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Abstract

A 3D multi-scale approach is presented to investigate the mechanical be-
havior of a macroscopic specimen consisting of a granular assembly, as a
boundary value problem. The core of this approach is a multiscale cou-
pling, wherein the finite element method is used to solve a boundary value
problem and a micromechanically-based model is employed as constitutive
relationship used at a representative volume element scale. This approach
provides a convenient way to link the macroscopic observations with intrinsic
microscopic mechanisms. The plane-strain triaxial loading condition is se-
lected to simulate the occurrence of strain localization. A series of tests are
performed, wherein distinct failure patterns are observed and analyzed. A
system of shear band naturally appears in a homogeneous setting specimen.
By defining the shear band area, microstructural mechanisms are separately

investigated inside and outside the shear band. The normalized second order
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work introduced as an indicator of instability occurrence is analyzed not only

on the macroscale but also on the microscale.

Keywords: Multiscale approach, Micromechanics, Second-order work,

Mesoscopic scale, Granular materials, FEM, Strain localization, Shear band

1. Introduction

Granular materials contribute significantly to geotechnical engineering,
generating considerable researches to observe, investigate and understand
their complex behavior when subjected to loading paths. One of the phe-
nomena observed refers to the instability occurrence, related to two kinds
of failure modes: localized and diffuse [9, 30]. The strain localization in-
cluding shear bands, compaction bands and dilation bands has a common
characteristic: the existence of intensive deformation in narrow zones. This
kind of failure with concentrated deformations is considered as a bifurcation
problem.

When loading in a quasi-static regime, a material system can fail if the
material cannot develop an internal stress able to balance the external load-
ing. In these conditions, the excess external work will result in an increase
in kinetic energy. Thus, the response of the material bifurcates from a quasi-
static regime toward a dynamical regime [26, 29, 32]. This bifurcation, prop-
erly detected by the vanishing of the second-order work (see detailed defi-
nition in Chapter 3 of [41]), corresponds to a failure mode of the material
system. The associated bifurcation at the material point level is convention-
ally triggered around the stress peak of a strain softening material or at the

plastic threshold. The problem underlies a material instability phenomenon
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that originates in the small scale due to the micro-structural features of the
granular material. As such, developing a micromechanically-based constitu-

tive model of granular material is desired.

From microscale to BVPs (boundary value problems), the micromechanically-

based model utilizes a multi-scale approach as a convenient process in bridg-
ing both micro-scale and macro-scale [27, 28]. Moreover, the multi-scale
approach can also link a continuum-based method to a discontinuum-based
method. Generally, the FEM (finite element method) is considered to solve
the BVP on the macro-scale, while the DEM (discrete element method) [8, 35]
is usually considered effective to capture and consider the behavior on the
micro-structural scale. Both are leading trends of numerical simulation and
sometimes can be beneficially coupled. For example, an FEM xDEM scheme
is implemented to simulate the slope stability and strain localization prob-
lems [24, 25]. However, a continuum-based assumption (Taylor assumption
[40]) is employed on the micro-scale, which may lead some limitations for a
granular medium. [2] and [3] proposed a discrete-continuum method based on
a numerical homogenization scheme to simulate the strain localization prob-
lem in granular materials. This approach utilizes a classical plastic model on
the macro-scale involving two phenomenological parameters (friction angle
and dilation angle), which are transferred from the micro-scale. [5, 6, 46-49]
proposed micromechanically-based models adopting static hypothesis and
were successfully used to simulate various behaviors of granular soils from
sand to clay. More recently, [14] proposed a multi-scale modeling framework
for granular media based on a hierarchical cross-scale. This framework is

also implemented to simulate a variety of engineering problems including



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

hydro-mechanical problems [15-17].

In this manuscript, a 3D micromechanically-based constitutive model
named 3D-H model [45] is firstly implemented within an FEM code (ABAQUS)
by using a multi-scale approach involving different scales spanning from mi-
croscale to macroscale. Each Gauss integration point in the finite element
model represents a representative elementary volume (intermediate scale).
The 3D-H model acts on the elementary cell, to relate both local strain and
stress by taking the microstructure (microscopic scale) into account. Then,
an experimental database on Ticino sand along drained triaxial loading path
is used to calibrate the model parameters. Finally, a series of drained bi-
axial tests are performed to analyze the occurrence of strain localization by

considering a plane-strain problem.

