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Abstract. Accurate estimations of pre-failure deformations and post-failure responses of geostructures
require that the simulation tool possesses at least three main ingredients: 1) a constitutive model that is
able to describe the macroscopic stress-strain-strength behavior of soils subjected to complex stress/strain
paths over a wide range of confining pressures and densities, 2) an embedded length scale that accounts
for the intricate physical phenomena that occur at the grain size scale in the soil, and 3) a computational
platform that allows the analysis to be carried out beyond the development of an initially “contained”
failure zone in the soil. In this paper, a two-scale micropolar plasticity model will be used to incorporate
all these ingredients. The model is implemented in a finite element platform that is based on the
mechanics of micropolar continua. Appropriate finite elements are developed to couple displacement,
micro-rotations, and pore-water pressure in form of u,-¢, and u,-p,-@, (n>m) elements for analysis of
dry and saturated soils. Performance of the model is assessed in a biaxial compression test on a slightly
heterogeneous specimen of sand. The role of micropolar component of the model on capturing the post-
failure response of the soil is demonstrated.
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1. Introduction

Development of a unified approach for the analysis of pre- and post-failure response of geo-
structures has been the focus of intense research in recent years. In the pre-failure regime, shear-
induced volume change (dilatancy) is a key quantity that governs the response of granular soils in
most geostructures. It has been long recognized that dilatancy evolves during the shearing process
and gradually ceases as the soil reaches a critical state condition. The evolving nature of dilatancy
appears in both monotonic and reverse loading conditions (¢.g. Manzari and Dafalias 1997, Dafalias
and Manzari 2004) and is closely related to the void ratio and confining pressure of the soil.
However as the soil approaches critical state, the heterogeneous distributions of void ratio and
stresses within the soil mass as well as the boundary conditions of the soil mass may lead to the
emergence of highly localized shear zones. The soil within these localized zones gradually
approaches a critical state condition while the material outside these zones may undergo an entirely
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different mode of deformation. Thickness of the localized zone (e.g. shear band) normally depends
on the average grain size of the soil and may evolve during the shearing process. It has been
observed that within the shear band soil grains may undergo significant rotations (Viggiani et al.
2010). The energy dissipation due to the grain rotations cannot be included in constitutive models
that are formulated in the framework of classical continuum. A suitable framework for granular
soils is the micropolar continuum in which any point of the medium undergoes displacements and
rotations. This approach has been used by many researchers to model shear localization in granular
soils (Vardoulakis and Sulem 1995). Manzari (2004) has used a micropolar version of Mohr-
Coulomb plasticity model to assess the post-failure response of granular soils in a number of
geomechanics problems ranging from retaining walls to shallow footings and deep excavations.
Alsaleh et al. (2006) have developed a micropolar extension of the plasticity model by Lade and
Kim (1998). Alshibli et al. (2006) have used this model to assess shear localization of Ottawa sand
in biaxial compression test. Alsaleh ef al. (2009) used the model presented in Alsaleh ef al. (2006)
to study strain localization and failure in geo-synthetice reinforced soil structures. In addition to
elastoplastic models, numerous applications of micropolar hypoplastic models have been reported in
literature (e.g. Huang and Bauer 2003, among others). The vast majority of existing micropolar
models are formulated for classical plasticity models (such as Drucker-Parger and Mohr Coulomb,
or variations of these models) in which prediction of soil dilation is excessive and critical state of
granular material is not considered. Moreover the majority of micropolar elastoplastic models
available in literature are unable to capture the response of granular soils in reverse loading.

This paper presents the implementation of a critical state micropolar plasticity model in a fully-
coupled effective stress-based framework. The model is a micropolar extension (Manzari and Dafalias
2005) of the critical state two-surface plasticity model proposed by Manzari and Dafalias (1997) and
Dafalias and Manzari (2004). The model inherits the capabilities of its nonpolar counterpart that is
shown to capture the essential features of response of sands in monotonic and cyclic loading regimes
with a single set of parameters (Manzari and Dafalias 1997, Dafalias and Manzari 2004). The
proposed micropolar formulation and the extended constitutive model are used to investigate the
response of a slightly heterogeneous granular soil specimen in biaxial compression tests.

