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Abstract

A formulation of Fleck and Willis (2009a,b) for strain-gradient plasticity has been
adapted to provide possible descriptions for materials that initially strain-harden but
eventually soften. In the absence of gradient terms, such material is unstable for any
wavelength and subject to localization in the softening regime. Gradient terms do
not mitigate the basic (infinite-wavelength) material instability but they do inhibit the
development of short-wavelength disturbances; they prevent localization but still may
permit the development of narrow shear bands. In this work, the basic stability prob-
lem is studied via consideration of a small, generally time dependent, perturbation of
an initially uniform state of deformation. The linearized problem for the perturbation
is formulated for the general case of rate-dependent gradient plasticity but special at-
tention is paid to the rate-independent limit. An interesting feature is that a qualitative
difference is found between the effects of “energetic” and “dissipative” strain-gradient
terms in this limit: energetic gradient terms permit the unbounded growth of any dis-
turbance with wavelength larger than a critical value, whereas a disturbance of any
finite wavelength in a medium with dissipative gradient terms can become unbounded
only when the yield strength tends to zero.
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1 Introduction

It is well-known that a classic rate-independent associative plastic material becomes unstable
within the softening regime (Rice, 1976): the incremental equations governing the quasi-
static problem are no longer elliptic while in dynamic conditions at least one wave-speed
becomes imaginary. Under this condition any boundary value problem becomes ill-posed
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and the deformation localizes in a zero-thickness region (Bazant and Belytschko, 1985).
For these reasons, any numerical analysis produces results that depend on the meshing
procedure; in particular the width of the predicted localized zone is defined by the spacing
of the discretization.

Needleman (1988) and Loret and Prévost (1991; 1993) showed that this problem can
be resolved by admitting a viscosity parameter in the constitutive classic model (without
the introduction of any internal characteristic length). The localization zone width then
corresponds to the size of whatever imperfection was introduced in a static problem while it
depends on the amount of viscosity in the dynamic problem (due to the consequent intro-
duction of a non-microstructural internal length-scale).

Chambon et al. (1998) considered the localization within a one-dimensional problem
for an elasto-plastic material characterized by non-local elasticity. They found that the
introduction of a characteristic length does not lead automatically to the uniqueness of
solution within the softening regime, but only a passage from infinite to a finite number of
solutions.

Sluys et al. (1993) analyzed the in-plane wave propagation problem, considering a yield
function dependent on the second gradient of the plastic strain. They showed that the
introduction of the characteristic length leads to a localized region with finite width and the
dependence on the wavenumber of the wave propagation velocity (and in particular of the
existence of its real part). Qualitatively similar results have also been obtained for gradient
damage models (Peerlings et al., 1996; see also the review paper by de Borst, 2001).

Our purpose is to study the instability and the localization phenomena for non-local
plastic material whose response falls within the framework set out by Gudmundson (2004)
and developed further by Fleck and Willis (2009a, 2009b), where the internal characteristic
length can be described through either energetic and dissipative contributions. The novel
feature that will emerge will be the qualitatively different influences of energetic and dissi-
pative gradient terms. The usual bifurcation analysis that suffices in the case of classical
plasticity (Anand et al., 1987; Bai, 1982) can be applied to the case of rate-independent
gradient theory when the gradient terms are purely energetic but it becomes inapplicable in
the presence of dissipative gradient terms. It becomes necessary to consider the development
in time of a small perturbation. This can be pursued just as easily in the general case of
rate-dependent material response. The resulting linear partial differential equations govern-
ing the perturbation have coefficients that depend on time, even in the rate-independent
limit. The special case of the perturbation of a uniform monotonically-increasing simple
shear deformation is considered in detail.

2 Strain gradient plasticity models

Consider a body occupying a domain V' whose points are identified by the components of
the position vector z; (i = 1,2,3). The total small strain tensor ;;, given as the symmetric



part of the gradient of displacement vector u;,

_ Uiy U

J 2 ( )
(where , j represents 0/0z;), is additively decomposed into elastic and plastic parts,
€ij = 55L + 559 (2.2)

Considering as fundamental kinematic quantities the elastic strain 65L , the plastic strain 55L,
and its gradient 55{7{ and defining as work-conjugate quantities, respectively, the symmetric
Cauchy stress 05, the generalized stress ();;, and the higher order stress 7;j;, the following

principle of virtual work is postulated:
/ {O‘ij(SEgL + Qij(SEZL + Tijk5€£§€} dV = / fléul dV + / {T,(SUZ + tijéé‘gll} dS, (23)
v v s

where repeated indices imply summation, f; represents the body-force per unit volume and
T; the surface traction (both work-conjugate to u;) and ¢;; represents the higher-order surface
traction, work-conjugate to eg.L .

The principle of virtual work (2.3) implies the following equilibrium equations for points
belonging to the volume V/

0ij;+ fi =0,
inV (2.4)
Qij = (devo)i; + Tijik
(where dev represents the deviatoric part), and for points on the boundary S,
T, = oiyn;,
{ T on s, (2.5)
Lij = TijiN,
In the case of dynamics, the first of equations (2.4) is replaced by
oijg + fi = pui, (2.6)

where p denotes the mass density; initial conditions have also to be specified. The main
emphasis of this work is confined to the quasi-static case, in which inertia is disregarded;
however some considerations about the dynamic case are made in Sect. 6.

Introducing the internal energy U (sEL ePt; Vel L) we define “energetic” stresses as

. OU . U U

ij EL> j PL> ijk PL>
Oe;: o e,k
leaving the “dissipative” contributions to be defined as follows:
D _ E D _ E D _ E
Oij = 0ij — Oij, ij Qij — ijr Tk = Tigk — Tijk- (2.8)
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The second law of thermodynamics (which reduces to positive plastic dissipation when,

as now, thermal contributions are ignored) requires that
opell + Qb + b el >0 iV (2.9)
during any actual process. The stress terms o;;, (;; and 75, are all assumed to be inde-
pendent of elastic strain-rate élEjL . Since this could assume any magnitude and direction, it

follows that
of =0, and oij = 0f, (2.10)

and the inequality (2.9) implies

Dell v rlell >0 in V. (2.11)

4] Z]

A way to ensure satisfaction of inequality (2.11) is to introduce a dissipation potential
0] (ép Loyl ) from which the dissipative stresses are derived as

O¢ 0¢
D _ 77 D 2.12
ij 885[,7 Tz]k a%k ( )

The potential ¢ can depend in addition on other arguments which define the history of the
deformation, but the inequality (2.11) is satisfied so long as ¢ is a convex function of the
“rate” arguments given explicitly, and is zero when these arguments are zero.