2. Constitutive formulations and schematic diagram

2.1. A review of the 3D-H model

The 3D-H model was developed from the micro-directional model [30],
which was initially proposed to describe the mechanical behavior of snow
[27] and then generalized to any type of granular assembly, with a particu-
lar emphasis on frictional granular materials [30]. Based on this approach,
the H-model [28] was developed, replacing the notion of independent pairs
of contacting particles by an intermediate granular assembly (the so-called
granular hexagon, see Figure 3a), in which an enriched geometrical and kine-
matic description can be considered.

To build the stress-strain relation of granular media in 3D conditions,

the coordinate transformation is implemented by employing the Euler angles
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Figure 1: Global and local coordinate system transformation by employing Euler angles

in 3D conditions.

(Figure 1). Then, the H-model was extended to 3D conditions, replacing
the 2D hexagon with a 3D granular cluster (the so-called meso-structure, see
Figure 3b). The 3D-H model [45] makes it possible to derive the macro-stress
tensor from the macro-strain tensor according to the following steps:

(1) Kinematic localization: The meso-structure is a connection between
macro-scale and meso-scale. The dimension of the meso-structure can be
characterized by the vector: L = 11,15, 13]7, wherein [y, Iy, I3 represent the
lengths along directions 7, , @, respectively. Thus, the kinematic localization
assumption gives:

5L = P6sP~'L (1)

where: 0¢ is the incremental macro-strain tensor, P is the rotation matrix
from global frame (77, 73, #3) to local frame (7, %, ).

(2) Meso-structure behavior: The meso-structure (Figure 3b) can be de-
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Figure 3: The granular assembly of the H-model and of the 3D-H model on the meso-scale.
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composed into two independent hexagon patterns: Hexagon A (Figure 4) and
Hexagon B (Figure 5). As shown in Figure 4a, the geometrical description

for Hexagon A gives:

511% = (5d1
(SU% = dl(SO[l
Su2 = 6dy (2)

l1 = dy + 2d; cos oy
lg = 2d1 sin (0%}
The force balance of grain 1 along direction 77 and of grain 2 along directions

w and 77, together with the moment balance of grain 2 read:

F{ =2(Nycosag + Ty sinay)
Fy = Nysinoy — 17 cos oy

Ny = Nycosaq + Ty sinag + Go
Gy =T,

The elastic-perfect plastic inter-particle contact law reads:

0N, = kyou, "
— s R - 4
5TC = min { ’ta’n 809 (NC + 6NC>} % Te+kidug . TC

T, + ky0ut othidu;
e T RroUy Tyt ks

Combining Equations (2) to (4) provides an equation relating 6 and
SFa. Similarly, the incremental constitutive relation for Hexagon B can also
be obtained. Consequently, superimposing Hexagon A and Hexagon B, the
total incremental force along direction 7 is 6 F; = 5]72“+5]5f’ . The incremental
constitutive relation of the 3D meso-structure is finally obtained.

(3) Stress averaging: Averaging the meso-stress taking place within all

the meso-structures in the specimen of volume V' can be performed as follows:
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where ¢ is the macro-stress tensor operating on the specimen scale. For
an isotropic specimen, the distribution function w(#,p,) is constant and
0 € 10,2n[, € [0,7],¢ € [0,27] (0, p, ¢ are the Euler angles). The meso-
stress g(ﬁ,t_: w) with respect to the local frame can be computed from the

local variables using the Love’s formula [7, 11, 22, 23]:

gll(ﬁa t_: 117) = 4N1d1COSZO[1 + 4T1d1 COS (X1 sin a1 + 2N2d2
+4N5dscos?ay + 4T5ds cos s sin ay + 2N,dy

Oao(71,6,) = 4Nydysin®ay — 4T1dy cos oy sin ay (6)
533(7_1)7 t_; 117) = 4N3d38in2062 — 4T3d3 COS Qg sin Qo
oi(ii,t,0) = 0 when i#j

The principal components of meso-stress tensor are calculated from the
internal forces acting within the meso-structure. Besides, off-diagonal com-
ponents can be simply considered as nil, because the meso-structure with

respect to (7, t,) always offsets the one with respect to (—, —t, —) in

off-diagonal components when integrated.

2.2. Finite element formulation

The FEM code (ABAQUS/Explicit) [20] is used to solve BVPs in the
context of this multi-scale approach. An arbitrary geometric domain € of a
given BVP is firstly discretized into apposite FEM meshes with geometric

position Z. The discretized equilibrium equation for the whole mesh reads:

Fe — Fi = Mii (7)
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where Fe is the external force vector; [ is the internal force vector; M is
the mass matrix and « is the displacement of each material point .