2. Micropolar continuum
2.1 Kinematics
At any material point of the continuum, we consider both a displacement and a rotation vector
denoted by u and ¢, respectively. The Cosserat micro-rotation R relates the current state of a triad
of orthonormal directions attached to each material point to its initial state (Forest 2001), i.e.
R=1L-T-¢ (D

where I, is the second rank unit tensor, and I is the permutation tensor is the permutation tensor
defined as

r,=0 for i=j j=k or k=i

ijk
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1—‘Uk =1 for (iaj, k) € {(1,2,3), (2,3, ]), (39 ],2)}

Ly =-1 for (i,/,k)e{(1,3,2),(3,2,1),(2,1,3)}

The associated Cosserat deformation € and curvature tensor K are written as
€e=Vu-T-¢; «x=Vo )

It is clear that in the absence of rotation vector, ¢, classical continuum mechanics is recovered.
2.2 Balance laws

It is assumed that the transfer of interaction between two parts of the continuum through a surface
element ndS (n is the normal to the surface element) occurs by means of both a traction vector tdS
and a moment vector, mdS. Surface forces and couples are represented by the generally non-
symmetric force-stress and couple-stress tensors o, and p, respectively (Forest 2001).

t=o0o-n m=[u-n 3)

The axioms of balance of linear momentum and moment of momentum require that the following
equations hold

Ujl,j +f; = pul

/ujl,j + 1—‘ll\'/o-kl + é/I = [¢’ (4)

in which f and £, respectively, represent vectors of body forces and body couples, p is mass
density and I denotes the isotropic rotational inertia.

In a fully-coupled effective stress formulation, in addition to the balance laws for the soil skeleton
given by Eq. (4), conservation of mass equation is required for the pore fluid. The local form of
mass conservation is given by

VY/,I_é‘Ii =0 (5)

in which v, is the components of fluid velocity and ¢, is volumetric strain of the soil. The fluid
velocity, according to Darcy’s law, is given as

k;
Vi = —7(p’_/-+b,) (©)

where k;, p, b;, and y, are the tensor of coefficient of permeability, pore water pressure, body force
due to water, and unit weight of water respectively. The fluid flux ¢ is defined by

g =v-n @)

where n is the outward unit normal to the surface on which the flux is computed. In a specific
boundary value problem, appropriate additional boundary conditions should be defined to
accompany Eqgs. (3)-(7).
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3. Constitutive model

Solution of a geomechanics boundary value problem governed by Eq. (4) requires proper
formulation of the constitutive equations linking the deformation and curvature tensors to the force-
stresses and couple-stresses. In a fully-coupled analysis effective force-stresses are used in the
constitutive equations. Here we will use an elastoplastic constitutive model that is suitable for
granular materials. Details of this constitutive model, previously proposed by Manzari and Dafalias
(2005), are outlined in the following subsections.

3.1 Additive decomposition

Assuming small perturbations, the deformation and curvature tensors are decomposed to an elastic
part denoted by a superscript “e” and a plastic part indicated by a superscript “p”.

g =¢+¢"; kx=x"+x’ €3}
3.2 Elastic response

The general isotropic elastic relationships for a micropolar continuum are given as (Nowacki
1986)

O, = Agy o, +2Gg,, +2G &,

li’llj = akzké‘lj + ZﬂK‘ZU) + 27/’(;1/} (9)
Where &, and &;;,, respectively, denote the symmetric and skew symmetric parts of &; , while
i and iy, represent the symmetric and skew symmetric parts of i;;. In addition to the usual

Lame constants (1 and G = ), Cosserat couple modulus (G.), and three additional elasticity moduli
(e, B, and ) appear in Eq. (9). In order to simplify the elastic relations, we consider: &= =0 and

2GG, »
= <1 10
GG (10)
where /; is a characteristic length. Hence, a simplified form of Eq. (9) is obtained as follows
&, = A&ud, +(G+GE,
fy = vk, (11)

in which the first equation reduces to Hooke’s law for isotropic elasticity in the absence of Cosserat
rotation (i.e. when strain tensor is symmetric). Given the above assumptions, we note that the
curvature tensor k and couple stress tensor p are both symmetric, otherwise their skew symmetric
parts would be undetermined.

In accordance with the critical state two-surface plasticity model for sands (Dafalias and Manzari
2004) the standard Lame parameters A and u ( same as the shear modulus G) are obtained from the
following equations, which indicate the pressure dependence nature of elastic moduli, reflecting a
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key characteristic of geomaterials.

