA, METOA AUCKPETHBIX JJIE-
MCHTOB, CKAaTbIBAHHUC 4YaCTHII, Z[pO6J'ICHI/Ie qacTuiIl.

Introduction. Granular materials consist of particles in contact at the microlevel and
transfer the loads through the contact points. The micromechanical characteristics of the
particle assembly, such as the orientation distributions of contacts, contact forces, etc., are
of great importance for the macro- mechanical behaviors of granular materials. The average
orientation of contacts can be described by an anisotropic fabric tensor [1], which has been
widely used to characterize the anisotropic behaviors of granular materials based on the
continuum approach [2, 3]. However, the evolution of fabric tensor cannot be directly
obtained based on the continuum approach.

The discrete element method has been widely used to investigate the evolution of
fabric tensor in granular materials due to its advantage in capturing the detailed information
on the microlevel. Kruyt [1] investigated the physical mechanisms of fabric evolution by
decomposing the change of fabric tensor into contributions due to three mechanisms:
contact creation, contact disruption and contact reorientation. Guo and Zhao [4] investigated
the characteristics of shear-induced anisotropy in granular materials based on the three-
dimensional discrete element method (DEM) simulations. Despite the importance of
particle rolling on the micro-macro behavior of granular materials [5, 6], there are few
investigations on the effect of particle rolling on the evolution of anisotropy in granular

© L. L. ZHOU, X. H. CHU, Y. J. XU, 2014
ISSN 0556-171X. IIpobnemuvl npounocmu, 2014, Ne 2 73



L. L. Zhou, X. H. Chu, and Y. J. Xu

materials. One aim of this study is to investigate the evolution of anisotropy based on the
discrete element method incorporating rolling resistance. The classical fabric tensor is
adopted to describe the anisotropy of microstructure, and another two orientation tensors
are defined to represent the orientation distribution of contact forces in granular materials.
The reasons why these two orientation tensors need to be defined are as follows. The fabric
tensor cannot quantify the orientation distribution of contact forces when tangential forces
exist at contact points. Moreover, the anisotropy of contact forces is more effective to
reflect the anisotropy of the macroscopic behavior of granular materials since the contact
forces are directly related to the external loads.

Another aim of this study is to investigate the evolution of anisotropy in crushable
granular materials. Particle crushing and its influence has been focused previously [7-11].
In general, there are two approaches to simulate particle crushing in the discrete element
method. The first one is that the crushable particle is considered as an agglomerate of
bonded smaller particles that can disaggregate when the interaction force between bonded
particles is above the bond strength [7, 8]. The second one assumes that particles will crush
when the failure criterion is satisfied and will be replaced with a group of smaller
sub-particles according to the particle crushing model [9-11]. The failure criterion and
crushing model describing the distribution of sub-particles should be predetermined. In this
paper, the second approach is utilized to investigate the effect of particle crushing on the
fabric tensor and the orientation distribution of contact forces.

Orientation Tensors. To quantify the overall orientation of the particle contact
normal in granular materials, the second order fabric tensor can be defined as follows [1]:

N
LE K,k
Wy, = N, ninj, (1)

where N is the total number of contacts and n) is the component in direction i of the

unit contact normal vector. In two-dimensional cases, i and ; take values 1, 2 and the
fabric tensor W, has two principal values W, and W,. The sum of the two principal
values is the unity (W; +W, = 1) which implies that there is only one independent variable.
The anisotropy of the material is then taken as the difference between the major and the
minor principal components of fabric tensor: 4 = W, —W,. For an isotropic material, there
will be W, =W, =0.5.

To characterize the orientation of contact forces, another orientation tensor is defined
as follows:

1 ko k
%=y§:m,~ m; 2)
k=1
F
m=m, F= f,n+ fit, 3)

where m is the unit direction vector of contact forces. Similar to those in Eq. (1), mlk is

the component in direction i of the unit contact force vector, F is the contact force vector,
f, and f, are the normal and tangential contact forces, respectively, while n and t are
the contact normal and tangential direction vectors, respectively.

In general, the strong contact forces greater than the average force play an important
role in mechanical behavior of granular materials. Therefore, the following tensor to
characterize the orientation of strong contact forces is defined:
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where N is the total number of contact points bearing strong contact forces.
Implementation of Particle Rolling and Crushing. Particle Rolling. Recognizing
the significant role of particle rolling in the mechanical behaviors of granular materials,
many researchers have proposed various contact models incorporating particle rolling
[7-11]. In this study, the normal and tangential contact forces are calculated by the linear
model in the DEM code PFC2d, in which the increments of normal and tangential contact
forces are proportional to the increments of normal and tangential displacements,
respectively, while the tangential contact force needs to satisfy Coulomb criterion. The
rolling moment is computed by a model which can be easily implemented by PFC2d code:

M,=-k.0,, 5)
where k&, is the constant rolling stiffness and 6, is the relative rotation between two
particles in contact [6].