The internal force vector is given by:
Fi=Ku (8)

where K is the stiffness matrix, calculated from the 3D-H model (constitu-
tive relation) and the interpolation assumption (geometric relation) in the
element.

Thus, for a dynamic equilibrium state at the current time (¢):

.
7

Mill; = (Fe = Fi), 9)

The central difference integration scheme is used to update velocities and

displacements:
o o At +AL g
Ugysany = afg_an+ (%) il (10)
Ulgypary = s+ Atlerant]g,ar

The geometry is updated by adding the displacement increments to the

initial geometrical configuration Zy:

Tipar = To + U A (11)

When presenting the numerical results throughout this paper, the con-
vention in soil mechanics which treats compression as positive is followed. In
2D conditions, two commonly referred stress measurements the mean stress

p and the deviatoric stress ¢ can be calculated based on the Cauchy stress

10
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tensor o as:

1 =
p = 3tro
(A (12)
q= §5dev : Odev
where 4., is the deviatoric stress tensor, 4o, = 0 — pg , with 5 being the

Kronecker symbol.

The volumetric strain €, and the deviatoric strain €, can be derived as:

g, = tré
S (13)
Eq = 3€dev * Edev
where &4, is the deviatoric strain tensor, 4., = € — %aug :

2.8. Multi-scale approach implementation

The FEM implementation of the 3D-H model constitutes a complete
multi-scale procedure. In FEM, the cell is usually called 'microscale’ due
to the fact that it is one of the fundamental elements of a BVP. However,
this cell can also be called 'macroscale’, because it is the REV (representa-
tive elementary volume) in DEM. To clarify, different scales involved in this
multi-scale approach are depicted in Figure 7. Gauss integration points in
the FEM mesh correspond to the REV scale at which the 3D-H model oper-
ates. Two intermediate scales (hexagon scale and REV scale) are introduced
to bridge macro and micro scales. The element type named C3D8R (three-
dimensional eight-node brick element with reduced integration) is selected.
The schematic diagram of the framework is depicted in Figure 6 and can be

illustrated by the following steps:

11
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(1) From macro-scale to the REV scale, the BVP is solved by using ABAQUS
dynamic-explicit solver. The macro-strain of each element is computed,

and then transferred to the REV scale.

(2) From the REV scale to the meso-scale, the 3D-H model is employed.
The macro-strain is distributed to local meso-structures by using kine-
matic localization (Equation 1). Thus, the strain of the meso-structure

is obtained.

(3) From the meso-scale to the REV scale, the constitutive relation of
the meso-structure is firstly obtained, then the internal forces within
the meso-structure are calculated. By using Love’s formula, the stress

within the REV is calculated.

(4) From the REV scale to the macro-scale, the macro-stress is computed

after all the stresses acting at integration points are calculated.

3. Finite element model and benchmark

3.1. Finite element model

In order to examine the performance of the multiscale approach elab-
orated in previous section, the numerical analysis presented in this paper
mainly focuses on triaxial compression loading under the plane-strain condi-
tion. As shown in Figure 8, the specimen with size: 0.2(27)x0.1(2%)x0.005
(23) m? is assembled between two rigid bars. The degree of freedom along
23 of the whole model is blocked while the confining stress is applied along

—

Zo.

12
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3.2. Calibration and verification

In relation with the elastic-perfect plastic inter-particle contact law, it
is worth noting that this multiscale approach involves only three material
parameters and one micro geometrical parameter. The formers including
the normal stiffness (k,), tangential stiffness (k;), inter-particle friction angle
(pg) stem from the contact law, while the latter is the opening angle (o)
calculated from the initial void ratio. Thus, four parameters need to be
calibrated. These parameters are determined by trial and error in order to
provide the best fit to a single isotropically compressed drained triaxial test
confined at 200 kPa on Ticino sand with Dy = 74% of relative density. The
best fit of Dy = 74% is shown in Figure 9 while the employed parameters
are reported in Table 1. Afterwards, these parameters are used to examine
the model predictive capability by comparing the experimental data from
the drained triaxial test confined at 100 kPa and 300 kPa. The results are
observed in Figure 9, where the predicted curves are in agreement with the

experimental curves.