2 172
G = Gopmw(ﬁ) . A= 2v G (12)

1+e 1-2v

a,

where p,, is atmospheric pressure, p is mean effective stress, e is current void ratio, v is Poisson’s
ratio, and Gy is a model constant.

3.3 Yield function

The yield function is assumed to have the following form

f=101" = 273pm (13)
where J~2 is now defined as
S = alglﬁ/glﬁ/ + a2§l./§./l + bl,u,_/-,uu + b2/”l.//u./i (14a)

in which E,j = s,—pa,;, where s, = o,,—po, is the deviatoric (force-) stress tensor and o is an
unsymmetric deviatoric tensor defined as a tensor of internal variables. Parameter “m” indicates the
size of the yield surface that is assumed to be constant in the present formulation. Parameters a;, a,,
b, and b, may be calculated on the basis of micromechanical consideration of particles
displacements and rotations in a granular medium (Vardoulakis and Sulem 1995). Here a specific
form of Eq. (14a) is selected by considering the following parameters

01:],02:0,[)1: b2:0

1
2 >
2

where /, is a second characteristic length, corresponding to plastic deformation. This means

JZ = (§U§U) + ;EIUUIUU (]4b)
2

Here we note that one may choose [, = /;, but we keep the option of choosing different values for
and /; and /,. The underlying assumption for this choice is that in comparison to the length scale
affecting plastic deformations in granular materials the length scale in elastic regime is manifested
by deformation mechanisms that occur within a smaller zone around the point of interest. This
assumption requires further verification by experimental and possibly computational observations
using, for example, discrete element simulations.

3.4 Flow rule

A non-associative flow rule, similar to the flow rule proposed in Manzari and Dafalias (1997), is
adopted as follows

& = (I)R%; & = (L)R" (15)

where L is the loading index, and symbol <> indicates the Macauley bracket (<L>=0, for L <0 or
L=0, and <[>=L for L>0). Furthermore, directions of plastic strains and plastic curvatures are
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indicated through the following two tensors (R” and R*)

o e b
R=n+%DI; R = L4 = =g = 2B

op 1"

S
[72]"

in which: n° =

It is note that n” is the deviatoric part of the gradient of yield function with respect to Cauchy

stress, i.e. L’ = gg =n’— %NUI; N° =n%a+ ﬁ m. The dilatancy ratio, D, is related to plastic

volumetric strain through the following equation
g = (L)D (16)
in which D is defined as

D = A 05—a):n’ (17)

where (x‘; is defined similar to the equations proposed by Manzari and Dafalias (1997) and Dafalias
and Manzari (2004), i.e.

af = 2/3[g(6, c)Mexp(n'y) —mIn” (18)
Ay = Ay(1 + (zm) (19)

In Eq. (18), parameter M is the shear stress ratio at critical state, and #? is a model constant. A
key feature of Eq. (18) is the presence of state parameter, y =e — e., which makes dilatancy (D) a
function of the distance between current void ratio (¢) and the critical state void ratio (e.)
corresponding to the current mean effective stress (p). z is the fabric-dilatancy tensor which is the
key element in capturing the response of sand in reverse loading (Dafalias and Manzari 2004). @ is
a modified Lode angle defined as

6 = Lgin™ [_—Bﬁﬁj ;
3 2 pr
2s

v
_Z<cph<
<@< (20)

oy

where the terms ., and J3; are the second and third invariant of the symmetric part of deviatoric
(force-) stress tensor. The term g (6, ¢) in Eq. (18) is a function used to represent the variation of
soil dilatancy with the angle (6). It is a function of ¢ =M,/ M,, the ratio between the slope of
critical state line (in g-p’ space) in triaxial compression and that in triaxial extension and &

_ 2c
(1+c¢)—(1-c)cos360

For 8= 0 and 7/ 3, the above equation yields g=1 and g = c, respectively.

g(6. 0 e2y)
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3.5 Hardening law

The evolution law for the back stress ratio tensor, o, is defined in the same way as proposed in
Manzari and Dafalias (1997), i.e.