3 Material stability

The influence of strain-gradient terms becomes significant only when plastic strain gradients
become large. This happens, in particular, when classical plasticity predicts localization of
deformation, which occurs when the equations governing the next increment of deformation
cease to be elliptic (Rice, 1976). This is a property of the material as opposed to a property
of the exact boundary-value problem under consideration and can be studied by reference
to an infinite body subjected to uniform strain. It is appropriate, accordingly, to study the
case of strain-gradient plastic material under the same conditions.

Although the main concern of this work is with rate-independent material response, it
became apparent during the work that the approach usual for classical plasticity, of directly
assessing the type of the equations of continuing equilibrium, would not suffice when “dis-
sipative” gradient terms were present. It was found necessary, instead, to study a general
time-dependent perturbation of a spatially-uniform state of deformation, itself evolving in
time in such a way that all of the governing equations are satisfied. This can be done, just as
easily, for the case of rate-dependent material response, in which the rate-independent limit
is embedded as a special case.



Before proceeding, it is necessary to discuss briefly the influence of the history of the
plastic deformation on the current response. This is accommodated by taking the dissipation
potential ¢ to depend on some history parameter x which is expressible, at time ¢, as

t
K(t) = / K (e, velt el vel)at'. (3.1)
t'=—o00

Thus, ¢ = ¢(7F, Ver": k), and its variation d¢ corresponding to a variation de’’” of the
plastic strain is

o0 . ob . 9
06 = gaprdey’ + FE Ot 5O (3.2)
v ij,
where
t oK . oK . oK 0K
= /t delL 085"+ 9P Ot 9ePL Oeij + 9L deii| dt. (3.3)
=—00 ] 7, ij i

The internal energy U will be taken to be independent of such history, and thus a function
only of e¥F, ePl and Vel'l.

Suppose, now, that fields of displacement u(x,t) and plastic strain €% (x, t) that satisfy
all of the governing equations for continuing equilibrium are subject to perturbations du(x, t)
and deP*(x,t). The perturbed fields satisfy the equations of continuing equilibrium if the
perturbations satisfy the equations

50‘2‘]‘7]‘ = O,
(3.4)
5Qij = (devéa)ij + 57—1’jk,k;
corresponding to equations (2.4), where
6Q =0QF +0QP, o1 =o1F + 07", (3.5)

If the perturbations are small enough, the perturbations of the stress-like quantities satisfy
the linearized relations

2 2 2
S0 — a—U(;gEL + a—U(;gPL + a—U&gPL
o ELA_EL““lm ELAQ-PL"<Ilm ELA_-PL Imn>
Oeiz"0epy Oeiz"0ep,y Oeiz 0y
2 2 2
5QF = _oU 55EL+—8U 55PL+—8U Ser
g OePLHEL Im OePLH=PL Im OePLHPL Im,n>
i lm ij im ij Ilm,n
2 2 2
otk = —8U 5€EL+—8U (55PL—|——8U delk
gk T PL A EL"“Im PL /_PL"“lm PL 5-PL Im,n>
aeij,kaglm 851’j,k651m agij,kaglm,n

(3.6)



and

0% 0% 0%
5 D —5-PL —5-PL S S
Qi = gertgert®cim t gerLgepr Oimn T gzpig, O
o o o
ot = ——— __gePb T Pl T g 3.7
Tk = gEPLoEpTOcm T gapLazpr Ocima t Gzpr 500 (37)

In these relations, the partial derivatives are evaluated at the unperturbed arguments.

In the case of interest, that the unperturbed strain fields depend on time ¢ but are in-
dependent of position x, equations (3.4-3.7) comprise a system of linear partial differential
equations whose coefficients depend only on ¢. They can be analyzed by Fourier transform-
ing with respect to the spatial variables (or equivalently, seeking solutions whose spatial
dependence is exp(ik - x)) to yield a system of ordinary differential equations with time-
dependent coefficients. The next section pursues this further, in a particular case; more
general implications will be discussed elsewhere.

4 Monotonic simple shear of an infinite medium

4.1 Constitutive model

For the examples to be considered, the constitutive model is chosen as follows. First, the
internal energy function is specialized to the quadratic form

1 ~ _

U (e e vel™) = 3 (e Lijmer” + Rei el + by elielt) (4.1)
where IL;;1; is the elastic constitutive fourth-order tensor, i and [ are stiffness moduli related
to the plastic behaviour of the material (the former defines the kinematic hardening and the
latter defines the non-local behaviour) and /g is an “energetic” characteristic length-scale
introduced for dimensional consistency.

From the potential (4.1) the energetic stresses (2.7) follow as

E

— E
ij

_ EL ~ _PL _ 2 _PL
0ij = Lijrier s e, Tijk = /MEQJ‘,/« (4.2)

The tensor of elastic moduli will be required only to have orthotropic symmetry, to permit
a state of simple shear; the actual values of all moduli will not be needed.
For the dissipation potential ¢, the particular form

p(ePE, Velt k) = S (k) o (ET) (4.3)

is chosen. The function ¢y could be any convex function with ¢¢(0) = 0 but here it is

specialized to be
) e N+1
do(E7) = = <_> | (4.4)

N—|—1 o



where £; and N are material constants describing the rate-dependence (the rate-independent

limit is recovered when N approaches zero).

With a view towards incorporating rate-independent behaviour, the variable EF (which
can be considered as an “effective plastic strain-rate”) is taken to be a convex positively-
homogeneous function of degree 1 of the variables (674, £, Ver"), where (p is a “dissipative”

characteristic length-scale; here it is specialized to the form

B = ) + (t5i7)”

2
P _  [Z2:PL:PL P _ [-PL:PL
< T\ 3% Gy 7= CikCike

Finally,  is chosen to be either e or B, given as

t t
P(t) = / Pap EP(t) = / Brat.
t t

'=—00 '=—00

where

It follows from the relations (2.12) and the choices of potential (4.3) and (4.4) that

. N
2 EP\ €lF
QP = 3 Z0(k) (-) 2

€0 EFP

. N

P éPL
D 2 1),k
2= 053 — :
Tijk D20(k) ( Zo > P’

which implies the scalar flow law!

where

DP D :PL D -PL
YUET = sup{ i;€ij +Tijk€ij,k}’

(4.5)

(4.6)

(4.7)

(4.10)

the supremum being evaluated over all (¢”% Vet ) which deliver the specified value of EP.