Table 1: Parameters selected in calibration and prediction phases

kn/rg(Pa) ke/kn  eo ©q(°)

1.90 x 10° 0.6 053 25

3.3. Mesh dependency

In order to assess the sensitivity of finite element mesh for the localiza-

tion analysis, five cubic mesh patterns with different elements are considered.

15
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Figure 10 and Figure 11 show the mechanical responses and volumetric re-
sponses for all the mesh patterns along drained triaxial loading paths at 200
kPa of confining stress. It is remarkable that whatever the mesh is, the
hardening phase is the same (g, < 3.6%). Afterwards, the curves reach the
stress peak, and a softening behavior can be observed, where the more ele-
ments are used, the deeper the deviatoric stress drops. The softening phase
reveals a mesh dependency stemming from the strain localization. As shown
in Figure 12, no visible strain localization can be observed with 50 elements
and 200 elements, whereas it evidently exists with 406 elements, 595 ele-
ments, 800 elements and 1653 elements. Due to the strain localization, a
given increment of top loading displacement is no longer accommodated by
all the elements in the whole specimen, but localized through a much marked
shear deformation in the band. However, the different curves tend toward a
unique one when the number of elements is increased. Besides, taking into
account the computational efficiency, the mesh with 800 elements is used
hereafter. Note that this length scale issue can be circumvented by different

ways [21, 43].

4. Drained triaxial tests

The plane-strain model with 800 elements is used to investigate the strain
localization problem. As discussed in the previous section, the calibrated
parameters listed in Table 1 are adopted. A series of tests described in
Table 2 and Table 3 are performed to analyze the model performance under
drained triaxial loading paths. The effects of boundary conditions (T1-T4)
and imperfection positions (T5-T8) are firstly investigated. Then, test T1

17
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Figure 12: Contours plotting of deviatoric strain ¢, for the deformed configuration at the

state of axial strain e, = 6%.
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200 18 considered as a representative test to discuss the influence of initial void

210 ratio and confining stress.

Test Imperfection position Boundary condition

T1 None )
T2 None @
T3 None €)
T4 None @
T5 D @
T6 @ @)
T7 ©) @
T8 @ @)

Table 2: Imperfection positions and boundary conditions of different tests, further expla-

nations are supplied in Table 3.

@ @ &) @
osoxombnoxcxo iR cxoxox

Boundary 2
condition
000 000 ONONOHN
X
Imper.fe-ctlon x 9
position

Table 3: Schematic diagram of imperfection positions and boundary conditions given in

Table 2.
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4.1. Model performance

Figure 13 compares the numerical results in terms of deformed configu-
ration and strain field ¢, for different boundary conditions (T1-T4). By the
same token, strain localization with inclined shear band(s) appear(s) in all
tests (T1-T4) even though symmetrical boundary conditions (T2 and T3)
are adopted. For non-symmetric boundary conditions, the strain localization
normally initiates from the non-symmetric boundary point, gradually pene-
trates the whole specimen to form shear band(s). However, if the boundary
conditions do not break the symmetry, the elements on the corner firstly
reach stress peak and then shear bands develop.

An initial imperfection is introduced in the specimen via some mate-
rial perturbation in terms of increasing initial void ratio from e = 0.53 to
e = 0.54. The imperfection positions are depicted in Table 3. Figure 14 com-
pares the failure patterns on deformed configurations in terms ¢, for distinct
imperfection positions. Particularly, even though the material and bound-
ary conditions are homogeneous, the strain localization can be still observed.
The deformed configurations referring to distinct imperfection positions are
totally different. Generally speaking, shear bands are usually centered on the
material point with imperfection. The shape of strain localization depends
on the imperfection position: X-shape shear band (T5), half X-shape shear
band (T6) or quarter X-shape shear band (T7, T8).

Initiation and development of strain localization are governed by different
mechanisms: they do not depend only on boundary conditions and material
imperfections, but are also affected by the initial void ratio and confining

stress [13]. In this section, the effects of initial void ratio and confining

21
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Figure 13: Failure patterns on deformed configuration in terms of ¢, for distinct boundary

conditions (T1-T4).
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Figure 14: Failure patterns on deformed configuration in terms of ¢, for distinct imper-

fection positions (T5-T8).
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stress are numerically analyzed under plane strain conditions. Figure 15
and Figure 16 show the mechanical response of the specimen, together with
failure patterns at different confining stress for test T1. It is worth noting
that the initiation of strain localization corresponds to the stress peak of the
mechanical response. The plots clearly demonstrate the influence of confining
stress on the mechanical response. The stress peak is reached faster, which
means that the strain localization initiates earlier, when the specimen is
subjected to lower confining stress compared to those confined at higher
stress. It is consistent with the experimental results observed by [1, 19].

