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Abstract

A thermodynamically consistent formulation of nonlocal plasticity in the framework of the internal variable theories of
inelastic behaviors of associative type is presented. A family of mixed variational formulations, with different combinations
of state variables, is provided starting from the finite-step nonlocal elastoplastic structural problem. It is shown that a suit-
able minimum principles provides a rational basis to exploit the iterative elastic predictor-plastic corrector algorithm in
terms of the dissipation functional. A sufficient condition is proved for the convergence of the iterative elastic predic-
tor-plastic corrector algorithm based on a suitable choice of the elastic operator in the prediction phase and a necessary
and sufficient condition for the existence of a unique solution (if any) of the nonlocal problem at hand is then provided.
The nonlinear stability analysis of the nonlocal problem is carried out following the concept of nonexpansivity proposed in
local plasticity.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Many materials exhibit a softening behavior which consists in a loss of positive definiteness of the tangent
stiffness operator, i.e. a decrease of stress at increasing strain. Such a behavior is coupled with the strain local-
ization which determines the growing of narrow regions where plastic strains tend to concentrate whereas the
remainder part of the body unloads elastically.

In classical plasticity theories, the deformation can localize in a zone which is infinitely small so that a dis-
placement discontinuity can develop. In fact, classical plasticity does not contain information about the size of
the localization zone which tends to become infinitely thin in the continuum approach or takes on the size of
the smallest finite element in the FE-approach.

One possibility to overcome these shortcomings with local plasticity consists in introducing an internal
length scale parameter into the continuum model of plasticity. Nonlocal effects can then be modeled by defin-
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ing suitably weighted averages, such as in nonlocal formulations, or by defining suitably gradients, such as in
gradient approaches, of a collection of static and/or kinematic fields linked to the inelastic processes.

Contributions to the development of the nonlocal theory can be found in Pijaudier-Cabot and Bazant
(1987), Bazant and Lin (1988) and, more recently, in Planas et al. (1993), Vermeer and Brinkgreve (1994), Nils-
son (1997, 1999), Svedberg and Runesson (1998), Borino et al. (1999), Borino and Failla (2000), Jirasek and
Rolshoven (2003). Gradient plasticity has been discussed in Aifantis (1987), de Borst and Pamin (1996), Ach-
arya and Bassani (2000), Bassani et al. (2001), de Borst (2001), Fleck and Hutchinson (2001), Liebe and Stein-
mann (2001).

In the existing literature on nonlocal plasticity, only few papers (see e.g. Borino et al. (1999) for rate non-
local plasticity) have been devoted to provide a solid variational basis to the nonlocal theory of plasticity so
that most of the FE-algorithms for the resolution of finite-step nonlocal formulations of elastoplasticity are
based on extensions of the relations pertaining to local elastoplasticity.

The purpose of the present paper is to address a general structural model based on the nonlinear constitu-
tive model of nonlocal elastoplasticity recently contributed in Marotti de Sciarra (in press) in order to unify
several models of nonlocal elastoplasticity existing in the literature. The nonlocal elastoplastic model is formu-
lated in a geometrically linear range and is based on the internal variable theories of inelastic behaviors of
associative type (Halphen and Nguyen, 1975).

Performing the time integration of the plastic flow rule according to a fully implicit integration strategy, the
relevant finite-step nonlocal elastoplastic structural problem is provided and the related mixed nonlocal var-
iational formulation in the complete set of state variables is directly derived from the structural model follow-
ing a general procedure. A family of mixed variational formulations, with different combinations of state
variables, can then be obtained by enforcing the fulfilment of field equations and constraint conditions.

Two mixed nonlocal variational principles are then specialized in order to recover the finite-step counter-
part of the corresponding two principles contributed in Borino et al. (1999) in nonlocal rate plasticity.

It is worth noting that, in the field of local plasticity, formulations and algorithms presented in Bird and
Martin (1990) and Reddy and Martin (1991) provide a dual viewpoint of the ones pursued in Ortiz and Popov
(1985) and Simo and Govindjee (1991) since, in the former papers, variational and algorithmic aspects are
based on the evolution law expressed in terms of the dissipation functional and in the latter papers the elas-
toplastic problem is expressed in terms of the convex yield function, normality rule and plastic multiplier.

Hence, a further contribution of this paper is devoted to provide a generalized and unified account of the
nonlocal elastoplastic structural problem since it is shown that a suitable minimum principles provides a
rational basis to exploit the iterative nonlocal elastic predictor-plastic corrector algorithm in terms of the dis-
sipation functional.

Moreover, a sufficient condition is proved for the convergence of the iterative elastic predictor-plastic cor-
rector algorithm based on a suitable choice of the elastic operator in the prediction phase and a necessary and
sufficient condition for the uniqueness of the solution (if any) of the nonlocal problem at hand is then
provided.

A stability analysis of the nonlocal problem is then carried out following the concept of nonexpansivity pro-
posed in local plasticity by Simo and Govindjee (1991) and Reddy and Martin (1991). The analysis shows that
the nonlocal evolution problem meets the property of nonexpansivity for a given displacement history. In par-
ticular, the stability is proved for each of the state variables of the model: stresses, kinematic internal variables
and dual static internal variables.

Finally a model with a nonlocal variable governing the degradation of the yield limit is considered. A new
expression of the space weight function, recently proposed in the literature, is adopted in order to avoid the
use of nonstandard and nonsymmetric weight functions for plastic zones close to the boundary. It is shown
that the considered nonlocal model reduces to a cohesive model and an example is provided with reference
to a one-dimensional bar in tension.

The paper is organized as follows. Section 2 summarizes the basic nonlocal relations. Sections 3 provides
the nonlocal constitutive relations in a fully nonlinear form which are specialized to the case of linear elasticity
with linear hardening and softening. In Section 4 the nonlocal plastic yielding laws are introduced. The struc-
tural model of nonlocal elastoplasticity is presented in Section 5 and its finite-step counterpart based on a fully
implicit integration scheme is then addressed. The mixed variational formulation in the complete set of state
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variables is proved. In Section 6 a family of variational formulations are presented. In Section 7, two general
mixed variational formulations are specialized in order to recover the finite-step counterpart of two principles
contributed in Borino et al. (1999). A one-dimensional bar in tension is considered to show the localization
properties of the model and of the adopted spatial weight function. In Section 8 the convergence criterion
is proved and in Section 9 the stability analysis is carried out. The paper is closed by an Appendix A devoted
to some basic results of convex analysis adopted in the paper.

2. Nonlocal averaging

A quasi-static evolution process under isothermal conditions is considered for an elastoplastic body subject
to a given load history. The nonlocal elastoplastic model is defined on a regular bounded domain B of an
Euclidean space. The time is conceived as a monotonically increasing parameter which orders successive
events. Accordingly, a time-independent mechanical behavior of the body is assumed.