!This can be seen by considering the dual potential (Legendre transform)

" (QP, TP k) = sup . {QgsgL + Ti?kqii — gb(éPL, vell: K)},
)

(éPL,Vép

evaluating the supremum sequentially. Equation (4.10) in fact defines X7 for any chosen function EP,

homogeneous of degree 1.



Introducing the effective generalized and higher-order dissipative stresses QP and 7P
defined as
3

Qf— 2Q5Q5, TeD: TZ?kTi?k, (4.11)

D _ \/(Q£)2 + (g)Q (4.12)

In the special case of rate-independent behaviour (N — 0), the flow law gives

the definition (4.10) gives

EF > 0 if P = Ny(k);
EP = 0 if 2P < %(k); (4.13)

implying the hardening law

- QPQP +7Pib,

52D
Yo

h()k (4.14)

for continued plastic flow, where
h(k) = X4(k). (4.15)

It should perhaps be emphasized that the general framework could accommodate features
in addition to those adopted in this section. In particular, an internal energy function U
could be defined which does not just consist of three independent functions of elastic strain,
plastic strain and plastic strain-gradient, and the dependence on the plastic strain and its
gradient need not be quadratic, or even homogeneous. Likewise, the dissipation potential ¢
could be more general, even while retaining the form (4.4). Rate-independence in the limit
N — 0 would be retained by the selection of any function E¥ that is homogeneous of degree
1 in the variables (7%, £pVer"); the corresponding function ¥ would still be given by
(4.10). In particular, Evans and Hutchinson (2009) have discussed the virtues of a family
of homogeneous functions for defining E¥, though still not allowing for coupling between
plastic strain-rate and its gradient. The main point of the present work, however, is to
obtain some preliminary indication of possible differences between energetic and dissipative
gradient terms.

4.2 Equations governing the perturbation

Take the unperturbed deformation to be simple shear so that

Uy = F(t) T, U9 = Us = 0,
ey =eli(t), e =en =0, & =0, (4.16)



where I'(t) represents the imposed shear distortion; it is assumed that the deformation is
monotonic, I'(t) > 0 and correspondingly ¢} > 0. The equilibrium equation (2.4), in the
case of homogeneous deformation /stress state imposes

Ulg(t) = ng(t) (417)

In what follows, x (chosen to be either e or B with E* having the special form (4.5)) takes
the value 2¢1)/+/3 for the simple shear deformation, since ¢5F > 0. With the constitutive
equations (4.2) and (4.8), equation (4.17) leads to a relation between I'(t) and e£F(t),

PLy7 PL 1 2 8{32L N
o1a(t) = 2ul(T/2) — b = ek, +ﬁ(%3) (). (4.18)

where p is the relevant elastic shear modulus. Then, all of the governing equations are
satisfied.

Both for simplicity and for its likely relevance, the perturbation is assumed to involve
only perturbations du; of the non-zero displacement u; and debl of the non-zero plastic
strain. Furthermore, the perturbation in the plastic strain is taken to have the form

Setl = F(t)e ™, (4.19)
so that the perturbation of the total strain de15 has the corresponding form
Se1g = G(t)e'**2, (4.20)

Using the constitutive models (4.1) and (4.3) in the linearized constitutive relations (3.6)
and (3.7), together with (3.4),, give

2% ) 250 !
§o19 = ( ;’% + (HK? bﬂ%) Sety + (ﬁ+ Lk + —§¢°) ety (4.21)

while the equilibrium equation (3.4); reduces to
k?50'12 = 0. (422)

Thus, so long as k # 0, equilibrium requires that do15 = 0; explicitly, with ¢g given by (4.4),

Yo (2N 9ePL\NTL | oh [ 26PN\
= + 12 k? i) F+ +— 12 +ulAk? | F =0. 4.23
(5 ree) (5 iy (O) o 129

The additional relation

So10 = 2u0ell = 2u(0e1y — 0etl) = 2u(G — F)ett™ (4.24)



fixes
G(t) = F(t). (4.25)

In the case k = 0 (so that no gradients are involved), the equilibrium condition (4.22)
provides no restriction but it is reasonable to require that G(¢) = 0, so that the specified
mean strain is maintained. Equation (4.23) with the zero on its right side replaced by
—2uF = 015 provides the required differential equation for F'. It is of little interest because
in practice it is always going to imply stability against perturbations with k£ = 0. This case
will not be considered further.

4.3 Implications for stability

Equation (4.23) is a first-order differential equation whose general solution is

~ 2h 2&'{321‘ N _62 k2
F(t) = Aexp —/

—o % 9:PL\ N1
t'=0 2o (M + /2 k’2) 12
o \ 3 D V3éo

dt' |, (4.26)

where A = F(0). The convention of linearized stability theory is that the unperturbed de-
formation defined by e53-(¢) is stable if F/(t) remains finite for all ¢: any small perturbation
is predicted by the linearized governing equation to remain small and the linearized for-
mulation at least is consistent. If, conversely, F'(¢) is predicted to become unbounded, the
unperturbed deformation is considered to be unstable — though in this case the linearized for-
mulation becomes inconsistent and merely demonstrates that some analysis of the nonlinear
exact equation governing the perturbation is required.

It should perhaps be emphasized that equation (4.23) was derived under the assumption
that e5F(¢) > 0 for all ¢, and all that follows is subject to this assumption. If $4(k) is an
increasing function of &, it follows that the unperturbed deformation is always stable. If h(x)
can become negative as k increases, then instability at least is possible, depending on the
unperturbed plastic strain-rate é// and on the wavenumber of the perturbation, k. Some
special cases are now considered.