The dense homogeneous specimens for test T1 with initial void ratio
spanning from 0.53 to 0.63 are subjected to the triaxial loading path, confined
at 200 kPa. Figure 17 shows the evolution of deviatoric stress versus overall
axial strain. It is observed that the looser the specimen is, the earlier the
strain localization initiates, because the stress peak of the looser specimen
is reached at a lower axial strain and then the looser specimen becomes
heterogeneous.

It is worth noting that the shear band inclination, 6, is in good agreement
with the values given by Roscoe’s approximation: 6 = 7/4 + (@, + ¥m) /4,
where ¢,, is mobilized friction angle and 1, is dilatancy angle. For the 3D-H
model, the micro friction angle ¢, = ¢, = 25.00° and the dilatancy angle
m = 1.00° is measured in Figure 17b. Thus, § = 45.00°+(25.00°+1.00°)/4 =
51.50° which is exactly measured in Figure 18a. Note that material param-

eters can also affect the shear banding, as demonstrated by [44].
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Figure 15: Mechanical response with different confining stresses for test T1.
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Figure 16: Failure patterns on deformed configuration in terms of ¢, for different confining

stresses in test T1.
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Figure 18: Failure patterns on deformed configuration in terms of ¢, for different initial

void ratios in test T1.

4.2. Phases transition: from homogeneity to inhomogeneity

The nature of the mechanical response of a perfectly homogeneous spec-
imen is investigated in this section. The parameters and initial conditions
are identical for all elements in the mesh. Figure 19a and Figure 19b show
the mechanical responses and volumetric responses for all the elements in the
finite element mesh, respectively. The first remark is that from the begin-
ning to the line (), whatever the mechanical response (stress or volumetric
response), the specimen behaves perfectly homogeneously corresponding to
the purely elastic regime of the model. The curves approximately coincide
from lines D) to @ with slight differences due to possible dynamical effects.
All curves bifurcate at a bifurcation point (line 2)), which occurs at around
4% of axial strain indicating the loss of uniqueness of solutions of BVPs as a
homogeneous problem. This loss of uniqueness corresponds to the violation

of Rice’s criterion [10, 33, 37, 42].
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Figure 20 shows the maps of normalized second-order work W, for the
deformed configuration at three different states corresponding to lines @),
@ and @ in Figure 19. The second-order work for each element can be

normalized as follows:

_ 00: 08
I6a Il o2 |l
As shown at state @) in Figure 20, the negative values of W5, distribute

W, (14)

in the whole specimen, indicating the unstable state of most of the elements,
which corresponds to the bifurcation point reported in Figure 19. After that,
at states 3 and @), the negative values of Wy, concentrate in a narrow zone:
a shear band naturally and gradually appears. The material points located
inside the shear band remain unstable as negative second-order work values
subsist, whereas other points outside the shear band undergo unloading with
positive values of second-order work. It is noted that the bottom area of the
specimen also reveals negative values at state (2) due to the fact that the
non-symmetry of the boundary conditions leads to horizontal displacements.
However, it gradually disappears when the shear band becomes evident at
state .

Figure 21 correspondingly shows the maps of kinetic energy Ej (J) for
the deformed configuration at states @), @) and @). At the bifurcation point
@), elements on the left and bottom boundary firstly experience an increase
in kinetic energy due to the deformation of the elements at the bottom left
corner. After the shear band appears, the specimen is divided into two
parts. The top part evolves in a dynamic regime directed by the external

displacement loading applied at the top of the specimen, whereas the bottom
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part only experiences a material dilatancy. It is consistent with previous work

of [13, 36]
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Figure 20: The maps of normalized second-order work W, for the deformed configuration

at different states (see Figure 19).
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Figure 21: The maps of kinetic energy Fy, (J) for the deformed configuration at different

states corresponding to Figure 19.
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4.3. Inside and outside shear band

As illustrated in the previous section, the specimen loses homogeneity

when the shear band appears. Thus, the specimen can be considered as

constituted with two parts: inside shear band area and outside shear band

area. The material behavior should be analyzed separately in these two

regions.