6 = (L)(2/3)h(oy—a) (22)
where h = by/(a—a;,)n’ (23)
b
Alternatively, one may choose h = b—oba 24)
—b:n

ref

in which: b = (xg—(x. The b,,, is either the “diameter” of the bounding surface along n°, or
b,.; =bin: n’, where by, is the initial value of b at the initiation of a loading process (they
correspond to b,,, = 2MP or b,,y=bj, of the triaxial formulation). The following relations are used
for b, and (xg

172

by = Gohy(1 —c,e)(p/pPu) (25)
oy = +2/3[g(6, c)Mexp(-n" y)— m]n” (26)

ho, Go, ¢, and n° are model parameters.
Moreover, we use the relation proposed in Dafalias and Manzari (2004) to define the evolution of
fabric-dilatancy tensor, z

z = _c:<_d8‘:> (ZmaxnG + Z) (27)

where c. and Z,,,, are model parameters.

4. Finite element formulations

In a quasi-static regime, ignoring the body couples, the incremental form of the principles of
virtual work is applied to the balance laws for soil skeleton (Eq. (4)) which yields
[&,08,dV + [jn;6k,aV = [ L6udA+ [ m,SpdA+ [ biSidV (28)
Q Q 8,Q 8,Q

j
2,0

where i,, 7, and b, denote the components of traction, moment, and body force vectors
respectively. o denotes the virtual quantity. The right hand side terms in Eq. (28) represent the
external virtual work components while the left hand side terms indicate the internal virtual work.
Applying the effective stress concept, c,, = c';;+ pJ,;, the first term in Eq. (28) is split into two
terms

[(c", +p8,)85,dV = [o,85,dV+ [pSe,dV (29)
Q Q Q



194 Majid T. Manzari and Karma Yonten

Now Eq. (29) takes the form
[&,68,dV+ [pS&,dV + [j,Sk,dV = [1,i,dA + jn‘a,&?ﬁjdA + _[B,-&a,a’V (30)
Q Q Q T, T, Q

Applying the virtual complementary work corresponding to the mass balance equations (Eq. (5))
we have for a time interval At

— [8p(z.,ADAV = [5pz,dV— [Sp(gAr)dd 31)
Q Q r,

The right side terms of Eq. (31) are the external virtual complementary work and the left side is
the internal counterpart.

In the spatial discretization of the Egs. (30) and (31) we define the distribution of displacements,
rotations, and pore water pressure within the domain of the finite element as

u, = N,U; ou, = N,6U, wherei=1,23; I=12 ..3N,
¢ = NJ®; S = N,6®,  where i = 1,2,3; 1= 1,2,...,3N;

p=NP; 6p=No6P, wherel=1,2..N, (32)

P

where N;, N.;, and N/ are the interpolation functions corresponding to displacements u,, rotation

1

@, and pore water pressure p. The former two are vector functions of spatial coordinates while p is
a scalar function of spatial coordinates. The total number of nodal points associated with u, ¢, and
p are given by N,, N, and N, respectively. U,, ®, and P, are the vectors of nodal values for
displacements, rotations and pore water pressure associated with the element.

The rate forms of strain-displacement and curvature-rotation relationship are given by

g, = i,,-Tyds 08 = 6u, ,—T .50
k)= $.5  Ok; = O¢. (33)
Then using the relations in Eq. (32) we can write
g, = B, U~T, Nydr 88, = B,oU — T, Ni,od;
ik, = B\, ®; Sk, = B,60, (G4
where
B, =Ny, Bl =Ny, B, =N, (35)

An implicit one-step scheme (#-method) is used for temporal discretization of Eq. (5) which for
time interval from ¢ to ¢ + At is given by

t+ At

[ Anydr = OAfr+ A + (1 = DAL (36)

where the time dependent function f{#) marches from ¢ to ¢+ Az, and 6 (assumed to be 1) is the
time integration constant.
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After spatial and time integrations of the governing equations its final form is obtained as

ki ki [au) Joo o J[u] A
KKZ’, Ky, 0 [|AD| |00 0 o = AR, @7
0 o ||APy |00 ALKy [P AtF,

NI

where the respective stiffness matrices are given as

= IB/II lc/,;([B?kldV
¢ —
” - J.B/I[ Llc/,;(/BldeV IB/II Q)lc/,;(lrklst/dV
¢ — ¢
M“I - J.B/IMEI/I([B?I(IdV J.rl/stM l/le;IkldV

KV = jr

ijs

N¢M®Uk1rkerf/dV_ J.BfiMElejpklrklst/dV
Q
+ J.BﬁM Ijk/B/k/dV J.FU.SN?}\// Ijk/B/k/dV
Q

) u u A
K2[1]< = leLm Npde KZK = (KIZK)

Q
Kﬁfk = J. Ij IK (3 8)

where m,; is an identity tensor due to the Volumetrlc strain. The respective external force vectors on
the right hand side of Eq. (37) are given by

AFf = [ALNYydA+ [AbNdV
r, Q

AF? = _[Am,-Nf’,‘dA

= _[qN”a’A +2 _[B,Nk b dy (39)

There is coupling between displacement and rotation, and displacement and pore water pressure,
but no coupling exists between rotation and pore water pressure.