Let D denote the linear space of strains ¢ and S denote the dual space of stresses g. As usual, the total strain
¢ 1s assumed to be the sum of an elastic strain e and of a plastic strain p.

In an internal variable approach of associated type (Halphen and Nguyen, 1975), the plastic behavior is
described in terms of dual kinematic and static internal variables which account for the evolution of the hard-
ening/softening phenomena. The kinematic (strain-like) internal variables are denoted by k € ), «; € ),
% € Vs, a3 € Y3 and the dual (stress-like) static internal variables are X € V', y; € V|, 1, € V5, 13 € Vs»
respectively. The generalized space of kinematic and static internal variables are denoted by
D=Y xY,xY;xYand S =Y, x YV, x Y; x V', respectively.

The symbol ((-,-)) denotes the inner product in the dual spaces and has the mechanical meaning of the
internal virtual work. For the Cauchy model it results:

((.,.)):/B...dB

where - denotes the simple (double) index saturation operation between vectors (tensors).

Nonlocal constitutive theories are based on the assumption that the local value of the state variables at a
given point cannot be sufficient to evaluate the state of the material at that point. In fact long-range interac-
tions do exist in real media and, in some circumstances, these interactions may be relevant in the quality of the
response of the material.

If the strain field is sufficiently smooth, as often happens in the elastic range, the standard local theory pro-
vides a good approximation and it is not necessary the recourse to nonlocal theories. After strain localization,
nonlocal effects become meaningful so that nonlocal averaging is applied only to internal variables linked to
dissipative processes and nonlocal elastic effects are neglected (see e¢.g. Bazant and Lin, 1988; Stromber and
Ristinmaa, 1996; Svedberg and Runesson, 1998).

A nonlocal field & € Z will be denoted by a superimposed bar and it can be obtained as a spatial weighted
average of another local variable, say « € ), by the following parametric relation:

a(x) = (Ro)(x) (1)
where R : ) — Z denotes a suitable linear regularization operator (see Pijaudier-Cabot and Bazant, 1987;
Stromber and Ristinmaa, 1996; Borino et al., 1999; Jirdsek and Rolshoven, 2003 for an overview). The kine-
matic internal variable & turns out to be nonlocal since its value at the point x of the body B depends on the
entire field o.

The expression (1) encompasses both nonlocal and gradient plasticity as shown in Marotti de Sciarra
(2004). In the present paper attention is focused on integral nonlocal averages of the form:

#(x) = (Ra)(x) = / B ()r(y) dy

where f8,(y) is a spatial weighting function depending on a material parameter called the internal length scale.
Different expressions can be given to the spatial weight function f, such as Gauss-like function. Anyway, for
the subsequent developments it is not necessary to assume any explicit expression for f.
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Since a nonlocal behavior must be present for high space variation of the local variable «, it is assumed that
R = for uniform fields o being I the identity operator.
The dual regularization operator R': Z' — )’ is defined by the relation:

((¢,Ra)) = ((R'E, o).

The static internal variable R’¢ is nonlocal since its pointwise value depends upon the entire field ¢ over the
body B, i.e. é(x) = (R'¢)(x) for any x € B.

For the Cauchy model, an explicit expression of the dual regularization operator R’ can be deduced from
the following equalities:

((¢,Ra)) //ﬂ y)dyé(x dx—/ /ﬁ x)dxdy = / /ﬁ y)dydx

((R'¢, )

x) = /B B, (x)E(y) dy

If the spatial weighting function f.(y) depends only on the difference ||x — y||, the regularization operator
and its dual coincide, that is the operator R is self-adjoint, i.e. R = R’.

where

3. The nonlocal constitutive model

A linear relation is assumed to relate the plastic strain p to the internal variable o; by means of a linear
operator 4 : Y — D such that:

p =Aoy.

The operator A is assumed to have a null kernel in order to ensure that the plastic strains can be univocally
deduced from internal variables.

In order to define the free energy, let us introduce the linear operator L: D x Y; — D and its dual
L': 8 — 8 x Y, defined by:

L=[I, —-A], L’:[_[;,} (2)

where 4" : § — Y] is the dual operator of 4. Accordingly, the additive decomposition of the total strain ¢ can
be written in the form:

e=L(g0y) =¢— Aoy.

The nonlocal free energy is assumed to be the sum of two functionals: the convex elastic energy @ and the
saddle functional @;, which accounts for inelastic phenomena:

D(e, 00, 0,03,K) = (P 0 L)(g,01) + Pin(ct1, Roy, a3, Ric). (3)
The free energy component (P o L) is convex in (g, 01) and &y, is convex in (o, o, 03) and concave in .
3.1. Thermodynamic considerations
The first principle of thermodynamics (see e.g. Lemaitre and Chaboche, 1994) for a nonlocal elastoplastic
model and isothermal processes can be written pointwise in 5 in the following form:
e=0-¢+P

where the explicit dependence on the point has been dropped for simplicity. The internal energy density e de-
pends on strain ¢, entropy s and internal variables (o, o, a3, k) related to isotropic hardening/softening behav-
ior. The nonlocality residual function P takes into account the energy exchanges between neighbor particles
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(see e.g. Edelen and Laws, 1971; Polizzotto et al., 2006). Being the body a thermodynamically isolated system
with reference to energy exchanges due to nonlocality, the following insulation condition holds:

/B Pdx =0, (4)

The second principle of thermodynamics for isothermal processes and for a nonlocal behavior, must be
written in global form so that the body energy dissipation W is given by:

W:/BSdez ((a,é))—/g@dx >0 (5)

where § is the internal entropy production rate per unit volume, 7 is the absolute temperature and ® = e — sT
is the Helmholtz free energy. Following the approach developed in Edelen and Laws (1971) and Borino et al.
(1999), the body energy dissipation (5) can be rewritten pointwise by taking into account the nonlocality resid-
ual function. Accordingly the dissipation at a given point of the body is:

D=iT=0¢-i—P+P >0 (6)

which represents the Clausius—Duhem inequality for isothermal processes differing from its classical format by
the presence of the nonlocality residual function P to guarantee the nonnegativeness of the dissipation and to
account for material nonlocality. Expanding the inequality (6) and recalling the expression (3) of the free en-
ergy, it results:

D=0c-t—d® - e—d, P 6y —dp,® 0p—dy,® 03—dP-k+P > 0. (7)
Using standard arguments (see e.g. Lemaitre and Chaboche, 1994) the following state laws hold:
6=d,®, —y=d,P, H=4d,P

X (8)
X3 = dlz. ds? —X = d}\¢
By substituting the relations (8) into the expression (7), the dissipation becomes:
D=y -0 =7 = 3-03+X-k+P=>0. 9)

