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Abstract This paper aims to investigate the evolutions of
microscopic structures of elliptical particle assemblies in
both monotonic and cyclic constant volume simple shear tests
using the discrete element method. Microscopic structures,
such as particle orientations, contact normals and contact
forces, were obtained from the simulations. Elliptical par-
ticles with the same aspect ratio (1.4 and 1.7 respectively
for the two specimens) were generated with random particle
directions, compacted in layers, and then precompressed to
a low pressure one-dimensionally to produce an inherently
anisotropic specimen. The specimens were sheared in two
perpendicular directions (shear mode I and II) in a strain-rate
controlled way so that the effects of inherent anisotropy can
be examined. The anisotropy of particle orientation increases
and the principal direction of particle orientation rotates with
the shearing of the specimen in the monotonic tests. The shear
mode can affect the way fabric anisotropy rate of particle
orientation responds to shear strain as a result of the ini-
tial anisotropy. The particle aspect ratio exhibits quantitative
influence on some fabric rates, including particle orientation,
contact normal and sliding contact normal. The fabric rates of
contact normal, sliding contact normal, contact force, strong
and weak contact forces fluctuate dramatically around zero
after the shear strain exceeds 4 % in the monotonic tests and
throughout the cyclic tests. Fabric rates of contact normals
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and forces are much larger than that of particle orientation.
The particle orientation based fabric tensor is harder to evolve
than the contact normal or contact force based because the
reorientation of particles is more difficult than that of con-
tacts.
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1 Introduction

Constitutive models within the framework of classical
continuum mechanics, combined with mechanical indexes
obtained from laboratory and in-situ tests, are often used to
solve geotechnical problems. However, microscopic phys-
ical insights are often missing. It has been widely known
that microscopic behaviour is the origin of the macroscopic
mechanical behaviour of granular materials. The microscopic
responses can be studied in aspects such as the arrangement
of voids and particles [1], inter-particle sliding and rolling
and inter-particle force etc. in granular materials.

Fabric tensor [1-3] is a statistical quantity to collect vec-
tor directions such as particle orientation, contact normal
and contact force. The fabric tensors play different roles
in macro- and microscopic bridging. Based on the rela-
tions between macroscopic variables (e.g. plastic strain) and
contact normal, some micromechanically based constitutive
models [4-6] have been developed. Among these models,
Nemat-Nasser [6] developed a kinematic model for gran-
ular matters using fabric tensor and fabric rate to describe
microstructure and kinematic hardening. Rothenburg et al.
[7] have proposed a yielding condition in terms of para-
meters defining the anisotropy in contact forces, and then

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10035-016-0641-1&domain=pdf

54 Page2of 14

M. Jiang et al.

Ouadfel and Rothenburg [8] decomposed stress tensor into
components reflecting contact forces and microscopic fab-
rics, namely the stress—force—fabric relationship.

The Discrete Element Method (DEM), which was origi-
nally proposed and used in dry sands by Cundall and Strack
[9], has been widely accepted as an efficient tool to relate
macro- and microscopic mechanical behaviours, including
fabric tensors, of idealised granular matters. It is accessi-
ble but difficult and expensive to obtain contact orientation
and particle orientation using technologies such as X-ray
micro-computed tomography (WCT) [10] and stereocom-
parator [11]. It is more difficult to measure microforces
using sophisticated techniques such as photoelasticity [11].
That is why the DEM technique has commonly been applied
to investigate the fabric tensors and their influence on the
macroscopic mechanical behaviour for idealised granular
assemblies under different testing conditions [12—19]. The
limited laboratory data can be used to justify the law on fab-
ric obtained from DEM simulations.

Particle shape affects the mechanical behaviour of partic-
ulate materials greatly [20]. Inherent anisotropy is developed
because of preferentially oriented particles, voids and con-
tact orientations during particle deposition processes [21].
The inherent anisotropy is enhanced by non-circle parti-
cle shapes. Elliptical particles can be employed to simulate
non-circle particles and can reproduce rolling resistance of
natural granular matters, and hence have been used in the Dis-
crete element modeling [22-38]. Moreover, elliptical particle
assemblies are moderately suitable to investigate the fabrics
in granular materials [31].