Particle Crushing. Particle crushing inevitably disturbs the stability of force chains at
the microscopic level, which results in the change of the macromechanical behavior.
Similarly to particle motions, such as sliding, rotating, and rolling at the microscopic level,
particle crushing also plays an important role in the macroscopic deformation of a
crushable particle assembly. In this study, particle crushing is implemented using PFC2d.
The approach used in the simulations is that a crushable particle will crush if the failure
criterion is satisfied, and the particle is replaced with sub-particles according to the particle
crushing model. The failure criterion adopted to determine particle crushing is based on the
Weibull statistics of fracture, which was also used by Chu and Li [11]. The crushing model
referred to as model A, which was used in our simulations, has been proposed by
Lobo-Guerrero and Vallejo [10]: a particle is replaced by a set of eight sub-particles of
three different sizes as shown in Fig. la.

- Q-
a b

Fig. 1. Crushing models used in the numerical simulations: (a) model A; (b) model B.

It is observed that the distribution of contact orientation within the sub-particles in
model A is anisotropic, and the probability of contacts oriented along the vertical direction
is higher than in the horizontal one. This anisotropy within the sub-particles of crushing
model may affect the overall anisotropy of the assembly. In order to verify the effect of
particle crushing model, another crushing model, model B, is also applied in the
simulations. According to model B, the crushed particle will break into a set of six
sub-particles of two different sizes as shown in Fig. 1b. The contacts within model B are
mostly oriented along the horizontal direction.

Numerical Test. Two-dimensional numerical biaxial compression tests are carried out
using the discrete element code PFC2d. The biaxial box has originally a width of 90 mm
and a height of 180 mm, which is contained within four frictionless walls. A specimen
generation method called “radius expansion method” is used to generate the granular
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assembly in the biaxial box. This assembly consists of 5792 particles with a radius
distribution in the range of 0.75-1.0 mm. After the desired number of particles is generated,
the assembly is isotropically consolidated with a hydrostatic pressure of 1 MPa. Then the
shear loading of the assembly is performed by increasing the vertical strain. The top and
bottom walls move in the vertical direction toward each other with a constant velocity,
while the velocity of the lateral walls is controlled by a servo-control algorithm to maintain
a constant confining stress.

The parameters used in the study are summarized in Table 1. The normal stiffness of
the top and bottom walls is the same as that of the particle, while the normal stiffness of the
left and right walls treated as semi-rigid walls is 1/10th of the respective value of the
particle. To investigate the influence of rolling friction, the biaxial tests are run with the
rolling friction coefficient w4 varying from 0 to 0.3, the values of other model parameters
are kept the same as is shown in Table 1. For w4 = 0, there is no rolling resistance at the
contact points. The value of u, = 0.3 indicates a high rolling friction.

Table 1
Model Parameters Used in the DEM Simulations

Model parameter Value
Biaxial box dimensions (mm): height/width 180/90
Number of particles 5792
Particle size (mm) 0.75-1.0
Particle density (kg/m®) 1000
Initial void ratio 0.14
Particle normal stiffness (N/m) 5.0-10%
Particle tangential stiffness (N/m) 2.5-108
Inter-particle sliding friction coefficient 0.5
Particle rolling stiffness (N-m) 5000
Inter-particle rolling friction coefficient 0, 0.1, 0.2, 0.3
Top and bottom walls' normal stiffness (N/m) 5.0-10%
Left and right walls' normal stiffness (N/m) 5.0-107
Confining stress (MPa) 1.0

In this study, a contact model incorporating particle rolling is introduced in PFC2d.
This approach has been used by many researchers, referring to work of Mohamed at al. [6].
The stress of each particle will be computed to determine particle crushing according to the
failure criterion at the beginning of each step. The particle that satisfies the failure criterion
is replaced by a group of small sub-particles according to the crushing model. The
properties of the sub-particles are same as that of the crushed particle. However, the density
needs to be recalculated to ensure mass conservation since the total solid volume of the
sub-particles in Fig. 1 is less than that of the crushed particle.