At every point where an irreversible mechanism develops, the dissipation can be assumed in the following
bilinear form:
D=y -ou—yg-Mm—y-o3+X-7=0 (10)

where y, and X are (local) variables thermodynamically conjugated to the variables #, and 1 whose expressions
are hereafter identified. In such a way the nonlocality residual function has disappeared from the pointwise
expression of the dissipation. By comparing (9) and (10), the nonlocality residual function is:

P=Jp-0—X -k—p-ih+X 7 (11)
and, employing the insulation condition (4), it results:
(22, 62)) = (X, 1)) = (12, 12)) + (X, 1)) = 0. (12)
Noting that the following duality conditions hold:
((22,2)) = (12 22)), (X, &)) = (X, %)) (13)

and substituting the equalities (13) in (12), it results:
(2, %2)) = (X, %) = ((12,712)) + (X, 7)) = 0

for any possible static variable y, and X. Hence the identifications 7, = %, and ij = % hold true. The nonlocal-
ity residual function (11) and the dissipation (10) can be given the following explicit expressions at a given
point of the body B:
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P:ZQOCZ—YK—Xzaz_i_X% (14)
DZXl'd‘l_Xz'&z—Xg'd%-i-X-f20.

If the nonlocal variables are constant in space, the regularization operator becomes the identity operator
and the nonlocal variables turn out to be coincident to their local counterparts, i.e. % = B, K = K, =1
and X = X. As a consequence the relation (14); shows that the nonlocality residual function P vanishes,
the inequality (14), provides the expression of the dissipation in terms of local variables and the relations
(8) yield the constitutive laws in terms of local fields.

Hence the above analysis shows that the constant field requirement on the operator R and the insulation
condition guarantee that the nonlocal model behaves in all aspects as a local one under uniform fields.

3.2. Nonlocal constitutive relations

Stresses and static internal variables are related to strains and kinematic internal variables by means of the
multi-valued relation:
(0-7 —X1» 227 X35 _)_() € a¢<87 oy, 0, 03, K) —

(0, =11, 72, 13) X (=X) € 01D (e, 01, 00, 03, K) X 0aP(&, 011, %, 043, K) (15)
where 0, @ denotes the subdifferential (Hiriart-Urruty and Lemarechal, 1993) of & with respect to (¢, oy, o, 03)
and 0,® denotes the superdifferential of @ with respect to x. For simplicity, the superdifferential of a concave
functional is denoted by the same symbol 0 of the subdifferential of a convex functional. Moreover the sub-
differential and the superdifferential are both referred to as subdifferential if no confusion can arise. In the se-
quel, the free energy is assumed to be a differentiable functional so that the subdifferentials 0 appearing in (15)

become the usual derivative d.
Recalling the expressions (1) and (3), the nonlocal constitutive relations are given by:

(0, =215 025 13, —X) = dDP(e, 001, 0, 03, K)
o
[ ) } =d (0P (&, 001,00, 03, K)
—X1
= { 2 =d, P(e, 0, 00,03, k) = dy, Pin(o1, Rog, 03, Ric)
13 = dou, @&, 001, 00,003, K) = dyy Pin (011, Rz, 013, RK)
X = —d D(e,00,0,03,k) = —d, P (1, Ray, o3, Rc)
The derivative of @ (¢, oy, o, 03, 1) With respect to the pair (e, «;) can be evaluated by means of a chain rule
of differential calculus (see Appendix A) to get:
(o) P&, 01, 02, 003, %) = d(s0,)(Per © L) (&, 1) + do, Pin (o1, Rotz, 03, Ric)
=L'd®y(L(e,01)) + dy, Pin(or1, Rorp, 03, Ric)
d®y(e — Aoy) 0
T Ad (e — Aal)} [dil By (g, Roty, o3, Ric) |
Then the constitutive relations assume the form:
g =d®bq(e — Aoy)
—y = —A'c+d, P (o1, Roy, 03, RK)
72 = Rldy, iy (o1, %, 03, Ri) = Ry (17)
13 = day @in (01, Roty, 03, Ric)
X = —R'd; @, (o1, Rop, 003, i) = —R'¢E

where we have set:

X= d&zéin(ala &27 a3, RK)a 5 = dfcdjin((xl)ROC27 a3, fC)
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Note that the static internal variable ¥, is a nonlocal variable since its pointwise value depends upon the
entire field y over the body B, i.e. 72(x) = (R'y)(x) for any x € B. The nonlocal field %, is dual of the (local)
kinematic internal variable o, and ¥, is the R’-transformed of the static internal variable y which is conjugate
to %,. Analogously the nonlocal internal variable X = —R’¢ is the dual of the kinematic internal variable x and
turns out to be the opposite of the R'-transformed of the static internal variable ¢ which is conjugate to «.

In the case of a linear elastic behavior with linear hardening and softening, the free energy is expressed by:

D(e,00,0,03,k) == ((E(e — Aoy ), & — Aoy)) —&-%((Hlocl, o)) +%((h2Ro<2,Ro<2))

1

2
1 1

+§((h3063,0£3))+§((hRK,RK)) (18)

where the operator H; is positive definite, the moduli 4, and /3 are positive and the softening modulus 7% is

negative. Then the nonlocal constitutive relations (17) turn out to be:

o =E(e— Aw)

—y =-A'c+Ho

7 = R'Ray = Ry (19)
213 = h3os

X = —R'hRx = —R¢

where y = hRo, and & = ARk,

The expression (19), is the elastic relation being e = ¢ — 4oy where p = Aw,. The expression (19), yields the
static internal variable y, in terms of ¢ and o;. The expression (19); provides the nonlocal static internal force
72, conjugate to o,, which is the R’-transformed of the dissipative force y = h,%,. The expression (19), provides
the static internal force y; conjugate to o3 and the expression (19)s yields the nonlocal static internal force X,
conjugate to x, which is the opposite of the R’-transformed of the dissipative force & = hi.

In order to develop a variational formulation for this class of nonlocal problems, alternative expressions of
the constitutive relations (16) have to be provided.

To this end, the conjugate of the nonlocal free energy provides the complementary nonlocal elastic energy
which is the saddle functional ¢ : S x S — R(R = {—o0} URU {+oc}), convex in the state variables
(6,1, %2, x3) and concave in X, given by:

(0, 115 705 13, X) = nf - sup  {((0,1)) + ((21,01)) + (72, 02)) + (23, 93)) + (X, 9))

(1,01,02,03)

— @(n,01,6,,03,0)}.