In the present DEM study, medium-dense elliptical par-
ticle assemblies with particle aspect ratios of 1.4 and 1.7
were generated and one-dimensionally compressed to repro-
duce an appropriate in-situ stress state and simulate inherent
anisotropy of sands. Strain-rate controlled constant volume
monotonic and cyclic simple shear tests were simulated using
a recently developed two-dimensional DEM code NS2D
[39,40]. Fabric tensors describing (1) particle orientation, (2)
contact normal and sliding contact normal, and (3) contact
force, strong and weak contact forces were defined. Two fea-
tures of each fabric tensor were examined, i.e. anisotropy and
major principal direction and their time derivatives, namely
fabric anisotropy rate and fabric direction rate, were studied.

2 DEM simulations

2.1 Contact between elliptical particles

The numerically stable contact detection algorithm proposed
by both Ng [32] and Ting [35] was applied in our recently

developed in-house DEM code NS2D, which can simu-
late the interactions between elliptical particles. Figure la
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presents how the contact pointC is defined between two over-
lapping ellipses i and j. First, by shrinking ellipse i, i.e.
representing the ellipse using a smaller one which has the
same shape and centroid as the original one, a unique com-
mon point A between the ellipse j and the shrunk ellipse i
can be obtained. In the same way, a unique common point B
between the ellipse i and the shrunk ellipse j can be obtained.
Contact normal is defined as a unit vector in the direction
from point A to point B. The midpoint C of the line segment
AB is taken as the contact point. The particle orientation is
defined as the major-axis direction of an ellipse. Besides, the
contact force direction is the direction of the total contact
force between two ellipses.

The contact forces are updated incrementally. To calculate
the contact force between two ellipses, a contact model and
the relative contact velocity of two contacting ellipses are
needed. A simple contact model is used, consisting of an
elastic normal contact and an elasto-perfect plastic tangential
contact with the maximum tangential contact force being
F,, where u is the friction coefficient and F;, is the normal
contact force. The method to calculate contact velocity is
detailed in [33,38].

2.2 Sample preparation

Each specimen consists of 2032 elliptical particles with a
density of 2600 kg/m>. The width of the square specimens
is about 44 times of the mean grain size, which is con-
sidered to be sufficient for the DEM simulation of a cell
test. Figure 1b presents the distribution of equivalent par-
ticle diameter, which is defined as the geometric mean of
the lengths of the major and minor axes of an ellipse. The
equivalent diameter ranges from 6 mm to 9 mm, with a mean
diameter of dso = 7.6 mm and a uniformity coefficient of
Cyu = dgo/d1o = 1.3, where, dy is the diameter correspond-
ing to x percent finer in a particle size distribution curve.

Two medium-dense specimens were investigated, with
particle aspect ratios of 1.4 and 1.7 (defined as the length
ratio of major axis over minor axis of an ellipse) and with
respect void ratios of 0.20 and 0.19. The so-called dense,
medium-dense and loose specimens are distinguished by
their mechanical performances in biaxial tests, i.e., strain
softening, perfect plasticity and strain hardening in stress—
strain relationships. Hence, the so-called medium-dense
specimens have different void ratios because of different par-
ticle aspect ratios. The preparation procedures of the two
specimens are totally the same and the differences lie in dif-
ferent aspect ratios and void ratios.