Effect of Rolling Friction. To investigate the effect of rolling friction on the
stress-strain and the evolution of anisotropy of granular materials, the rolling friction
coefficient attains values 0, 0.1, 0.2, and 0.3, respectively. Other model parameters
confining stress and initial void ratio are the same for all u, values.
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Fig. 2. Effect of the rolling friction on the stress-strain behavior and the evolution of anisotropies
of the assemblies: (a) deviator stress—strain curves; (b) evolution of anisotropy of fabric tensor;
(c) evolution of anisotropy of force chains; (d) the evolution of anisotropy of strong force chains.

The deviator stress—strain curves of assemblies are shown in Fig. 2a. It can be seen
that the deviator stress ¢ (i.e., 0 —0,) increases quickly to its peak at about axial strain
2% for all rolling frictional coefficients, and then decreases to some extent and remains
constant during further loading. This indicates that the critical state stage appears. It is also
easy to observe that the peak deviator stress increases significantly with the increasing
rolling friction coefficient 4. The increase in the peak deviator stress with the increasing
U indicates that the rolling resistance enhances the overall friction resistance of granular
materials. In addition, the post-peak strain softening is more obvious for high w4 values.

The fabric anisotropy can be measured by the difference between the principal values
of fabric tensor [2, 5]. The three orientation tensors, including fabric tensor W, orientation
tensor @ of contact forces, and orientation tensor ® of strong contact forces, are
investigated for various rolling friction coefficients. The differences between the principal
values of these three tensors are denoted as Ay, Ag, and Ag, respectively. Figure 2b—d
shows the evolutions of anisotropies of these three tensors with axial strain for different
rolling friction coefficients. It is observed that the values of Ay, Ag,and Ag forall u,
values increase with axial strain increasing, atttain their peak values at strain level of about

ISSN 0556-171X. Ilpooaemor npounocmu, 2014, Ne 2 77



L. L. Zhou, X. H. Chu, and Y. J. Xu

45~ 015~

—e— 1,=0.3Un
—a— B =03A
—o— p,=0.3B

s

35

©

q(MPa)

0061 —ea— 1,=0.3Un
—a— ;,=0.3A
—o— 1,=0.3B

0.03 |

1 1 1 1 1 J
0 0.02 0.04 0.06 0.08 01 012

1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 P
Axial strain ial strain
a b

05

—e— 1=0.3Un
—a— 1,=03A
—o— 1,=0.3B

01

1 1 1 1 1 1 1 1 J
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 01 0.12

Axial strain Axial strain

C d

Fig. 3. Effect of particle crushing on the stress-strain behavior and the evolution of anisotropies
of the assemblies: (a) deviator stress—strain curves; (b) evolution of anisotropy of fabric tensor;
(c) evolution of anisotropy of force chains; (d) evolution of anisotropy of strong force chains.

2%, and then drop down. Comparison of Fig. 2b, 2c, and 2d shows that the evolution trends
of the anisotropies of these three tensors are similar. The only difference between them is
the intensity of anisotropy. The anisotropy of strong force chains is the most intense, and
the anisotropy of fabric tensor is the weakest. In addition, it is seen from Fig. 2b that the
values of 4y for low u, values are higher than those for high u, values before axial
strain reaches about 2%, but the former has a more significant reduction than the latter with
further loading. At large strains exceeding 2% the values of Ay for low u, values are
lower than those for high x4 values. In Fig. 2¢ and 2d, the rolling friction coefficient i g
has a strongly manifested effect on the values of 4q and Ag before the peak values at
the axial strain of about 2%, except for u, = 0. However, the peak values of anisotropies
of forces chains and strong forces chains increase with the increasing u, value, and the
values of anisotropies of these two tensors for high u, values are still higher than those
for low u, values with further loading.

Effect of Particle Crushing. In order to investigate the influence of particle crushing
on the mechanical behaviors of granular materials, a series of numerical biaxial tests with
particle crushing are conducted providing rolling frictional coefficient u,y = 0.3. All values
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of other model parameters, confining stress and the initial void ratio are kept the same as in
Table 1. The symbol “Ur” in the legend in Fig. 3 represents the uncrushable case. The
symbol “4” and “B” mean the crushable case using the crushing model A and model B,
respectively.

The deviator stress—strain curves of assemblies are shown in Fig. 3a. The peak
deviator stresses of two crushable cases decrease significantly, as compared to the
uncrushable case. The post-peak strain softening also exhibits a significant reduction in the
crushable cases. However, the difference between the deviator stress—strains curves of two
crushable cases is small. This means that these two crushing models have a minor effect on
the stress-strain behavior of the crushable assembly.