The partial conjugates of the nonlocal free energy with respect to the state variables (e, oy, o, o3) and with
respect to the kinematic variable x provide the semicomplementary nonlocal free energies, respectively,
expressed by the convex functionals ¥ : S x V| x YV, x Yy x Y — RU {400} and P*: D x Yy x Vp X Y3X
Y — R U {+oo} which are defined by:

lP(O-7 XlaZZaX%K) = —ll’ylf{((?, K)) - ¢*(J7XI7ZZ>X3’Y)}

= Sup {((Ga ’1)) + ((Xlaél)) + ((7(27 52)) + ((X3>53)) - (P(i/], 517 527537 K)}

(1,01,62,03)
V(e 0y, 00, 03, —X ) = —irgf{(()_(, 0)) — ®(e, 01,000, 03,6) }
=S ){((178)) +((Enm)) + (&m) + (& m) — 9°(0, 61,6, 6,X)} (20)

The nonlocal elastoplastic constitutive relations (16) can then be formulated according to the following
equivalent expressions:



F. Marotti de Sciarra | International Journal of Solids and Structures 45 (2008) 2322-2354 2329

(O-a *11’7(27%& 77) = d@p(& 0y, 0, X3, K)7

(8,0(1,0627063,1(?) = d<I>*(a, _Xl>)_(2ux37_)_()7 (21)
(8,0(1,0(27063,)_() = dqj(()" —X177(27X3>K)7

( —

g, — X1, 227 X35 K) = dSU*(S, o, 0o, ‘9‘37X)
which can be equivalently rewritten in terms of Fenchel’s equalities:

- .P(Ga _X17227X37 K) + (p*(G, =15 X2 X35 _)_() = _(()_(7 K))v
qj(g7 =15 X250 X3 K) + ¢(£’ %1, %2, A3, K) = ((O_’ F)) - ((leal)) + ((22’ OC2)) + ((X37“3))a

X X, x))

&) — ((x1,1)) + ((12,22)) + (435 3)).
@(8,0(1,0(2,0(3,16) + @*(0—7 — 1> K25 X35 — ) = ((07 9)) - ((117061)) + ((227“2)) + ((XS’a3)) - (()_( K))?

W (o, =115 22 135 1) + W (8, 001,05, X) = ((,8)) = (1, 1)) + (22, %2)) + (35 %)) + (X, %))

4. The plastic yielding laws
The elastic domain C is defined in the space of static internal variables (y;, 72, 13, X) as the level set of a
convex yield mode G: S — R U {400} in the form:

C:{(X1a227137)_()Eg:G(X1a227137)_()<0} (23)

provided that the minimum of G is negative.
In the applications the nonlocal yield mode G is usually written in terms of the convex yield function g in
the form:

Gx 2213 X) =8(1) =l — 13— X — 2% <0 (24)
where y, represents a constant scalar value which characterize the initial yield limit. The choice of the function
g depends on the particular yield criterion adopted for the material, see e.g. Salengon (1983). Note that the
yield function g is expressed in terms of the static internal variable y, which is linked to the stress ¢ by the
relation (17), and the static internal variables 7,, y; and X control the size of the elastic domain.

In the proposed model some of the static internal variables are treated as local and some as nonlocal in
order to get a nonlocal elastoplastic problem which can be specialized to several existing model of nonlocal
plasticity as provided in Marotti de Sciarra (in press). The variable y, is linked to the stress as reported in
(17)> so that a kinematic hardening is introduced in the model since the stress ¢ is admissible if the associated
thermodynamic force A'c belongs to the transformation of the elastic domain C by the amount d,, ®;,.
Depending on the expression of the free energy, the static internal variable y; can coincide to the stress o
so that the yield function g is expressed in terms of stresses.

If, besides the static internal variable y,, one local internal variable is introduced in the model, say y;, the
free energy is given by @(¢,a3) and the elastic domain is given in the form G(y;, x3) = g(x1) — 13 — %o < 0 so
that the model is, trivially, local. If one nonlocal internal variables is considered, say X, the free energy is given
by @(e, k) and the elastic domain is given as G(y,,X) = g(x,) — X — x, < 0. The model does not act as a gen-
uine localization limiter since it does not prevent localization of plastic strains into a set of zero measure. A
theoretical and computational discussion on this issue is provided in Section 7.

As a consequence two internal variables y; and X must be related to plastic softening. An additional var-
iable 7, is introduced in the nonlocal model since the internal variables 7,, y; and X can be combined in var-
ious ways in the expression of the free energy so that several existing softening models can be recovered as
special cases of the present model (Marotti de Sciarra, in press).

A mechanical interpretation of the dual kinematic internal variables is given in the sequel after the speci-
fication of the flow rule.

The generalized flow rule is given in the following three equivalent forms:
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(6, =82, —3, K) GNC(ylaZ%XBa)_()
(115 72, 23, X)) € BD (81, =02, —0t3, ) (25)
Ue (11, 725 23, X) +D(Om —d, —03, k) = ((11,81)) — (72, 2)) — (13, 83)) + (X, &)

where Uc (1, 72, 23, X ) is the indicator of the elastic domain and D : D—RU {+o0} has the physical meaning

of dissipation associated with a given rate (&;, —&,, —ds, k) of internal kinematic variables. The functional D is
the support functional of the elastic domain C:

D(6y, —én, =83, k) = sup{((t1,é1)) — (T2, 2)) = ((13,83)) + (¥, %)) st (1, 7273Y) € C}, (26)

where “s.t.” stands for “subject to”’. The sup operation is then performed with respect to the state variables
(1,72.73.Y) belonging to the elastic domain C.

The dissipation D turns out to be nonnegative if and only if the null static internal variables belong to the
elastic domain C. Moreover the functional D is strictly positive if and only if the null static internal variables
lie in the interior of the elastic domain C (see Romano et al., 1993b, in the case of local plasticity).

The dissipation attains its maximum at the point (y,, 72, x3,X ) which fulfils the normality rule with the rate
of the kinematic internal variables (¢, —d,, —d3, k) and is given by (Marotti de Sciarra, in press):

D(ay, —b, —83,) = ((11,01)) = ((72,%2)) — (3, 83)) + (X, ic)). (27)

Recalling the expression (24) of the yield mode, the flow rule (25), can be equivalently rewritten in terms of
the plastic multiplier 4. In fact, being Uc(y1, 72, %3, X) = (Uw- © G) (11, %2, 13, X ), where R~ denotes the set of
nonpositive scalars, it results (Marotti de Sciarra, 2004):

AU (21, 72, 13, X) = 0Us- © G) (11, 72, 13, X) = Ui [(Gxys 725 135 X) NGty s 72, 23, X))
Noting that 0Ug- [(Gyy, 72, 73, X)] = Nw- [(Gx1, 72, 13, X )], where N denotes the normal cone to the set R~
the flow rule (25); can be rewritten in the equivalent forms:
(01, =8, =3, ic) € DU (1, 725 23, X)
(61, =0, =03, &) = 2dG (11, 72, 13, X) 8.t 4 € Now [G(x1, T, 23, X)]
(6, =6, =83, k) = AdG(11, 12, 13, X) (28)
st.A>0,g(0)—n—13—X—x <0
Ag(n) =22 — 13 =X — %] = 0.