The specimens were prepared by the Multi-layer Under-
compaction Method (UCM) [39] which is efficient to gen-
erate homogeneous specimens. To generate a specimen, the
particles are firstly generated and compacted in layers with
an inter-particle frictional coefficient of 1.0. The compact-
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Fig. 1 a Contact between two ellipses and b equivalent particle diameter distribution of the DEM assemblies
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Fig. 2 Particle orientation diagrams after precompression of the DEM assemblies witha A, = 1.4and b A, = 1.7

ing direction is defined as the vertical direction. Then, the
specimen is precompressed to a vertical load of 12.5 kPa
(precompression) with frictional coefficient of 0.5 and with
side walls fixed to simulate in-situ stress conditions. The nor-
mal and tangential stiffnesses of each contact are 1.5x 10°
and 1.0 x 10° N/m, respectively. A time step of 1.0x 10™*sis
applied which is larger than the critical one. Such a time step
does not affect the stress—strain behaviour in this simulation
because of the “slow” shear strain rate and small particle size
discrepancy. Figure 2, the directional distribution of particle
orientation, demonstrates that the “in-situ” granular mate-
rial exhibits inherent anisotropy before consolidation and
shearing.

2.3 Procedures of numerical simple shear tests

After precompression, a simple shear test was carried out
in two stages, consolidation and shearing stages. In order to
study the influence of initial anisotropy, two shear modes
were applied as shown in Fig. 3. In the consolidation stage, a
specimen was loaded one-dimensionally (K(y compression)
to a vertical/horizontal stress of 200 kPa or 400 kPa for shear
mode I/II. In the subsequent shearing stage, the particle-wall

friction coefficient was set to 0.5 (which was zero before). In
shear mode I, the top and bottom walls were vertically fixed,
and moved horizontally following the side walls, which were
rotated with a rotation rate of 6. In shear mode II, the side
walls were horizontally fixed, and moved vertically following
the top and bottom walls, which were rotated with a rotation
rate of 6.

In the monotonic simple shear tests, the rotation rate was
kept constant, while in the cyclic tests the rotation rate was
changed periodically, as

_ 6o, monotonic )
|6 cos(%’), cyclic

where éo is 0.05 rad/min in the monotonic tests and 0.15
rad/min in the cyclic tests, 7 is the time elapsed and Ty = 120
s is the period in the cyclic tests.

2.4 Stress—strain performance
Figure 4 shows the normal and shear stresses on the non-

rotating walls (horizontal walls in shear mode I and vertical
walls in shear mode II) during the monotonic simple shear
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Fig. 3 Tllustration of two shear modes applied in the DEM simple shear tests

test on the specimen with a particle aspect ratio of 1.7. The
slight increase in normal stress during the test results from
dilation tendency of the specimen. The shear stress increases
with the shear strain until it comes to a critical value. There
are no apparent differences in the normal and shear stresses
between the two shear modes.

3 Fabric description of microstructure

Fabric tensor can be used to describe any directional depen-
dent quantities, which can be particle orientation, contact
normal and contact force. A second-order tensor for this pur-
pose can be defined as [1-3]:

1
F,'j = Nann]; = (ninj)

N N
| > cosay cosay D, COS oy Sin o
| k=1 k=1 (2)
N N N

> sinog cosag Y. sinay sin o

k=1 k=1
where N is the number of elements that could be contacts or
particles, n; (i = 1,2) are the direction cosines and «y are
the angles between the direction of an element and x axis.

A magnitude [41] can be used to describe the anisotropy

of granular materials, as

N 2 N 2
A= ~ ;cos 201 ) + ;sin 2ok 3)

Following the definition of fabric tensor, the eigenvalues are
as
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F 2 2
The deviator fabric F| — F; is suggested to quantify the degree
of structural anisotropy [42]. The expression is the same as
Eq. (3).

The major principal direction of the fabric tensor F;; can
be expressed as

N .
1 __ sin 20
= — arctan Zk—l—

2 S| cos 2ay

&)

1 (F12+F21)
d_—arctan | ———
2 Fiy — Fx»

In the coordinate system in Fig. 3, ® equals O if the major
principal direction is horizontal.

The following aspects of microstructure were investi-
gated: (1) particle orientation (Ap, ®p) which describes the
arrangement of the major-axes of elliptical particles, (2)
contact normal (Ac, ®c) which describes the arrangement
of contact directions, and sliding contact normal (Ag, ®s)
which is defined as the contact normal of sliding contact, (3)
contact force direction (Ag, ®g) which describes the distri-
bution of total contact force directions, and strong/weak con-
tactforce direction (Asg, Psp)/(Awr, Pwr) which describes
the distribution of total contact force whose magnitude is
larger/smaller than the average value.