Eq. (37) is the governing equations at the element level. At the structural level the global stiffness
matrix, force vector, and the vector of unknowns are assembled and the global system of equations
are solved employing a commonly used Newton-Raphson technique. For dry soils, Eq. (37) can be
reduced to u-¢ case by omitting the terms corresponding to pore water pressure.

The critical state micropolar plasticity model and the two finite element formulations (u-¢ and u-
¢-p) are implemented in the commercial finite element code, ABAQUS, via a user-defined
subroutine, UEL (HKS 2010). For the plane strain simulations reported in this paper, ug-¢, and ug-
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@4-ps have been used. Triangular finite elements including ue-¢5 and us-@s-ps have also been
implemented and successfully tested (Yonten and Manzari 2010). The wus-¢, element uses bi-
quadratic shape functions for displacements and bilinear shape functions for micro-rotation. The ug-
@4-p4 uses bilinear shape functions for both the micro-rotation and pore water pressure.

5. Numerical simulations
5.1 Mesh objectivity

Before conducting the simulations for Toyoura sand, a simplified version of the micropolar model
was tested for mesh objectivity at the post-failure regime. This was done by using three different
meshes of a 4" x 14°" biaxial specimen of soil with a peak friction angle of 40 degrees and a
critical state friction angle of 30 degrees. Soil dilation angle was assumed to vary from 25 degrees
at the peak to zero at critical state. The elastic modulus and Poisson’s ratio were set to be 11920
kN/m? and 0.25, respectively. A length scale of /;, =1/, =1 mm was used in the simulations.

Fig. 1 shows the finite element meshes used along with the imperfection introduced to trigger
shear localization. The imperfection is introduced through a reduced value of soil cohesion in the
elements displayed by black color in the Figure. The force displacement curves for the three meshes
are presented in Fig. 2. As it can be seen the force displacement curves are nearly identical,
suggesting the objectivity of the micropolar regularization in the post-failure regime.

(@ (b) (c)
Fig. 1 Finite element meshes (ug-¢): (a) 8x28, (b) 16x56, and (c) 24x84



Analysis of post-failure response of sands using a critical state micropolar plasticity model 197

z
Y
5 6 + 8x28
w
s
3 ——16%56
4
--- 24x84
e
0 J
0 5 10 15

Nominal Axial Strain (%)

Fig. 2 Force displacement curves obtained by using the three different meshes shown in Fig. 1

Table 1 Model parameters

. G, 125 kPa
Elastic v 0.05
M 1.25
- A 0.019
Critical state e, 0.934
£ 0.7
Yield surface m 0.01
State parameters " s
p n 3.5
‘ h, 7.05
Hardening e 0.968
Dilatancy 4, 0.704
. . Z”lllX 4
Fabric-dilatancy c. 600

5.2 Simulation of toyora sand in biaxial compression

Next, a 4""x 14°" biaxial specimen of Toyoura sand is considered. Given the results of the
simulations shown in Fig. 2, the finite element meshes used in these simulations consisted of 228
ug-@, elements for drained compression test and 228 ug-¢-p, elements for undrained compression.

These simulations were conducted for a relatively dense specimen of Toyoura sand that is slightly
heterogeneous with an average initial void ratio of 0.735 (Dr=63%). Initial void ratios of the
specimen at different integration points within the elements were randomly assigned using a random
number generator. The average void ratio is 0.735 with a variance of 0.01. The random distribution
of initial void ratios within the specimen is shown in Fig. 3. The values of initial void ratios vary
from 0.725 to 0.745. All non-polar model parameters are the same as those proposed in Dafalias
and Manzari (2004) for Toyoura sand and are given in Table 1.
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Void-Ratio
0.74491
l 0.74271
0.7405
-0.7383
- 0.73609
- 0.73389
-0.73168
0.72948

0.72727
0.72507

Fig. 3 Random distribution of initial void ratios within the soil specimen

The micro-rotations (¢.) at the top and bottom edges of the specimen are fixed. The specimen is
isotropically consolidated first by applying a confining pressure of 100 kPa. Then the soil specimen
is sheared by applying a vertical displacement of 3 cm on the top edge. It is important to note that
the numerical simulations presented in the following sections are strictly valid for small strain/small
displacement regime. In most cases, however, as shear strains become localized, large strains may
eventually develop in the localized zone. Hence, the distributions of strains and curvatures within
the soil specimen and evolution of theses quantities throughout the test, not the exact magnitudes of
these strains and curvatures, will be of main concern in the following sections.