Recalling the expression (24), the flow rule (28); can be explicitly rewritten as:

= 2d, G(yy, 72, 13, X) = 2dg (1)
—0p = )LdzzG(/Cu,{z»m’X) =—4

. 7 X : (29)
—03 = Ad,,G(xy, 12, 43, X) = —4
k= ddxG(11, 72, 13, X) = =4
under the complementarity conditions:
1 2 07 — Yy — —7_ X O
7 gln) =71 =13 (30)

Ag) =2 — 13— X — 2] = 0.

As a result, the kinematic internal variable a; coincides to the plastic strain if A = I and the flow rule (29), is
expressed in terms of the plastic strain rate. Moreover the rate of the kinematic internal variables ¢,, &; and —«
coincide to the plastic multiplier A. Since in the elastic range o, = a3 = k = 0, the relations (29), 4 yield the

equalities o = 03 = —k and they coincide to the actual value of the plastic multiplier.
If the yield mode fulfils the condition |dg(y,)|| =1, it results 6, =d3 = —k =|d | being
llo || = Alldg(x;)|| = A. Hence the kinematic internal variables oy, o3 and x can be related to the accumulated

generalized plastic strain in the following form:
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t
oy — o = —ic = / 60 (0)||d = o7
0

In most of nonlocal elastoplastic models, the flow rule is expressed in terms of plastic strains. This require-
ment can be fulfilled by assuming that the operator A4 coincides to the identity one so that o; = p and the accu-
mulated generalized plastic strain coincides to the effective plastic strain &, ie. of = ¢ = f(; lp(7)]|dz.
Accordingly the kinematic internal variables a«; = a3 = —k have the physical meaning of the effective plastic
strain. In this case the size of the elastic domain is driven by the sum of the static internal variables
%2 + 13 + X which depend on the effective plastic strain.

Assuming a linear behavior with linear hardening/softening and a macroscopically homogeneous material
for which the moduli %, &, and %3 are constant in space, the dissipative force is given by:

q=r+t1 —I—y = R,thOCZ + hyo3 — R'/ARk = hyotr + R/(hz + h)ROCz.

The size of the elastic domain is then controlled by the sum of a local variable and of a nonlocal one so that
a localized plastic zone of nonzero measure can be obtained.

If the material parameters are such that s, + h = fm and h; = (1 — f/)m, where f is a suitable material
parameter and m < 0 is a plastic modulus, softening is driven by the linear combination

q = (1 — ﬁ)mOCz —+ ﬁm&z

where @ = R'Ra,. A model similar to the one proposed by Vermeer and Brinkgreve (1994) is thus recov-
ered. For =0 the local model of plasticity is recovered and for f =1 the cohesive model is obtained.
For 0 < f <1, Planas et al. (1993) proved in the one-dimensional setting that the plastic strain localizes
into a set of zero measure that is a single cross section of the bar. The plastic zone has a nonzero measure
if f>1.

The size of the elastic domain is controlled by the variable ¢ so that the kinematic internal variables o, can
be assumed as the driving variable of the softening law.

5. The structural problem for nonlocal elastoplasticity

Let one assume that displacements u belong to the Sobolev space U = H"(B) of fields which are
square integrable in B together with their distributional derivatives up to the order m (Brezis, 1983).
Conforming displacement fields fulfil linear constraint conditions and belong to a closed linear subspace
LCU.

The kinematic operator B € Lin{i/, D} is a bounded linear operator from U to the Hilbert space of square
integrable strain fields ¢ € D.

Denoting by F the subspace of external forces, which is dual of U, the continuous operator
B € Lin{S, F}, dual of B, is the equilibrium operator. The symbol (-,-) denotes the duality pairing between
U and its dual F.

Let £ = {t,b} € F be the load functional where t and b denote the tractions and the body forces. For sim-
plicity, imposed strains and displacements are not considered.

The equilibrium equation and the compatibility condition are:

f=Bowhere f€c F,c€S, e¢=BuwhereecDucl.
The external relation between reactions and displacements is assumed to be given by:
r e oY (u)
being 7" : U — R U {—oc} a concave functional. Accordingly, the inverse relation is expressed as:
uedr(r)
where the concave functional 7" : 7 — R U {—oco} represents the conjugate of 7" and Fenchel’s relation holds:

Y(u)+T*(r) = (r,u). (31)
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Different expressions can be given to the functional 7" depending on the type of external constraints such as
bilateral, unilateral, elastic or convex. A survey of the particular expression assumed by the functional in each
of these cases can be found in Romano (2002). For future reference we report the expressions of 7" and 7™ in
the case of external frictionless bilateral constraints with homogeneous boundary conditions. Noting that the
subspace of the external constraint reactions R is the orthogonal complement of the subspace of conforming
displacements £, that is R = £, the functional 7" turns out to be:

{ 0 fuel

—oo otherwise
and

. 0 ifrel*=R
T'(r) =N (1) = { .
—oo  otherwise.
Accordingly the relation » € Y (u) is equivalent to state u € £ and r € R = L*, i.e. (r,u) = 0 for any con-
forming displacement u € L.
The relations governing the nonlocal elastoplastic structural problem for a given load history £(z) are:

Bo={(+r equilibrium
Bu=¢ compatibility
(dlz_d‘b_d%k) € NC(le}_fZ?X%Y) ﬂOW rule (32>

(0, =215 025 13, —X) = dP(e, 0, 00,03, k) constitutive relation
uedY(r) external relation.

The evolution analysis of a nonlocal elastoplastic problem can be performed by solving a sequence of prob-
lems in which the load increment is applied and the state variables are updated at the end of each increment
(see e.g. Reddy and Martin, 1991; Simo et al., 1988).