Fabric rates are characterised by the rates of change in
the anisotropy and the major principal direction of a fabric
tensor with respect to time, i.e. A (fabric anisotropy rate)
and ®(fabric direction rate). The time increment is 1 s when
calculating the fabric rates in the simulation. Fabric rates
of different aspects of microstructure will be investigated.
Hereafter, to obtain dimensionless fabric rates, A and ©® are
normalised by 90, refer to Eq. (1), as
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Fig. 4 Normal and shear stresses on non-rotated walls during monotonic tests on the medium-dense specimen with A, = 1.7: a normal stress,

b shear stress

AN = A/, N = d/é, (6)

4 Fabric rates in monotonic simple shear tests

Fabric rates at the beginning of shearing are much larger than
that under subsequent shear strains because of the sudden
change of the magnitude and orientation of major principal
stresses. Therefore, the initial part of the data is disregarded.

4.1 Particle orientation

Figure 5 shows the normalised fabric anisotropy and direc-
tion rates of particle orientation in the monotonic simple
shear tests. In Fig. 5a, b, the fabric anisotropy rates are
larger than zero throughout the tests, which suggests that the
anisotropy of particle orientation increases with shear strain.
The fabric rates increase gradually from zero to about 0.2
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in shear mode I for both samples with Ay, = 1.4 and 1.7
and then virtually stay constant. In shear mode II, the fabric
rate decreases firstly from about 0.3 /0.25 to approximately
0.03/0.05 and then increases to about 0.3 /0.25 for the sample
with A, = 1.4/1.7. Hence, shear mode can affect the way
fabric anisotropy responds to shear strain as a result of the
initial anisotropy. The aspect ratio also exhibits slight quanti-
tative influence on fabric anisotropy development. In Fig. 5c,
d, the fabric direction rates are positive, implying that the
principal directions of the particle orientations rotate in the
same direction with the rotation of the sample. In shear mode
I, the fabric direction rate decreases from about 0.45/0.28 to
about 0.18 /0.1 for the sample with A, = 1.4/1.7. In shear
mode I, the fabric direction rate decreases from about 0.3/0.2
to about 0.1 /0.0 for the sample with A, = 1.4/1.7. The fab-
ric direction rate in shear mode I is larger than that in shear
mode II for both samples, manifesting the influence of initial
structural anisotropy on particle rotation. The particles with
An = 1.4 are easier to rotate than those with A, = 1.7
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Fig. 5 Fabric rates of particle orientation in monotonic tests: a, b fabric anisotropy rates, ¢, d fabric direction rates
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because of less rotation frustration in the former case where
the particle shape is closer to a circle than that in the latter
case.

4.2 Contact normal and sliding contact normal

Figure 6 shows the normalised fabric anisotropy and direc-
tion rates of contact normal. In Fig. 6a, b, the fabric
anisotropy rates are negative and decrease in absolute value
until a shear strain of 4 %, after which the rates fluctuate
irregularly around zero. This observation indicates that the
contact normal anisotropy virtually remains unchanged after
a shear strain of 4%. The fluctuation range in the sample
with A, = 1.4, between —1.5 and 1.5 in shear mode I and
between —3 and 3 in shear mode II, is much smaller than that
in the sample with Ay, = 1.7, between —5 and 5 in both shear
modes. This is because particles with larger aspect ratio cause
greater local disturbance when they are displaced. Such dis-
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turbance can be overall balanced by subsequent disturbance.
Similar observations are made for the fabric direction rates
in Fig. 6c, d. There is no noticeable difference in fabric rates
caused by shear direction.