5.2.1 Drained compression results

Two drained biaxial simulations were conducted, one using a classical Cauchy continuum, and
another using a micropolar continuum with a length scale of /; =/, =4 mm.

Fig. 4 shows the force-displacement curves obtained for the two simulations. It is observed that
with the classical Cauchy continuum the finite element simulation stops prematurely due to
numerical divergence. This is a typical behavior, often observed in the standard finite element
simulation of boundary value problems involving shear localization. The initial boundary value
problem based on the classical Cauchy continuum becomes ill-posed as localized shear zones start
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Fig. 4 Comparison of simulation of a drained biaxial specimen of Toyoura sand (initial confining pressure =

100 kPa, initial average void ratio = 0.735) using classical continuum and the two-scale micropolar
elastoplastic model

() (b)

Fig. 5 (a) The micro-rotation and (b) void ratio distributions within the soil specimen at the end of drained
micropolar simulation with a length scale of 4 mm

to emerge. On the other hand, the micropolar simulation with the length scale of 4 mm was able to
fully regularize the boundary value problem and allowed for a complete solution in the post peak
regime.

Fig. 5 shows the contour plots of micro-rotations (a) and void ratios (b) within the soil specimen
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Fig. 6 (a) The equivalent plastic strain and (b) curvature, ;. distributions within the soil specimen at the end
of drained micropolar simulation with a length scale of 4 mm

at the end of micropolar simulation. The micro-rotations are significantly larger at the center of the
localized zone and negligible outside the zone. This indicates that micro-rotations are active only in
the shear band where grain rotation is significant. The void ratio of the soil at the localized zone has
increased significantly as the soil in that region dilated toward a critical state condition. The void
ratio outside the localized zone remained almost the same as its initial values (Fig. 5(b)).

Fig. 6 shows the contour plots of equivalent plastic strains (a) and curvature, x;,. (b) at the end of
the simulation. The equivalent plastic strains are significantly larger at the center of the localized
zone compared to the regions outside the zone. Similarly, the curvature is also larger at the localized
zone than outside of it. The curvatures above the center of the localized zone are positive while
those below the center have negative signs. This shows that inside the localized zone the grains
rotate in opposite directions.

To observe the soil response during strain localization evolution of some important physical
quantities is investigated at three points in the specimen as shown in Fig. 6(a). The first point is
below the localized zone, a second one is at the center of the zone and the third is above the zone.
The evolutions of micro-rotations and void ratios are shown in Figs. 7 and 8. The micro-rotations
below and above the localized zone are insignificant while at the center of the zone reaches about
41 degrees at the end of the simulation. Similarly, the changes in the void ratios outside the
localized zone are negligible while at the center the void ratio increases to 0.895 at the end of the
simulation. The soil at the three regions initially contracts before dilating. The curvatures outside the
localized zone have opposite signs and reach the same magnitude towards the end of the simulation.
The curvatures at the center of the zone steadily increased in the positive direction.
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Fig. 7 Evolution of micro-rotation at the bottom,
in a drained biaxial simulation
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Fig. 8 Evolution of void ratio at the bottom, center and top (as shown in Fig. 6(a)) of the localized zone in a

drained biaxial simulation

5.2.2 Undrained compression results

In an undrained biaxial compression simulation the pore water is prevented from seeping out at
the boundaries of the soil specimen, but it is allowed to flow within the specimen. Therefore, it is
undrained in a global sense. Two simulations are conducted, one using the fully-coupled classical
continuum (u-p) and the other using fully-coupled micropolar continuum (u-#-p) with a length scale