Attention is focused on a single step of the procedure for which the load increment is given. Accordingly
one needs to evaluate the finite increments of the unknown variables corresponding to the increment of strain
when their values are assigned at the beginning of the step. Let (-), denote the known quantities (-) at the
beginning of each step. In order to formulate the finite-step counterpart of the flow rule (32);, the time deriv-
ative is replaced by the finite increment ratio (Ao, —Aay, —Aas, Ax) /At where Ao = (o) — (o) . Adopting a
fully implicit time integration scheme, the flow rule of the nonlocal model is enforced at the end of the step
according to the relation:

1
Z(Aala —AOQ, _Aa3a AK) € NC(X]?ZZ?X%X)

which, being N¢(x,, 72, 13, X) a convex cone, can be rewritten in the equivalent forms:

(AOQ,*AOCZ’*AOQ,AK) € NC(XI)Z%XS))_()
(XhZZaXS?Y) € aD(AO(b_AaZa_A“%AK) (33)

UC(XI:Z%XMX) +D(A“17 _AOC% _AOC%AK) = ((leAocl)) - ((2274‘“2)) - ((XSvAO(3)) + ((X’AK))

The finite-step nonlocal elastoplastic model is then given by

Bo=(+r equilibrium
Bu=¢ compatibility
(Ao, — Aoy, — Aoz, Ax) € Ne(yy, 72, 13, X)) finite-step flow rule (34)

(0, =215 025 13, —X) = dP(e, 01, 00, 03, K) constitutive relation
uedr(r) external relation.
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Introducing the product space W =U x S x SxDx D x F and its dual space W, the finite-step struc-
tural problem (34) can be arranged to build up a global multi-valued structural operator S : W — W' govern-
ing the whole problem:

0cSw)=Sw)+ w,, wew, w,eW.

The explicit expression of the structural operator S is:

0O B 0 0 o0 0 0 0 0 0 0 —Ir

B 0 0 0 0 0 —Ip 0 0 0 0 0

0 0 0 Iy 0 0 0

0 0 0 -—Iy, 0 0 0

—0Uc

0 0 0 0 0 Iy, 0 0
s_|0 0 0 0 0 0 Iy 0

0 —Is 0 0 0 0 0 0 |

0 0 Iy 0 0 0

0 0 0 Iy 0 0

dd

0 0 0 0 Iy, 0 0 0

0 0 ’ Iy 0 0

-, 0 0 0 0 0 0 0 0 0 0 or |

and the vectors w and w, are given by
WT:[u G Y1 N2 X3 X ¢ o m o3 K r},
Wo=[— 0 -, oy 0% —K 0 0 0 0 0 O]

It is apparent that the present nonlocal model is governed by single-valued and multi-valued operators so
that it is necessary the recourse to the potential theory for multi-valued operators (Romano et al., 1993a) in
order to derive, in a direct manner, the general mixed functional whose generalized gradient yields back the
field equations and the constitutive relations (34).

Accordingly the conservativity of the structural operator follows from the duality existing between the pairs
(B,B), (I, 1s), (Iy,s1y)s Iyy: 1y,), (Iyy,13,)s (I, Iyr), (Iu, I 5), the conservativity of d¢ and the conservativity
of the subdifferentials oL, and 01™.

The related potential can be evaluated by summing up the potentials of each component operator so that it
turns out to be:

Qw) = / ((S(tw), w)) de = / (S ow), w)) de — (€,) — (11, @10)) + (722 20)) + (52 930)) — (o 0)),

to get:

Q(u70—7}f17227;{37y7 87“1)“%“37’(71/) = @(8,0{],0{2’063,1() - I—'C(XlaZ%XS?)_() - ((0_78))
+ ((0,Bu)) + (1,00 = 010)) — (72,02 = %20)) = (3, %3 — 9130))

F (X, Kk —Ko))+T7(r) — (£+r,u).
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The potential  turns out to be linear in (u, ¢), jointly convex with respect to the state variables (¢, oy, o, 03)
and jointly concave with respect to (y,, 72, 13, X, k,7). The stationary conditions of Q enforced at the point
(u, 0,71, 725 23, X, &, 011, 02, 03, K, 7)) provides the operator form of the structural problem (34). In fact the sta-
tionary condition:

0 0,Q(w)
0 € 0,Q(w)

0 € 0Q(w) < { (0,0,0,0) €0, . +Qw)
(0,0,0,0,0) € Do 1 0. 2()

0€0,Q(w)
yields the relations:
Bo=/{+r
Bu=c¢

(Ao, — Aoy, — Aoz, Ax) € ey, X2, 13, X)
(0, =21, X2 X3 —)7) =dP(e, o1, 00,03,K)
u oY (r).

By reverting the steps above, it can be shown that a solution of the finite-step nonlocal elastoplastic prob-
lem makes the functional Q stationarity. The following statement then holds.

Proposition 1. The set of state variables (u,a, yy, 72, 13, X, & 01, 02, 03, K, 7) is a solution of the saddle problem

min max  statQ(u, g, x, 12, 13, X5 €, 01, 02, 03, K, 7'
(Ea1,00:3) (1),70,73. X ) (1)

if and only if it is a solution of the finite-step nonlocal elastoplastic problem (34).

A family of potentials can be recovered from the potential Q by enforcing the field equations, the consti-
tutive relations and the external relation. All these functionals assume the same value when they are evaluated
at a solution point of the nonlocal elastoplastic structural problem.

6. Variational principles

Quite a few variational formulations have been proposed for the nonlocal elastoplastic problem (see e.g.
Borino et al., 1999 for rate nonlocal elastoplasticity, Mithlhaus and Aifantis, 1991 for gradient plasticity).
In the sequel different functionals in a reduced number of state variables and the related variational principles
are derived starting from the potential €. Such formulations are compared with the corresponding ones exist-
ing in the literature (if any) in the case of nonlocal or local plasticity.

Imposing in the expression of the potential Q the finite-step flow rule (34)s, in terms of Fenchel’s equality
(33)3, and the constitutive relation (34),, in terms of Fenchel’s equation (22)3, we get the following variational
formulation.

Proposition 2. The set (u,0,X,¢,01,00,03,K,7) is a solution of the saddle problem

min _ max stat Q;(u, g, X, ¢, 01, 00, 03, K, 7')
(e,001,00,03,00,X) T (u,0)

where
Qi (u,0,X,¢,00,0,03, K1) =P (e,01,0,03,X) — (X, k) + D(doy, — Aoy, —Aaz, Ak) — ((a,¢))
+ ((6,Bu)) + T (r) — (£ + r,u)
if and only if it is a solution of the finite-step nonlocal elastoplastic problem (34).

The stationary conditions of €, enforced at the point (u, 0, X, ¢, o, 0,03, K, 7) are given by:
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(0,0,0,0,0,0,0,0,0) € 0, (u, 0, X, &, 01,0, 03, K, 7)
0€0,Q(u,0,X,¢ 01,0,03,K,7)

0€ 0,9 (u,0,X,¢ 01,0, K,7)

0 € 0591 (u,0,X, ¢, 01, 00,03,K,7)

0 €0, (u,0,X,¢e 0,0,03,K,7)

(0,0,0,0) € Dsy y,25.0) 1 (1,0, X, &, 01, 02, 03, K, )
0€0,9(u,0,X,¢ 01,0,03K,7)

which yield the relations:

Bo=/(+r

Bu=¢

Kk =dz ¥ (e 0, 00,03,X)

o =d, ¥V (e o0, 0,0, —X)

(—day0.05) P (8,001, 00,03, =X ), X) € D).y 3,000 D(Aoty, — Aoty — Aoty Akc)
u e dr(r).