4.3.1 Classical plasticity (no gradient dependence)

Suppose first that /g = ¢p = 0. In this case any dependence on the wavenumber £k dis-
appears in the differential equation (4.23). The ode (4.23) retains its form except in the
rate-independent limit (N = 0), when it degenerates to an algebraic equation. In this case,
no perturbation with any wavenumber k # 0 is possible, except at a plastic strain at which
. 2h
o+ 3= 0, (4.27)
which is the classical condition for localization. The original problem is well-posed only up to
the plastic strain at which (4.27) is satisfied. As observed by Needleman (1988), admission
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of any amount of rate-dependence (N > 0) regularizes the perturbation: assuming that
h decreases monotonically as x increases, F'(t) reduces with ¢ until the condition (4.27) is
reached, and grows thereafter. Perturbations with all wavenumbers & > 0 behave in the
same way.

4.3.2 Rate-independent limit of gradient theory
In the rate-independent limit (N — 0) the governing equation (4.23) becomes

3 dF 2h
\/7_62,31320 PL T (u gt il k2) F =0, (4.28)
12

having written [ as éFdF/del}. Tts solution (so long as £pk # 0) is

2 2ehfF 2 1.2
2 P2 (BE) + ik
F(efy) = Aexp | ——=—— / dzhl | (4.29)
2 512L
V305 k Yo ( 2 )

If {p = 0, equation (4.28) degenerates to an algebraic equation that admits a non-zero
solution only when

_2h
it alsk? = 0. (4.30)

This is analogous to the localization equation (4.27) of classical plasticity, except for the
dependence on wavenumber k. The presence of an energetic characteristic length (g delays
the appearance of perturbations with high wavenumbers (Fig. 1). The perturbation can be
regularized by admitting some rate-dependence (N > 0). If this is done, a perturbation with
wavenumber k decays until the condition (4.30) is reached, and grows thereafter. The rate
of decay (or growth) depends on the rate of the original plastic strain.

Alternatively, however, it is possible to retain rate-independence (N = 0) but to allow
a dissipative gradient term ({p > 0), yielding the solution (4.29). This solution reduces as
el’l increases (implying stability) for wavenumbers & for which

_2h
it +lEk* >0 (4.31)

for all ef)F. It remains bounded even if this restriction is not met, if the integral in (4.29)
converges. Formally, in this situation, the unperturbed solution is stable but the practical
issue is whether or not the perturbation becomes unacceptably large as e5l increases.

For the purpose of illustration, some calculations have been performed for material whose

characterizing stress X is chosen to be a quadratic function of the plastic deformation:

So(k) = So(2e0F/V/3) = (4—(5??—;50)2). (4.32)

[

11



Lk
V 4V 4 4V 4 4V 4V 4 4
Unstable classical plasticity

Stable gae&etic

gradient plasticity

Unstable

-1 0 T

Figure 1: Stable and unstable regions for a rate-independent material in presence of energetic characteristic
length ¢g, eqn. (4.30). The presence of ¢ increases the region where the perturbation is stable: the higher
the wavenumber (smaller the wavelength), the higher the negative hardening for which it becomes unstable.

Thus, the material hardens up to a plastic shear strain eff = . and softens thereafter,
losing all strength at €5} = 3e., as depicted in Fig. 2. The “kinematic hardening” modulus
f is taken to be zero, and @ = 0¢/e. (this, in effect, fixes the scale for {g).

In a formal sense, as e}/ — 3e., the unperturbed deformation is unstable (even with rate-
dependence) against any perturbation whose wavenumber k fails to satisfy the restriction
(4.31) as elF — 3e.: the integral in (4.26) tends to —oo and F(eL}) correspondingly blows
up. When (5 # 0, the restriction (4.31) remains satisfied for sufficiently large wavenumbers
k; then, the integral in (4.26) tends to +o0o and F(el}) — 0. Both of these behaviours are
exhibited by the solution (4.34) and are illustrated in Fig. 3(b). This is an artificial feature,
however, associated with the simple choice (4.32) of 3. The question of practical interest
is whether or not the perturbation grows significantly within some given range of eI}t — for
instance up to 2¢..

When ¥ is given by (4.32), the hardening function A is

V3dSo(2eE/V3B) oy [e.— el
R - 1= (433
and the solution (4.29) yields
2 V3@ + BBz,
302 k2 ey 20003, k2
F(ePE) 3 ST
12) _ c (4.34)

O G )| ()
Eec Ee Ee
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Figure 3 gives plots of this solution, for a range of values of £pk, in two cases: (a) {g = 0 and
(b) g = {p. All of the features identified qualitatively are realised. In particular, when ¢pk
is small (¢pk = 0.1 is illustrated), the curves in both cases (a) and (b) display a very sharp
minimum, indicating that the unperturbed field is very stable against such a perturbation

when e}F is smaller than the value at which the minimum is attained, and very unstable
when el is larger than that value. Moreover, the presence of a characteristic length (g

shifts to higher values the plastic deformation e} at which the minimum amplitudes of

perturbations are attained.

0 1 2 3

Figure 2: Normalized plot of yield stress Xo(k), eqn. (4.32), versus plastic strain e12F, in the case of simple

shear (k = 2155 /V/3).

It should be noted that the perturbation theory has been developed under the assumption
that |6eF| < elF) and hence can be valid only if ¢/} is bounded below by some positive
number. In fact, the term multiplying F' in equation (4.23) blows up as ébf — 0 for all
N <1. In the case of rate-independent behaviour (N = 0), it is possible to contemplate the
time-dependent perturbation of a stationary state, for which ¢/l = 0 after some time ¢, say.
The assumed linearization of the perturbation of EF, but not that of ET, fails for ¢ > t,.
Except when ¢ = 0, the equation governing the perturbation is intrinsically nonlinear. Its
study is beyond the scope of the present work.

5 Monotonic simple shear of a homogeneous strip

Consider now a homogeneous strip, occupying the domain {x : —H < zy < H,—00 <
x1, T3 < 00}, subject to the boundary conditions

Ul(llﬁ'z = :l:H) = iI‘(t) H, 7‘122(1‘2 == :i:H) = 0, (51)

other components of u and 7 being identically zero.
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Figure 3: Normalized plots of the amplitude of the perturbation as a function of the plastic deformation
for a rate-independent strain gradient material, eqn. (4.34), for the case (a) fp = 0 and (b) g = {p. The
normalization of the perturbation amplitude F(el}}) is relative to the value at el;f = ., where the yield
stress Yo, eqn. (4.32), takes its maximum value.