Figure 7 shows the normalised fabric anisotropy and direc-
tion rates of sliding contact normal. In Fig. 7a, b, the fabric
anisotropy rates of the sample with Ay, = 1.4 fluctuate irreg-
ularly between —10 and 10 in both shear modes while that
of the sample with Ay, = 1.7 between —20 and 20 after the
shear strain exceeds 4 %. In Fig. 7c, d, the fabric direction
rates of sliding contact normal fluctuate between —50 and
50 after the shear strain exceeds 4 %. There are some scat-
tered fluctuations much larger than 50 in Fig. 7d, which do
not, however, influence the main conclusions. The fluctua-
tion ranges of fabric rates in the sample with Ay, = 1.4 are
smaller than that with Ay, = 1.7. This can be explained by the
large disturbance (obviously accompanied with contact slid-
ing) caused by particles with large Ap,. The fluctuation in the
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Fig. 6 Fabric rates of contact normal in monotonic tests: a, b fabric anisotropy rates, ¢, d fabric direction rates
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Fig. 9 Fabric rates of strong contact force in monotonic tests: a, b fabric anisotropy rates, ¢, d fabric direction rates

directional distribution of sliding contact normal in Fig. 7 is
more violent than that of all contact normal in Fig. 6. There
is no noticeable difference in fabric rates caused by shear

direction.

4.3 Contact force, strong contact force and weak contact
force

Figures 8, 9 and 10 show the normalised fabric anisotropy
and direction rates of contact force and strong and weak con-
tact forces. In Fig. 8a, b, the fabric anisotropy rates of contact
force fluctuate dramatically between —4 and 4 for both sam-
ples in both shear modes after the shear strain exceeds 4 %.
In Fig. 9a, b, for the strong contact force, the fluctuation of
fabric anisotropy rate is between —6 and 6. In Fig. 10a, b, for
the weak contact force, the fluctuation of fabric anisotropy

rate is between —4 and 4 for the sample with A, = 1.4 and
between —6 and 6 for the sample with Ay, = 1.7. Fluctua-
tions of fabric anisotropy rates of contact force and strong and
weak contact forces are almost the same. For the weak con-
tact force, fluctuations of fabric anisotropy rates are slightly
influenced by the aspect ratio. But for the total contact force
and strong contact force, the influence of the aspect ratio is
not obvious. Similar observations can be made for the fabric
direction rates.

Table 1 summarises the average values and fluctuation
amplitudes of fabric rates in DEM monotonic simple shear
tests. Apart from the fabric rates of particle orientation, the
average values of fabric rates are very small compared to
their fluctuation amplitudes. Both the anisotropy and prin-
cipal direction of contact normal vary in shearing since the
average values are relatively large with respect to their fluctu-
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Table 1 Average values of
fabric rates in DEM monotonic
simple shear tests

@ Springer

Fabric rates Shear mode 1 Shear mode 11
An=14 An =17 An =14 An =17

Farticle orientation

Fabric anisotropy 0.17 0.16 0.23 0.20

Fabric direction 0.28 0.17 0.10 0.06

Contact normal

Fabric anisotropy —0.53]-0.23 —0.85|-0.19 —0.77]—-0.58 —0.54]-0.30
(=0.23 £ 1.5) (—=0.19£5) (—0.58 £ 3) (=0.30+5)

Fabric direction —2.07]—1.24 —1.57]-0.28 —1.59]—1.68 —2.9]-1.87
(=124 £5) (—0.28 £ 6) (—1.68 £5) (—1.87£38)

Sliding contact normal

Fabric anisotropy 0.03]0.05 0.36/0.01 —0.86]0.07 —0.39]0.003
(0.05 £ 10) (0.01 £20) (0.07 £ 10) (0.003 £ 20)

Fabric direction —0.90/0.44 —0.69]1.7 0.03]0.3 —0.91]0.43
(0.44 £ 50) (1.7 £ 50) (0.3 £50) (0.43 £50)

Contact force

Fabric anisotropy 0.08]0.11 0.16]0.14 —0.23]0.07 0.33]0.28
0.11+4) 0.14 £ 4) 0.07+£4) 0.28+4)

Fabric direction —2.84|—-0.89 —1.30]—-0.44 —1.87|—-1.61 —2.65]-0.82
(—0.89 £ 8) (—0.44 £8) (=1.61 £38) (—0.82 £ 8)