The relation (35); provides the equilibrium equation. The relation (35), represents the compatibility condi-
tion. The relations (35);_4 yield the constitutive relations in terms of stresses ¢ and of nonlocal kinematic inter-
nal variables «, according to (21). The relation (35)s shows, according to (21)4, that the triplet

(=21, X25 13) = Aoy iy ) P (&5 001, 02, 003, X ) S such that (31, =72, =23, X) € O(u; 00,35, D(A0ty, — Aoy, — A3, Akc)
which is equivalent to the flow rule (y,, x2, x5, X) € 0D(do, — Aoy, — Aoz, Ax) where the subdifferential is per-
formed with respect to the arguments of D. The relation (35)s provides the external constraint. The structural
model is thus obtained. By reverting the steps above, a solution of the finite-step nonlocal elastoplastic prob-
lem makes the functional Q; stationarity.

The direct proof of the subsequent variational principles is omitted for conciseness and it can be performed
following the reasoning shown above for Proposition 2. It is worth noting that a new variational formulation
is obtained from an existing one by enforcing the fulfilment of the field equations and of the constitutive rela-
tions pertaining to the nonlocal model (34). Hence the variational formulations turn out to be equivalent each
other.

A variational principle in terms of the displacements, kinematic internal variables, static internal variable X
and external reactions can be obtained from the expression of the potential ; by imposing the compatibility
condition (34), to get the next variational formulation.

Proposition 3. The set (u, o, 0%,03,k,X,r) is a solution of the saddle problem

min _ max Q,(u, o1, 0,03, K, X, 7)
(u,01,00,03,,X) T

where

Qz(u,dl,o(z,O(Q;,K,Y, }") = ‘P*(Bu,oc],otz,og,Y) - (()_(7 K)) +D(AO(],—AOC27 _AOC%AK) —|—T*(}") - <£—|—}", M>

if and only if it is a solution of the finite-step nonlocal elastoplastic problem (34).

Imposing in the expression of the potential £, the external relation (34)s in terms of Fenchel’s equality (31),
it turns out to be the following minimum principle holds.

Proposition 4. The set (u, o, 0,03, k,X) is a solution of the convex optimization problem

min _ 93(1,{7 0y, 0o, 03, KaX)
(u,01,002,03,16,X )

where

Qs (u, 0y, 0, 03, 16, X ) = W (Bu, o, 00, 03, X ) — (X, ) + D(Aoy, —Aota, — Aoz, Axc) — T(u) — (€, u)
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if and only if it is a solution of the finite-step nonlocal elastoplastic problem (34).

Remark 5. It is of interest to investigate the condition for the finite-step nonlocal elastoplastic structural prob-
lem (34) to admit a unique solution. In fact, minimum principles in structural mechanics are relevant since
solution techniques can be exploited and existence and uniqueness results can be provided by recourse to func-
tional analysis. In particular, uniqueness of the solution is ensured if the functional to be minimized is strictly
convex. If the semicomplementary free energy ¥* pertaining to the nonlocal constitutive model is strictly con-
vex, the functional Q3 turns out to be strictly convex and the finite-step nonlocal elastoplastic structural model
(34) admits a unique solution (if any). Since the constitutive model is usually formulated in terms of the free
energy @, it is useful to provide the uniqueness condition in terms of the free energy. Noting that a convex
functional is strictly convex if and only if its conjugate is differentiable, the functional ¥* turns out to be
strictly convex if and only if the free energy @ is differentiable with respect to the kinematic internal variable
Kk and strictly convex with respect to the state variables (e, o, o, o3). Existence of the solution is still an open
problem.

The extension to the present nonlocal context of the classical one-field variational formulation in stress
rates, known as Prager—-Hodge principle (Prager and Hodge, 1951) can be obtained from the potential
by imposing the equilibrium equation (34); and the constitutive relation (34), in terms of Fenchel’s equality
(22)2:

94(6’)(1’;_{2’%3’)() = —(15*((77 _X17225X37 _X) - UC(XHZZ;X%X) - ((XhalO)) + ((ZZ?O(ZO)) + ((}(3,0(3()))
—((X, ko)) + 1" (B'g — )
= 7W*(67X157{27137y) + T*(BIG — é)

where

W*(O—v A1 725 X}ay) = ¢*(67 115 12 X3 _)_() + UC(XI y X2 X37)_() + ((Xl ) 0610)) - ((ZZ» {xZO)) - ((XS; OC30))
+((X, 1))
It is worth noting that the potential €4 is concave in (g, y;, %2, ;) and convex in X if the static internal vari-
ables belong to the elastic domain since the indicator of the elastic domain vanishes. The following result thus
holds.

Proposition 6 (Finite-step nonlocal Prager—-Hodge principle). The set (o, x;, 72, x3,X) is a solution of the
optimization problem:
max statQu(a, 71, %2, 13, X)
(o0:723) X

if and only if it is a solution of the finite-step nonlocal elastoplastic problem (34).

The extension to the present nonlocal context of the classical one-field variational formulation in displace-
ment rates, due to Greenberg (Greenberg, 1949), can be obtained from the potential ; by performing the
following minimization:

W(Bu)= inf _ {¥*(Bu,a,m,03,X) — ((X,x)) + D(doy, —Auy, — Aoz, Ax) }.

(01,02,23,,X)

Substituting the functional 7 into the expression of the potential €3, the following convex functional is
obtained

Qs(u) = WBu) — T (u) — (£,u)
and the next statement then holds.

Proposition 7 (Finite-step nonlocal Greenberg principle). The displacement u is a solution of the convex
optimization problem:

min Qs (u)
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if and only if it is a solution of the finite-step nonlocal elastoplastic problem (34).