A shear band or, more generally, a strain localization refers to a special

zone where the strain largely concentrates, usually of plastic nature, and

develops during large deformation of the material. For test T1, based on the

map of deviatoric strain (Figure 22a), inside shear band area and outside

shear band area are separated as shown in Figure 22b.
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Figure 22: Shear band area definition.

Figure 23a shows the evolution of volumetric strain with respect to the
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overall axial strain for specimen T1: inside shear band area, outside shear
band area and total area. The three curves are coinciding before ¢, = 4%
due to the fact that the specimen is homogeneous. However, the inside shear
band curve and outside shear band curve diverge toward two different states
after e, = 4%. The outside shear band curve becomes more contractant
whereas the inside shear band curve shows dilatancy. Moreover, the global
curve does not allow to figure out the strong dilatancy taking place within
the shear band. Figure 23b correspondingly shows the evolution of second-
order work against the overall axial strain for specimen T1. The inside shear
band second-order work (Wi") and the outside shear band second-order work

(W) are computed as follows:

win o= Y (65" 6)
i€inside (15)

wget = Y (65" 6)

i€outside

Similar to the volumetric strain curve, the inside shear band second-order
work (TW3") and the outside shear band second-order work (Wg*!) diverge
when the shear band appears. Wi shows a significant decreasing dropping
to negative values whereas the W% stays positive. It should be noted that
the number of elements inside the shear band is much less than the number
of elements outside the shear band. Finally, this result recovers the fact that
the material response and the underpinning mechanisms are totally different
inside shear band area and outside shear band area [12, 39, 50].

Figure 24 reveals the microscopic variable distributions at Gauss points

inside and outside shear band for specimen T1 at the state of ¢, = 6%.

For the sake of simplification, the mesostress is integrated over 6 and v as
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Figure 24: Microscopic variable distributions for Gauss points with inside and outside

n

shear band: (al) and (bl) integrated microstress &% (¢); (a2) and (b2) plastic (blue) and

failure (red) percentage of meso-structure along oriented along different directions.
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al(¢) = [[wa,dfdy. By comparing sub-figures in Figure 24, the first re-
mark is that all the micro variables show symmetrical distributions, with
symmetry axes oriented along different directions. It is because a signifi-
cantly shear deformation can be observed inside the shear band. It should
be noted that the microstress 5. (p) distribution can reflect the force fabric
from another side. Similarly, the plastic and failure meso-structure distribu-
tions correspond to the contact fabric. From a microscopic point of view, the
3D-H model shows properly anisotropy distributions of both fabric for Gauss
points located inside and outside the shear band, but without involving any
anisotropy parameter. For the sake of illustration, it can be observed that
the magnitude of 51 (y) in Figure 24(b1) is much higher than that is in Fig-
ure 24(al), but Figure 24(bl) shows a narrow range. It is because a wide
range of failure exists in Figure 24(b2) due to the dilatant behavior inside

the shear band. This failure mechanism naturally leads to the anisotropic

distribution.

5. Conclusions

A 3D multi-scale approach has been developed and further analysis has
been carried out to investigate the occurrence of strain localization along
drained triaxial loading paths. To avoid too much sophisticated equations
requiring a large number of parameters as introduced in most of conven-
tional phenomenological models, a micromechanically-based model, named
3D-H model, was implemented within a FEM code. The proposed multiscale
approach offers a straightforward way to establish the macro-micro relation-

ship wherein the FEM is used to solve BVPs and the 3D-H model is employed
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as the constitutive relation taking place at Gauss points.

Taking advantage of a micromechanically-based approach, only four pa-
rameters are involved. The model parameters were firstly calibrated from
comparisons with the experimental data on Ticino sand. Then, drained tri-
axial tests in plane strain conditions were carried out. A series of aspects
were considered, including boundary conditions, material imperfections, ini-
tial void ratio and confining stress. A system of shear bands has naturally
emerged from a homogeneous specimen, corresponding to a proper bifurca-
tion in the mechanical response of the specimen.

By comparing the deviatoric strain field and the second-order work field,
it was found that the sign of second-order work can be considered as an
indicator of material instability. After the shear band area is determined,
the the material response inside and outside the shear band was separately
analyzed. Two Gauss point located inside and outside shear band area were
selected and microscopic variable distributions for the two Gauss points were
analyzed.

Further researches will be focused on full 3D simulations, involving geotech-

nical issues.
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