Ofll 212: 1 mm,

Fig. 9 shows the force-displacement curves for the two simulations. Unlike in the drained case the
fully-coupled Cauchy continuum allows the finite element simulation to continue beyond the onset
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Fig. 9 Comparison of simulation of an undrained biaxial specimen of Toyoura sand (initial confining
pressure = 100 kPa, initial average void ratio =0.735) using classical continuum and the two-scale
micropolar elastoplastic model
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Fig. 10 (a) The micro-rotation and (b) void ratio distributions within the soil specimen at the end of
undrained micropolar simulation with a length scale of 1 mm

of localization and reach up to 7% nominal strain. This is because in a saturated soil the fluid
viscosity has some regularizing effect. However, after the onset of localization the curve deviates
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Fig. 11 (a) The equivalent plastic strain and (b) curvature, ;. distributions within the soil specimen at the end
of undrained micropolar simulation with a length scale of 1 mm

from that of the micropolar continuum. This is expected because the classical continuum solution is
mesh-dependent due to the lack of an internal length scale. For the micropolar continuum
regularization takes place at two levels, one due to fluid viscosity and the other due to the
micropolar features.

Fig. 10 shows the contour plots of micro-rotations (a) and void ratios (b) within the soil specimen
at the end of micropolar simulation. At the center of the localized zone the micro-rotations are
significantly larger than outside the zone. Similarly, the void ratio of the soil at the localized zone
increases causing significant dilation in that region. However, the void ratio outside the localized
zone slightly decreases showing contractive behavior (Fig. 10(b)).

Fig. 11 shows the contour plots of equivalent plastic strains (a) and curvature, x. (b) at the end of
the simulation. As expected the localized zone undergoes large plastic straining as shown by
significantly large values of the equivalent plastic strains. Similarly, the curvature is also larger at
the localized zone than outside it. The rotation of the grains in the opposite directions at the
localized zone is indicated by the splitting of the curvatures at the center into opposite signs.

Three points in the specimen, one below, a second at the center and the third above the localized
zone are selected to gain further insights into soil response during localization. The locations of
these points are shown in Fig. 11(a). The evolutions of micro-rotations, void ratios are shown in
Figs. 12-13. The micro-rotations, void ratios, and curvatures below and above the localized zone do
not evolve insignificantly. However, at the center of the zone the values of micro-rotations, void
ratios and curvatures become significantly larger. Fig. 14 shows the stress paths at the bottom,
center and top of the localized zone in the undrained biaxial simulations reported in Fig. 10. It is



204 Majid T. Manzari and Karma Yonten

120 ‘ ,
---ie-=- Bottom
100 M ——center [ prees— e S 7
——Top
80 gl e e e e |
g 60 — /S o — il
o {
(] : : H
T : : : H
i 40 [ R A brcnnanananaes rovanansnnneeees fromenananananes -
20 oo R e —
0 - - S — -
0 0.05 0.1 0.15 0.2 0.25

Fig. 12 Evolution of micro-rotation at the bottom, center and top (as shown in Fig. 11(a)) of the localized
zone in an undrained biaxial simulation
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Fig. 13 Evolution of void ratio at the bottom, center and top (as shown in Fig. 11(a)) of the localized zone in
an undrained biaxial simulation

clear that the stress path in the center element is clearly deviated due to enhanced softening in the
localized zone.

A comparison of the undrained simulations presented in this section with the drained simulation
results presented in section 5.2.1 shows that in both cases the slightly heterogeneous soil specimen
develop a localized shear band at which void ratio is significantly increased due to the large shear-
induced volume change in the material. In the drained condition, this dilation leads to strain
softening manifested in the decreasing strength of the soil (Fig. 4) while in undrained condition it
causes significant negative pore pressure leading to an increase in the soil strength. Comparing Figs.
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Fig. 14 Effective stress paths computed at the bottom, center, and top (as shown in Fig. 11(a)) of the localized
zone in an undrained biaxial simulation

6(a) and 11(a) also confirms that selection of a larger length scale (4™ versus 1™") leads to thicker
shear band in the soil specimen.

6. Conclusions

The two-scale micropolar elastoplastic constitutive model used in this work is able to simulate the
response of slightly heterogeneous specimens of granular soils in both pre- and post peak regimes in
drained and undrained conditions. In a drained simulation the classical continuum counter-part of
the model provides an almost identical response in the pre-peak part of the force-displacement
response, but fails to provide convergent solution beyond the maximum force taken by the
specimen. In an undrained simulation due to regularizing effect of fluid viscosity the classical
continuum is able to continue after the onset of localization, however, it is well-known that it
produces mesh-dependent solution. The micropolar model is able to capture the response of the soil
at the localized zone where grain rotations and dilation are significant.
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