Strong contact force

Fabric anisotropy 0.07|0.22 0.32]0.47 —0.23]0.61 0.41]0.43
(0.22 £ 6) 0.47 £ 6) (0.61 £6) (0.43 £ 6)

Fabric direction —1.11]-0.49 —1.26]—-0.19 —1.58|—1.27 1.22|0.27
(—0.49 +£10) (—=0.19 £ 10) (=1.27 £ 10) (0.27 £ 10)

Weak contact force

Fabric anisotropy 0.12]-0.03 0.36|0.25 0.04|—0.05 0.39]0.23
(=0.03+4) (0.25+6) (—=0.05+4) (0.23+6)

Fabric direction —1.84|—1.16 —1.21]1-0.79 —0.96]—-0.82 1.24|0.77
(—=1.16 £ 10) (—=0.79 £ 20) (—0.82 £ 10) (0.77 £ 20)

The data before “|” is the fabric rates collected throughout shearing. The data after

“In

is the fabric rates

collected only when the shear strain exceeds 4 %. The data in parentheses is fluctuation ranges after the

shear strain exceeds 4 %
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Fig. 11 Fabric rates of particle orientation in cyclic tests: a, b fabric anisotropy rates, ¢, d fabric direction rates

ation amplitudes. Nevertheless, the average values for sliding
contact normal are very small with respect to their fluctu-
ation amplitudes regardless of being collected throughout
shearing or after the shear strain exceeds 4 %, which indi-
cates the isotropy of energy dissipation by contact sliding.
The anisotropies of total contact force and strong and weak
contact forces vary slightly as their average values are small
while larger variations occur with their principal directions.

S Fabric rates in cyclic simple shear tests

As mentioned in Sect. 4, the fabric rates at the beginning of
shearing are much larger than that under subsequent shearing.
Hence, the initial part of the data is also disregarded. Recall
that the period Ty in cyclic shear tests is 120 s, which is
marked in the following figures by vertical dash lines.

5.1 Particle orientation

Figure 11 shows the normalised fabric anisotropy and direc-
tion rates of particle orientation in the cyclic simple shear
tests. In Fig. 1la, b, the fabric anisotropy rates oscillate
between —0.5 and 0.5 in the sample with A, = 1.4, while
in the sample with Ay, = 1.7 between —1.0 and 1.0/between
—0.2 and 0.2 in shear mode I/II. Oscillations of the fabric
anisotropy rates in shear mode I and II are asynchronous but
with approximately the same period (60 s). In Fig. 11c, d, the
fabric direction rates oscillate between —0.4 and 0.4 in the
sample with Ay, = 1.4 while in the sample with A, = 1.7
between —0.5 and 0.5. In shear mode I and II, oscillations
of fabric direction rates are asynchronous but the periods are
the same (120 s). The asynchronism indicates the influence of
structural anisotropy on the fabric direction rates of particle
orientation.

5.2 Contact normal and sliding contact normal

Figures 12 and 13 show the normalised fabric anisotropy and
direction rates of contact normal and sliding contact normal.
The fabric anisotropy and direction rates fluctuate irregularly
around zero. In Fig. 12a, b, the fluctuation range of the fabric
anisotropy rates of contact normal is between —5 and 5 in the
sample with A, = 1.4 while in the sample with A, = 1.7
it is extremely larger, between —50 and 50 for shear mode I
and between —25 and 25 for shear mode II. In Fig. 13a, b, the
fabric anisotropy rates of sliding contact normal in the sample
with Ay, = 1.4 fluctuate between —25 and 25/between —15
and 15 in shear mode I/II while the sample with A, = 1.7
between —50 and 50/between —30 and 30 in shear mode I/11.
Similar observations can be made for the fabric direction rates
in Figs. 12¢, d and 13c, d.

The fluctuations are random but some scattered fluctua-
tions do not influence the main conclusions. Larger aspect
ratio results in a larger fluctuation range as the larger distur-
bance (obviously accompanied with contact sliding) caused
by particles with larger Ay,. Larger disturbance with the con-
tact sliding causes a larger fluctuation range for the sliding
contact normal than that for the total contact normal. There
is no noticeable difference in fabric rates caused by shear
modes.