The basic solution to this boundary-value problem comprises precisely the uniform fields
considered in the preceding section, with e15(¢) = I'(¢) /2. Similarly the assumed perturbation
satisfies equation (4.23), this time, however, with homogeneous boundary conditions that
only allow solutions of the form

Sell(wy,t) = F(t) cos(nmay/H) or F(t)sin((n — 1)way/H) (5.2)

with n a positive integer, so that k = nw/H or (n — 1)m/H.?> Equation (4.26) will allow
no perturbation to grow in amplitude until (4.30) is satisfied, with & = n/H (Fig. 1 with

k=mn/H): ,
—~ 2h _ (T 14 E
u+3+u(H> = 0. (5.3)
In practical terms, this means that the homogeneous deformation is stable, at least up to the
level of plastic strain that corresponds to the satisfaction of (5.3), and higher wavenumbers
cannot grow until i has reduced further. However, perturbations with any value of n (and
therefore of k) become possible as soon as the “classical” localization condition (4.27) is met,
if there are only dissipative gradient terms (¢ = 0).

5.1 Rate-independent material with “energetic” gradient term

Some amount of additional insight can be gained from an incremental analysis of a rate-
independent material (N=0) in the case that £, = 0. Since the material is rate-independent,

2It is assumed that the perturbation induces no unloading. Since def5* can take either sign, it is necessary
that the unperturbed plastic strain-rate é55F(t) is bounded below by a positive quantity for all . The

perturbation then remains valid as long as |F(t)| < é0F(t).
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there can be sharp elastic-plastic boundaries. Across any such boundary with unit normal n;
say, the quantities u; and o;;n; must be continuous. In addition, for strain-gradient material,
¢ and 7;5,n), must be continuous.® For the solutions considered here, this means that u,,
€19, €17 and 5{32%2 must be continuous. Equilibrium of the perturbed field requires that

d {_ » d*(0e13")

—— g
dx3

o —(n+ 2h/3)5s{°f} = 0. (5.4)

This is obtained from taking & times equation (4.28) with /p = 0 and the original d/dx
replacing ik, in conformity with the full equilibrium condition (4.22). Considering constant
material parameters (¢g, [, 11, h) along the variable 25 during the unperturbed simple shear
deformation process, the ode (5.4) has general solution®

S o /3N /2
C1 + Cycosh(axy) + Cysinh(axs), o= (%) if w+2h/3 >0,
dety (w2) = :
(f42 1/2
Dy + Dy cos(kxs) + D3 sin(kxs), k= (w) if w+2h/3 <0,
HEE

(5.5)

Suppose, now, that a uniform state of deformation has been maintained by some means,

up to a strain for which zi+2h/3 < 0, i.e. into the softening range of the material’s response,

and consider the next small increment of the boundary displacement, defined by 6" > 0

(the exact time-dependence is immaterial due to rate-independence). In this regime, the

distribution of incremental plastic deformation can be non-unique. Therefore we distinguish
two main cases, illustrated in Fig. 4.

Case A. The simplest possible increment of deformation is a continuation of the uniform
solution® (i.e. Dy = D3 =0):

5T 2 o7
T o
f12T o 2T i+ 2h/3 2

(5.6)

3There is in general the complication that Ti?k is not defined constitutively in an elastic domain but
can be any field that satisfies (2.4) and the continuity condition for higher-order traction (Fleck and Willis,
2009a,b). This is not an issue for the solutions presented here.

4The general solution (5.5) can be used to analyze a perturbation from a state in which the hardening
h is piecewise constant, so that i + 2h/3 is positive except in some interval (or intervals) in which it is
negative, to provide some insight into the effect of a small imperfection (or imperfections), as considered by
Loret and Prévost (1991) for classical plasticity. In this case, within the zone where fi 4 2h/3 is positive, the
perturbation state becomes non-uniform since, to match the interface condition between the two zones, the
constants Do and D3 must be different from zero.

5Considering a perturbation applied to a state for which i + 2h/3 > 0, the constants Co and C3 of
solution (5.5); are required to be null in order to satisfy the boundary conditions and therefore in this case
the solution is unique and corresponds to the uniform distribution. Therefore, similarly to case A, this case
also leads to solution (5.6).
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possible sz; distributions for decreasing h

~ -
r(HH a Pt

Figure 4: Strip of width 2H subject to a monotonically-increasing simple shear deformation through the
displacement £+I'(¢)H on its boundary. Possible uniform (case A) and non-uniform (case B) distributions
for the increment in the plastic deformation dels* at decreasing value of hardening h.

L

Since it is required that def5F > 0 for plastic loading, no such solution exists unless

—2u < 1+ 2h/3 < 0. (5.7)

The perturbation in the shear stress can be obtained through the elastic constitutive
relation:

2u(p + 2h/3) o
So1g = 2p (0e10 — 0eb)) = — —
2= 20 (921 — 01y 2+ i+ 2h)3 2
showing the unloading character of stress within the softening regime.
The equivalent incremental shear stiffness p*, given as the ratio of the increment in shear
stress dos to the mean value 0215 of the increment in shear strain (equal to dejo due to its
uniformity), is

<0, (5.8)

o (50‘12 o ﬁ+2h/3

* = = — <0, 5.9

showing that
li ¥ —00. 5.10
el =00 (5.10)

Case B. Restricting for now attention to symmetric solutions with respect to xo = 0
(i.e. D3 = 0), a non-uniform perturbation can exist in a subset (—b,b) of the width when
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D, = Dy, = A, so that

All b f b
&%:{[—meﬁﬂ or |za| < b, )

for b < |zo| < H,

where

_ 1/2
T o
=1 =t () o

and A > 0 (to ensure plastic loading).
This perturbation and its derivative are continuous and so constitute a weak solution of
(5.4). The perturbation of the Cauchy stress in the interval (—b,b) is

doe = (L +2h/3)A (5.13)
and hence, in (—b,b),
i+ 2h/3
Jery = (u) A+ 6ebE. (5.14)
24
The value (5.13) of doy2 can be maintained outside the interval (—b,b) by taking
o+ 2h/3
derg = | ———— | A 1
€12 ( 2 (5.15)

Thus, deio is given by (5.14) for all o € (—H, H) and so is continuous. The mean value of
0e12 across the whole strip —H < x9 < H is now

_ _ o [(pm+2n/3 b

thus providing an expression for the “amplitude” A given in terms of JI'.