The evolution curves of anisotropies of fabric and contact force chains with axial
strain under the biaxial compression with particle crushing are shown in Fig. 3b—d. It can
be observed that the tendencies of evolutions of the anisotropies of these three tensors for
crushable granular assemblies are similar to the curves without particle crushing, and the
peaks of curves also occur at the same axial strains. However, particle crushing results in
lower peak values of the anisotropies. Microscopically, the contact force chains and the
contact normal vectors align more in the direction of major principal stress (i.e., the vertical
direction) when the peaks at the axial strain 2%, which results in the intense anisotropies at
the peak stress state. For crushable cases, the large particle-to-particle contact forces cause
crushing of many particles. As a result, the contact force chains may collapse, therefore the
contact force chains and the contact normal vectors deviate from the major principal stress
direction. Particle crushing disturbs the stability of force chains at the microscopic level
and weakens the anisotropies of assemblies. The effects of particle crushing on the
anisotropies are in agreement with the results obtained by Wang and Yan [8]. In their
simulation, the crushable particles were simulated by the agglomerates of bonded smaller
particles. In addition, it can be can also be noted that the effect of using crushing model B
has the same tendency as that of using crushing model A, but with larger reductions of the
values of anisotropies. This indicates that the two crushing models in the study affect only
the degree of the reductions of the anisotropies.

Conclusions. The main objectives of this study are to analyze the effects of particle
rolling and particle crushing on the anisotropy in granular materials. The microstructure
anisotropy is described by the fabric tensor defined by contact normal directions. Another
two tensors, defined by the orientation of contact forces, are used to characterize the
anisotropy of force chains in granular materials. The numerical results show that the
evolutions of anisotropies of the three tensors follow the same tendency as the deviator
stress—strain curve. As compared to the microstructure anisotropy described by the fabric
tensor, the anisotropy of the force chains is more intense.

Numerical examples focus on the effects of particle rolling and particle crushing on
the evolutions of anisotropies of the three tensors. The simulations are based on the
user-defined model for particle rolling and apply the failure criterion based on the Weibull
statistical theory and simplified crushing models, in order to achieve particle crushing in
PFC2D code. According to the results of performed simulations, before the peak stress
state, the increasing rolling friction reduces the microstructure anisotropy and has no
obvious effect on the anisotropy of force chains. After the peak stress state, the anisotropies
of the three tensors increase with the increasing rolling friction. Particle crushing has a
minor effect on the tendencies of evolutions of the anisotropies, but significantly weakens
the anisotropies of the three tensors. The two crushing models in the study only affect the
degree of the reductions of particle crushing of the anisotropies.
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Pe3zwome

[IpencraBneHo 4YucenbHe AOCHIIKEHHS 3a JOMOMOIOI0 METOLY IMCKPETHHUX EJIEMEHTIB
BIUIMBY CKOYYBaHHS 1 JIpOOJIEHHS YaCTHHOK Ha €BOJIIOIIIO0 aHI30TPOMIH CKOUyBaHHS YacTH-
HOK (MIKpOCTPYKTypa) i CHJIOBOTO JIAHIIOKKA. J[IsI ommcy aHi30Tpomii MIKpOCTPYKTYpH
BHUKOPHCTOBY€EThCS CTPYKTYPHHUH KIIACHYHUI TEH30p, a JiBAa AHAIOTIYHUX TEH30pa Opi€H-
Talii, 0 XapaKTEepU3YIOThCS HANPAMKOM KOHTAKTHUX 3YCHIb, — JJIS BH3HAUCHHS aHI30-
TpoIii CHJIOBOTO JIaHIIOXKKA. Pe3ysbraTy 4uceabHOro JOCIIKEHHs MOKa3au, [0 eBOJII0-
i aHI30TPOIIif Mae TOH JKe XapakTep, IO 1 3alexHicTh AedopMariii Bif HampyXeHHS,
OJTHAK aHI30TPOIIisI CUIIOBOTO JIAHIFOXKKA € OLIBII IHTCHCUBHOIO MOPIBHSHO 3 aHI30TPOIIIE0
MIKPOCTPYKTYpH. BillbIl TOr0, CKOYyBaHHS YaCTHHOK MO-Pi3HOMY BIUTHBAE Ha aHI30TPOIIII0
JI0 1 miciisl JOCSATHEHHsST MaKCHMAJIbHOTO 3HAUYEHHSI HAINPY)KEHHs, B TOW 4Yac siK JpOOJICHHs
YaCTHHOK 3MCHIITYE aHI30TPOIII0 TPaHyIbOBAaHHX MaTepiaiiB.
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