5.3 Contact force, strong contact force and weak contact
force

Figures 14, 15 and 16 show the normalised fabric anisotropy
and direction rates of contact force and strong and weak
contact forces. In Fig. 14a, b, the fabric anisotropy rates
of contact force fluctuate between —4 and 4 in the sample
with Ay, = 1.4 while between —5 and 5 in the sample with
Am = 1.7. In Fig. 15a, b, the fluctuation range of the fabric
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Fig. 16 Fabric rates of weak contact force in cyclic tests: a, b fabric anisotropy rates, ¢, d fabric direction rates

anisotropy rates of strong contact force is between —5 and
5 in the sample with A, = 1.4 while in the sample with
Am = 1.7 between —5 and S5/between —3 and 3 in shear
mode I/II. In Fig. 16a, b, the fabric anisotropy rates of weak
contact force in the sample with A, = 1.4 fluctuate between
—4 and 4/between —5 and 5 in shear mode I/II while in the
sample with A, = 1.7 between —5 and 5. The fluctuate
ranges of the fabric direction rates of total, strong and weak
contact forces are between —25 and 25 except some scattered
fluctuations in Figs. 14c, d, 15¢, d and 16c, d.

The fluctuation ranges of the fabric anisotropy rates of
contact force and strong and weak contact forces are almost
the same and so as the fabric direction rates. There is no
noticeable difference in fabric rates caused by particle aspect
ratio and shear direction.

Table 2 summarises the positive and negative average val-
ues and amplitudes of fabric rates in DEM cyclic simple shear

tests. The positive and negative average values are approx-
imately the same as the fabric rates oscillate around zero
in the cyclic tests. In relatively regular curves, the average
value is about half of the corresponding amplitude, while in
the curves with scatted fluctuation, the average value is much
larger than half of the corresponding amplitude. This scat-
ter indicates significant change of the fabric anisotropy or
principal direction during the cyclic shear tests.

6 Conclusions

Fabric tensor is a kind of statistical quantity to collect vector
directions to bridge microscopic arrangement and macro-
scopic behaviour. In a two-dimensional description, there are
two typical features for a fabric tensor, i.e. fabric anisotropy
describing the anisotropy degree and fabric direction defined
as the major principal direction. Fabric rates are defined as
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Table 2 Positive and negative

average values of fabric rates in Fabric rates Shear mode 1 Shear mode 11
DEM cyclic simple shear tests An =14 Am =17 Am =14 Am =17

Farticle orientation

Fabric anisotropy 0.13/-0.15 0.80/—0.54 0.33/-0.31 0.07/—-0.12
(0.00 £0.5) (0.02+1.0) (0.04£0.5) (0.003 £0.2)

Fabric direction 0.12/-0.21 0.18/-0.26 0.13/-0.12 0.17/-0.16
(—=0.04 £0.4) (—=0.03 +£0.5) (—=0.01 +0.4) (—=0.003 £0.5)

Contact normal

Fabric anisotropy 2.80/—2.70 12.8/—12.8 1.40/—1.34 8.1/-9.1
0.27£5) (—2.1£25) 0.14+5) (=1.9£25)

Fabric direction 14.4/-11.7 12.1/-12.6 22.7/-17.1 5.94/-11.1
(0.24 £ 20) (1.5£20) (—0.6 +20) (—1.9 £ 20)

Sliding contact normal

Fabric anisotropy 13.9/—14.1 41.9/-36.2 6.0/—5.9 20.2/-20.0
(2.8 £25) (—0.43 £ 50) (=1.5+15) (1.8 £30)

Fabric direction 10.3/—12.0 11.5/—-12.4 11.0/—6.6 11.0/—13.3
(—0.9 £25) (0.3 £25) (—0.02 £25) (0.1 £25)