It is necessary that b < H, and also, for the consistency of the assumed regions of plastic
loading and elastic unloading, that A > 0. Thus, taking account of the definition (5.12) of
b, the perturbation described by eqn. (5.11) can exist only when

. (M)3/2<M’5< (—(ﬁ+2h/3))1/2_ (5.17)

2p I H — I
There can be no such solution (regardless of the value of {g/H) unless condition (5.7) is
satisfied.

It is remarked now that exactly the same profile of plastic strain perturbation can be
supported on any interval (¢ —b, c+0b) for any ¢ € (b— H, H—b), Fig. 4, and therefore losing
any symmetry. The perturbation of total strain still conforms to (5.14) and the restrictions
(5.17) continue to apply. Now, however, suppose that b < H/n for some integer n > 2. It
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becomes possible to fit up to n intervals (i.e. number of waves), each of length 2b, into the
strip, with plastic strain perturbation supported on these intervals. The only difference is
that the “amplitude” A has to satisfy (5.16) with b replaced by nb, and analogously with
eqn. (5.17) in order to have that a perturbation comprising n distinct incipient shear bands
is possible,® namely

= /(G40 3/2 (149 1/2
2&( (7 + h/3)) _ m;lﬁE s( (it h/3)> . (5.18)
1 i i
In this case, the equivalent incremental shear stiffness ©* becomes
1

w= p <0, (5.19)
nlg 21 1

T E<—<ﬁ+_2h/3>>3/2

showing that p* — —oo in the limit when the left inequality of eqn. (5.18) becomes an
equality, similarly to the homogeneous case. Moreover, when the right inequality of (5.18)
becomes an equality, the equivalent incremental shear stiffness p* obtained in case A, eqn.
(5.9), is the same as that obtained in case B, eqn. (5.19).

Fig. 5 shows domains in an X-Y plane, with X = (u+2h/3)/fi and Y = nlg/H, in which
the various solutions exist or do not exist, with 1 set equal to 2. We can note that when
the inequality (5.7) is violated, so that the uniform incremental solution cannot exist, (5.18)
cannot be satisfied and therefore no incremental solution of the type (5.11) exists either. The
obtained equations and figure show how, in the limit case of classical plasticity (¢x = 0),
it becomes possible to develop any number n of waves characterized by any width 2b in
materials with any negative value of iz + 2h/3. A similar result was obtained by Loret and
Prévost (1991) in the case of classical plasticity considering a piecewise constant (positive
and negative) distribution of hardening.

5.2 Some computations for the case (p =0

As noted immediately following equation (5.3), in the case that g = 0, perturbations of all
allowed wavelengths (i.e. with any value of n) grow as soon as i + 2h/3 becomes negative.
It is nevertheless true that the rate of growth is more rapid for small n than for large n
(see, for example, equation (4.29)) so it is to be expected that a perturbation triggered by
a small defect will have a tendency to spread out as it develops. A competing effect arises
from the fact that the yield stress >y reduces as the plastic strain increases. While some
“weakly-nonlinear” analysis based on the perturbation theory might be possible, it is more
efficient (and less restrictive) simply to perform finite-element computations. This subsection
presents some of the results that have been obtained.

6All A’s have to be the same, because do12 has to be constant and equation (5.13) has to be satisfied in
each interval.

18



Figure 5: Domains in which the solution of the incremental problem exists and is unique (case A alone),
is non unique (cases A and B) and does not exist (white) in the case of i = 2u. The zone below the curves
identified with n represents the domain where nb < H.

Similarly to eqn. (4.32), the characterizing stress > is chosen to have the form
2
(€P ($2))
2 9
(for large ¢p slight differences in the results can be obtained replacing e” with ET) so that
the hardening is given by

Eo(l‘g) =09+ ho(l’g)SP(.’Ifg) + h6 (520)

h(fL‘z) = % = ho(l‘g) + h66P($2). (521)

To trigger the occurrence of instability, as the only parameter varying across the width,
we consider a piecewise-uniform distribution of the initial hardening value hg(x3), requiring
it to take the value ho(0) everywhere except in regions of imperfection (either 2 or 32, each
of length 2a). In such regions, it is reduced to dyho(0) except in (2a,4a), where hy is reduced
to dayho(0), as shown in Fig. 6. dy is chosen smaller than d; so that the region (2a,4a) is the
most defective, thereby breaking any symmetry of the problem.

The material model has been implemented in a plane strain mixed finite element program
employing bilinear quadrilateral elements.” The mixed finite element formulation consists in
writing the two field equations (2.4) in weak form and then making use of the material consti-
tutive laws (2.7), (2.8), (2.10) and (2.12) to obtain a system of equations for the displacement

"In the present application, the elements become one-dimensional, linear in the variable x5.
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Figure 6: Initial piecewise constant distributions of positive hardening ho(z2) across the width of the
sample in presence of 2 and 32 defects of width 2a. The presence of a defect with greater imperfection
(dy < dy) is introduced in order to avoid any symmetry in the solution.

increments and the increments of the components of the plastic strain rate (see Danas et
al., Niordson and Legarth (2010) for more details). A small amount of rate-dependence was
admitted by accepting a small positive value of N, in order to avoid having to ensure that
the state of stress remains exactly on the yield surface during plastic loading. This has some
effect on the rate of development of long-wavelength components in the perturbation but
less effect on the short-wavelength components that are of most interest. The two field equa-
tions (2.4) in weak form are solved successively using a forward Euler integration scheme,
such that equation (2.4); gives the solution for the displacement increments which are then
used in relation (2.4), to solve for the increments of the components of the plastic strain
rate. Global convergence of the field equations (2.4) is reached when the relative difference
of two successive increments of the effective plastic strain rate B, eqn. (4.5), is less than
a tolerance set here equal to 1072. Several simulations for different meshes and time-steps
have been performed checking the convergence of the results. Here we report just the results
relative to the more accurate one corresponding to a mesh with n = 20000 (uniform in the
width, therefore 200 elements within each defected zone) and a time-step of At = 10™%sec.®
The following parameters were employed in the computations:

8Movies about simulations are available at the following web-site address:
http://www.ing.unitn.it/dims/ssmg
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Material properties
H [um] | pu [GPa] | i1 [GPa] | o9 [MPa] | ho(xy = 0) [GPa] | h) [GPa] | N [-] | &0 [s7!]
1.5 34 0 100 ) -250 0.02 1073

Detect properties

dy dy a
(“ordinary” defect) | (larger defect) | (defect semi-width)

98% 97.5% 0.01 H |

Thus, in the “non-defective” material, the value of ef}l' corresponding to zero hardening is
£. = /3/100, and ¥y = 0 when £5F = (1 +v/3)e..

Boundary conditions:

['(t) = 10~*t (referring to displacement field (5.1)). Thus, I' = &,/10 (constant in time).
Also, the higher-order tractions are taken to be zero: Ty92(+H) = 0.

Results

The development of the plastic strain (x5, t) across the width of the strip, for values of
the parameter {p ={0.01;0.1; 1;10; 100} a, is shown in Fig. 7 in the case of two defects (as
shown on the left of Fig. 6); the corresponding plots of the applied stress 12 against the
mean value of strain 15 = I'(¢)/2 are shown in the top left figure, up to the points at which
the curves dropped too steeply to allow the computation to proceed. The labels A, B, C,
etc. identify points on the o15—£15 curves for which corresponding plastic strain profiles are
reported; the labels Z; (i = 1,...,4) identify the points where the simulation stops. The
length scale ¢p has no appreciable effect on the “macroscopic” stress-strain curve, except
for delaying the final gross instability’ where no further positive increment in boundary
displacement 0I' could be imposed. The two individual defects are resolved when /p < a
but the smoothing effect of larger /p is already evident when ¢ = a. The very large value
¢p = 100a (= H) permits no perceptible non-uniformity of deformation across the strip so
that, for any practical purpose, the state of uniform deformation is stable.

Similar trends are observed (Fig. 8) in the case of 32 defects, distributed evenly across
the strip (as shown on the right in Fig. 6). Resolution of individual defects is (almost)
lost for /p = a but the uniform deformation is clearly unstable (also for £, = 10a), the
perturbation tending to concentrate around the site of the worst defect.

9more strictly, the failure of the computation.
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Figure 7: Development of the plastic strain e£;%(z,t) across the width of the strip with increasing I'(¢), in
the presence of two defects, for various values of £p. The first graph shows the corresponding applied stress
012 versus mean strain €1 curves, up to the points that they become so unstable that computation cannot

be continued.
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Figure 8: As for Fig. 7, except that there are 32 defects.
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6 Discussion

This work has considered the stability of deformation of a medium that conforms to the
Gudmundson/Fleck—Willis formulation of gradient plasticity and displays strain-softening
behaviour. Rate-dependence was allowed for but the main emphasis was on rate-independent
response. The approach was to consider a small perturbation of a time-dependent but
spatially uniform state of deformation. The equations governing the perturbation were taken
in linearized form. They are linear partial differential equations with coefficients that depend
on time but are spatially uniform; hence they can be reduced, via Fourier analysis, to ordinary
differential equations in time. They were studied explicitly in the case of simple shear
deformation. When there are no gradient terms (g = ¢p = 0), the uniform deformation is
unstable in the sense that any small perturbation tends to grow once the strain-softening
regime is reached, so long as there is some rate-dependence. This is illustrated in Fig. 1. In
the absence of rate-dependence, no perturbation can exist except at the exact instant that the
medium is about to soften (the localization condition (4.27) is satisfied). In fact, beyond this
point the problem becomes dynamically ill-posed; this is discussed further below. When just
energetic gradient terms are admitted (g # 0), a perturbation of infinite wavelength (zero
wavenumber k) grows as soon as condition (4.27) is met but the growth of a perturbation
with wavenumber k& > 0 is delayed until condition (4.30) is met. The rate-independent limit
again is singular, in the sense that a perturbation of wavenumber k& can only exist at the
instant that (4.30) is satisfied. In contrast, when dissipative gradient terms are present, the
rate-independent limit is no longer singular (except at zero wavenumber), Fig. 3.

These phenomena have influence on the uniqueness and stability of deformation of finite
bodies. This was illustrated in Section 5, which considered simple shear of a strip of finite
width. In the case of purely energetic gradient terms, perturbations allowed by the bound-
ary conditions have finite wavelength, and these cannot grow until condition (4.30) is met;
thus, the onset of instability (more strictly, loss of uniqueness) is delayed. It is also possible,
sufficiently after the point at which (4.30) is satisfied, to find perturbations for which the
continued plastic deformation is localized within some interval (or intervals), with unload-
ing occurring elsewhere (Fig. 4). Existence of all (quasi-static) solutions is lost when the
material softens sufficiently steeply, consistent with Fig. 1. The analysis was restricted to
considering a small increment of deformation; evidently, however, once the process of non-
uniform deformation has started, regions in which the plastic deformation is greatest soften
more and the tendency towards localization of the deformation is increasingly enhanced.

The results of computations were reported for monotonically-increasing simple shear of
a finite strip composed of material with dissipative gradient terms and containing imperfec-
tions. A small amount of rate-dependence was admitted, for computational convenience, but
the results that were obtained are considered to be essentially the same as rate-independent.
The influence of the dissipative length scale £ is less easy to assess in the context of pertur-
bation theory but the computations show that in practice its effect is very similar to that of
{g. Figures 7 and 8 show how deformation increasingly tends to localize near the site of the
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greatest imperfection, until final instability (i.e. loss of existence of the quasi-static solution)
occurs, when it becomes impossible to impose any further boundary displacement.
Finally, brief mention will be made of the influence of dynamics on the development of
a perturbation. In the case of simple shear, a perturbation is governed by the equation of
motion,
8(60'12) . 82(5U1)
or, T oe

(6.22)

and the constitutive relation

o(ou
50‘12 = W (gT;) — 258{;

PL\ V-1 2\ 9 (5kL -PL\ NV 2
- 2o (2 W ZNOU) | g 2 (2N e O g
€o \/550 3 3:1)2 8t 3 \/550 8:1)2

(6.23)

where the last equality comes from (4.23) with ik replaced by 0/0xs. Equations (6.22)-(6.23)
lead to the following quasi-linear partial differential equation for du;(zo,t)

:PL\ N—1 2 -PL\ N 2
(T (2 p OO (2 e O
g0 \ V3% 3 dx3 ) ot 3 \V32 0x3

0*(6uy)  p 0*(duy) 02 (duy)
X - = =2p— .
3 uo ot? ot?