Contact force

Fabric anisotropy 1.22/—-1.57 1.12/-2.16 0.92/—-1.36 1.26/—-2.16
(—=0.01 +£4) (—=0.15£5) (—0.09 = 4) (=0.3£5)

Fabric direction 15.3/—11.1 5.85/-17.14 22.8/—14.6 14.5/—13.2
(2.4 £25) (0.01 £ 25) (—0.6 £25) (1.0 £ 25)

Strong contact force

Fabric anisotropy 1.74/-2.75 1.77/-2.62 1.47/—-1.75 0.88/—0.82
(=0.3£5) (=0.3+5) (—0.12£5) (0.07 £3)

Fabric direction 15.3/-9.7 7.56/—15.4 16.8/—17.9 12.2/-15.5
(1.8 £25) (—=3.7£25) (—=0.5 +25) (—0.23 £ 25)

Weak contact force

Fabric anisotropy 1.75/-2.00 1.33/-2.87 0.86/—0.96 1.40/—1.94
0.18 £ 4) (—=0.04 £5) 0.02+£5) (—=0.1£5)

Fabric direction 16.3/—13.0 5.0/—13.3 15.2/-11.4 22.3/-16.5
(—=0.2£25) (—6.0 £ 25) (4.1 £25) (0.5 £25)

The data is collected in two cyclic shearing periods Tp, i.e. 2405 in total. All the positive (negative) data is
averaged and shown before (after) “/”. The data in parentheses represents the averaged value of all data and

its oscillation ranges

the time derivatives of the two features. This paper presents
the fabric anisotropy and direction rates of several fabric ten-
sors, i.e. particle orientation, contact normal, sliding contact
normal, contact force and strong and weak contact forces, of
elliptical particle assemblies in monotonic and cyclic simple
shear tests. Specimens with two particle aspect ratios of 1.4
and 1.7 were tested in two shear modes using the Discrete
element method. The conclusions are as follows: 2)

(1) Both the fabric anisotropy and direction rates of particle
orientation are positive (below 0.5) throughout shearing
in the monotonic tests, which suggests that the anisotropy
of particle orientation increases with the shear strain and
the principal direction of particle orientation rotates with

@ Springer

the rotating direction of the specimen. Both the fabric
anisotropy and direction rates fluctuate between —0.5
and 0.5 in the cyclic tests. The shear mode can affect
the way fabric anisotropy rate responds to shear strain
as a result of the initial structural anisotropy. The parti-
cle shape (aspect ratio) also exhibits slight quantitative
influence on the fabric rates.

Fabric rates of contact normal, sliding contact normal,
contact force and strong and weak contact forces fluc-
tuate dramatically around zero after the shear strain
exceeds 4 % in the monotonic tests and throughout the
cyclic tests. The fluctuation amplitudes for sliding con-
tact normal are larger than that for total contact normal
ascribed to the large disturbance accompanied with con-
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tact sliding. Particle aspect ratio affects the fabric rates of
total and sliding contact normals but there is no notice-
able difference caused by shear modes. The fluctuation
amplitudes of both fabric anisotropy and direction rates
of the three contact force fabrics are similar. The influ-
ences of particle aspect ratio and the shear mode on the
fabric rates of contact force, strong and weak contact
forces are not noticeable.

(3) Fabric rates of particle orientation are much smaller than
that of contact normals and contact forces. Both orien-
tations of particles and contacts redistribute towards a
steady state when a specimen is sheared. The particle
orientation based fabric tensor is harder to evolve than
the contact normal or contact force based one because
the reorientation of particles is more difficult than that of
contacts. To change the orientations of particles, space
is needed to allow the rotation of particles and the relax-
ation of interlocking [21].

In addition, particle shape (particle aspect ratio) exhibits
quantitative influence on some fabric rates, including particle
orientation and contact normals. However, more specimens
with different aspect ratios need to be examined in detail
to further analyse the relation between the aspect ratio and
some macroscopic characteristics, such as soil anisotropy,
shear strength and non-coaxiality, which is beyond the main
purpose of this paper and which will make the paper too long,
and thus reduce its readability.
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