(6.24)

whose type is determined by the highest derivatives present. The perturbation in plastic
strain follows from
9 (defy) 1 (*(0w)  p&P(ou)
Ory 2\ Oz} po ot )

Referring to the following families of curves in the x5t plane:

(6.25)

d
 _ +c., T3(zo,t) : dt =0, Ty(z2,t) : deg =0,

TLQ(ZEQ,t) . di

where ¢, = /p/p is the velocity of the elastic shear waves, from considering the pde (6.24)
we remark that the problem is well-posed in the following cases:

e If /p # 0, the pde is of fifth order. It is totally hyperbolic, with characteristics Ty, To,
T3 (twice), and Y1y.

e If /p =0 but /g # 0, independently of N, the pde is of fourth order and its character-
istics are Ty, To, and T3 (twice).

o [f /p =V =0Dbut N # 0, the pde is of third order and its characteristics are T, Yo,
and Y,.
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If all of £p, g and N are zero, the pde (6.24) is of second order, with characteristics
d i+ 2h/3
dez o | FE2RB (6.26)
dt 2u+ 1+ 2h/3

showing that it becomes elliptic (so the problem is ill-posed) when inequality (5.7) holds.
Similarly to the quasi-static case treated in Sect. 4.2, looking for a perturbation in the
displacement field in the form

Su(29,t) = U(t)e' 2, (6.27)
the pde (6.24) simplifies to the following third order ode for the function U(t),
at)U ) + [B(t) + 2u] U(t) + Ek2a(t)U(t) + B U(t) = 0, (6.28)

where
X 25'{3;>N‘1(2N ) 2) R Qh(%fQL)N 0y
a(t) = =2 AR, =1+ = +ul2k?, (6.29
m=-2(22) (Fa s =i+ 3 (Z2) v o)
while equation (6.25) becomes
0 (0e17F) 1/1 . -
— =L = —— (S U(@t) +K°U(t) | e'F. 6.30
o) =3 (F 0w+ RU0) (6.30)

Considering the case {p = N = 0, since «(t) = 0, the third order ode (6.28) degenerates to
the second order equation

(B(t) +2u] U(t) + EE*B(H)U(t) = 0. (6.31)
In the special case of a constant unperturbed state (i.e. no variation in time of the hardening
h and therefore constant §) and zero kinematic hardening, @ = 0, this ode gives the same
(exponential) solution as was obtained by Sluys et al. (1993, their eqns. (28)-(32)). Indeed,
their model (without introducing higher order stresses but considering only a yield function
depending on the plastic strain and its second gradient) is equivalent to our case ¢ # 0 and
null values for ¢p and .

Acknowledgments

The authors express their thanks to Prof. V.S. Deshpande (Engineering Department, Uni-
versity of Cambridge, UK) and Dr K. Danas (LMS, Ecole Polytechnique, France), for helpful
discussions and for kind provision of the computer program which was employed to generate
the results presented in Section 5.2. Funding for the work was provided by EPSRC, Contract
no. EP/C52392X/1.

26



References

[1] Anand, L., Kim, K.H. and Shawki, T.G. (1987). Onset of shear localization in viscoplastic
solids. J. Mech. Phys. Solids 35 (4), 407-429.

[2] Bai, Y.L. (1982). Thermo-plastic instability in simple shear J. Mech. Phys. Solids 30
(4), 195-207.

[3] Bazant, Z.P. and Belytschko, T.B. (1985). Wave propagation in strain-softening bar:
Exact solution. J. Engrg. Mech., ASCE 111, 381-389.

[4] Chambon, R., Caillerie, D. and Hassan, N.EL (1998). One-dimensional localisation stud-
ied with a second grade model. Eur. J. Mechanics-A/Solids 17 (4), 637-656.

[5] Danas K., Deshpande V.S. and Fleck N.A. Indentation of elasto-viscoplastic solids in
micro-scales, in preparation.

[6] de Borst, R. (2001). Some recent issues in computational failure mechanics. Int. J.
Numer. Meth. Engrg. 52, 63-95.

[7] Evans, A.G. and Hutchinson, J.W. (2009). A critical assessment of the theories of strain-
gradient plasticity. Acta Mater. 57, 1675-1688.

[8] Fleck, N.A. and Willis, J.R. (2009a). A mathematical basis for strain-gradient plasticity
theory. Part I: Scalar plastic multiplier. J. Mech. Phys. Solids 57 (1), 161-177.

[9] Fleck, N.A. and Willis, J.R. (2009b). A mathematical basis for strain-gradient plasticity
theory. Part II: Tensorial plastic multiplier. J. Mech. Phys. Solids 57 (7), 1045-1057.

[10] Gudmundson, P. (2004). A unified treatment of strain gradient plasticity. J. Mech.
Phys. Solids 52, 1379-1406.

[11] Loret, B. and Prévost, J.H. (1991). On the Existence of Solutions in Layered Elasto-
Visco-)Plastic Solids with Negative Hardening. Eur. J. Mechanics-A /Solids 10 (6), 575-
586.

[12] Loret, B. and Prévost, J.H. (1993). On the Occurrence of Unloading in 1D Elasto-
Visco-)plastic Structures with Softening. Eur. J. Mechanics-A /Solids 12 (6), 757-772.

[13] Needleman, A. (1988). Material rate dependence and mesh sensitivity in localization
problems. Comput. Meth. Appl. Mech. Engrg. 67 (1), 69-85.

[14] Niordson C. F. and Legarth B. N. (2010). Strain gradient effects on cyclic plasticity. J.
Mech. Phys. Solids 58, 542-557.

[15] Peerlings, R.H.J., de Borst, R., Brekelmans, W.A.M. and de Vree J.H.P. (1996). Gradi-
ent enhanced damage for quasi-brittle materials. Int. J. Numer. Meth. Engrg. 39, 3391—
3403.

[16] Rice, J.R. (1976). The Localization of Plastic Deformation. Proceedings of the 14th
International Congress on Theoretical and Applied Mechanics, Delft, Theoretical and
Applied Mechanics, ed. W.T. Koiter, Vol. 1, North-Holland Publ., Amsterdam, 207-220.

27



[17] Sluys, L.J., De Borst, R. and Miihlaus, H.B. (1993). Wave-propagation, localization and
dispersion in a gradient-dependent medium. Int. J. Solids Structures 30 (9), 1153-1171.

28