The corresponding of the finite-step Greenberg principle in which the plastic multiplier 4 explicitly appears
as an independent variable is derived hereafter.
To this end the complementarity conditions (30) can be rewritten in the form:

VAS 6L|9r [G(th&ax%)_()} Aand G(th(ZaXSv)_() € Gujf—(()“) (36)

being Lly- and Llg+ conjugate functionals. By virtue of Fenchel’s equality (Hiriart-Urruty and Lemarechal,
1993), the relation (36) between A and G can be equivalently formulated in the form:

U [G(11, 72 13, X)) + U () = (4, G101, 12 13, X)) (37)

Recalling that Uc(y;, X2, %3, X) = Us-[G(x1, 72, 13, X )] and inserting (37) in the expression of the functional
W, it results:

W(Bu,A) = inf stat{®(Bu, oy, 0,03, k) + D(doy, — Aoy, — Aoz, Axc) }

(org,00,03) K
= inf sup {(D(BM,OQ,OQ,O(:;,K) _UC(XHZZ;X}?‘Y)+((XI7AOCI)) - ((ZZ’AOQ))
(o1.22.23.1) (11:72:3.X)

= (3, o)) + (X, 4x)) }
= inf Sup_ {Q(Bua oy, 02, A3, K) - ((’17 G(XI’Z%}{B’)_())) + ((XlaAal)) - ((227 AOCZ))

(21.22,9.) (21:72:23.X)
= (23, 493)) + (X, 4K))} + Ug+ (4).

The variational principle in terms of (u, 4) is the nonlocal counterpart of the variational formulation intro-
duced by Capurso (1969), Capurso and Maier (1970) for local rate plasticity. It follows from Qs by consid-
ering the above expression of the functional W to get the next variational principle.

Proposition 8. The set (u, 1) is a solution of the convex optimization problem:

min Qg (u, A
(u,2) 6( )

where
96(1"7 /“) = W(Bu7 /“) - T(u) - <€a u>
if and only if it is a solution of the finite-step nonlocal elastoplastic problem (34).

Minimum principles are relevant in structural mechanics since, as previously shown, uniqueness can be
inferred by the recourse to properties of convex functionals, and, moreover, existence results can be provided
under suitable conditions and solution techniques based on minimization procedure can be exploited.

From a computational point of view, algorithms of convex optimization can be adopted for the numerical
solution of the optimization finite-step problem which arises from a space discretization by the finite element
method.

In particular, the variational formulation stated in Proposition 4 has been accounted for in the discussion of
uniqueness and will be resorted to for the consistent formulation of the predictor-corrector algorithm and for
the convergence analysis of the method in Section 8. The results of Propositions 6-8 are the generalization to
the present nonlocal context of the classical principles of Prager-Hodge, Greenberg and Capurso and Maier
for local rate plasticity. From the Proposition 8 a convex optimization problem will be derived (see Section 7)
in order to show that the present general theory can be specialized to recover existing variational formulations
for nonlocal models contributed in the literature.

7. A model with a nonlocal softening variable

The general constitutive model adopted in this paper can be specialized to several existing softening models
of plasticity based upon an integral approach (Marotti de Sciarra, in press). The proposed variational formu-
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lations can then be used to recover in a straightforward manner the structural model associated with the con-
sidered constitutive model. The procedure consists in the following steps: (i) define the linear operator L intro-
duced in (2) in order to provide the correspondence between the plastic strain p and the kinematic internal
variable oy; (i1) specialize the expression of the free energy (3); (iii) specialize the expression of the elastic
domain C given by (24); (iv) specialize the general variational formulation expressed in terms of the potential
Q. Such a procedure can be repeated with reference to the other functionals provided in this paper.

Hereafter the model contributed in Borino et al. (1999) is considered in which the softening behavior is gov-
erned by one nonlocal internal variable.

The linear operator L is defined in Table 2(i) so that the kinematic internal variable o; has the mechanical
meaning of the plastic strain p. The additive expression (3) of the free energy is reported in Table 2(ii) where
the elastic component (&, o L) is convex in (¢, p) and the inelastic component (®;, o R) is concave in x.

The convex elastic domain C is defined in the space of static internal variables (z,,X) as the level set of a
convex yield mode G in the form:

C={(0,X) e x¥: G(1,X) < 0}

where G is reported in Table 2(iii).

Imposing in the expression of the functional Q the compatibility condition (34), and the external relation
(34)s in terms of Fenchel’s equality (31), the potential €, reported in Table 2(iv) is recovered.

The potential 5 turns out to be jointly convex with respect to the state variables (u, p) and jointly concave
with respect to (y;,X, x). The stationary conditions of €,z enforced at the point (u, z;,X, p, x) in the form:

0 € 0,Q5(u, 11, X,p, k)
0 € 0,Qi5(u, 11, X, p, )
0€0,Q5(u,y,X,p K)
(0,0) € 6(11,7)913(%%1,77177 K)

provide the structural problem associated with the model of Borino et al. (1999):

B'd®y(Bu — p) — £ € 37 (u)
71 = dPq(Bu — p)

- , _ (38)
X =-R déin (K)
Ap:idg(%l% Ak = _}"7
Table 1
Independent fields appearing in the variational principles
Independent fields
u 14 1 72 13 X & oy o 3 K r A
Q Ve e —~ —~ ~ ~ - - - - ~ ~
Q Va V - - - - - - —
Q, - - - - - - —~
Q3 — — — — — —
Qy ~ —~ —~ ~ -
Qs —
Q - -
Table 2
Model with a local plastic strain
(1) L=[Ip —1Ip|, e=L(goy)=¢c—o1=¢—p
(11) ¢(£>p_K) = ¢el(8 7[1) + @in(RK)
(iii) G, X) =g(u) —X — 2

(IV) s-!lB(uJC] ,XJL K) = qsel(Bu *P) + ¢1H(Rh) - uC(le)?) + ((th 7p0)) + ((X7 K— KO)) - T(M) B <£7 u)
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s.t. 4 =0, G(x,,X) <0 and AG(y;,X) = 0.

The relation (38), shows that there exist a strain ¢ = Bu, a stress ¢ = d®(Bu — p) and an external reaction
r € 07 (u) which fulfil the equilibrium equation B'c = £ + r. The equality (38), shows that the static internal
variable y, coincides to the stress . The relation (38); shows that the nonlocal static internal force X is the
opposite of the R'-transformed of the dissipative force d; ®@;,(i). The equality (38), provides the finite-step flow
rule. The model proposed in Borino et al. (1999) is thus recovered.

From a mechanical point of view, the kinematic internal variable «; coincides to the plastic strain and its
conjugate static variable y; turns out to be equal to the stress . The kinematic internal variable « is the soft-
ening variable and has the physical meaning of the opposite of the cumulative plastic strain for suitable choices
of the yield mode. The related dual force X is the variable that controls the size of the elastic domain.

Being ¢ = y;, the elastic domain and the finite-step flow rule (38)4 can be expressed in terms of stresses and
the following variational principle holds.

Proposition 9. The set (u,a,X,p,K) is a solution of the saddle problem:
min max Q3(u,s,X,p, k)
(wp) (41,X k)

if and only if it is a solution of the finite-step nonlocal elastoplastic problem (38).

The mixed min—-max problem above is the finite-step counterpart of the mixed-type principle reported in
Borino et al. (1999) for the rate problem.

Form the mechanical point of view the kinematic internal variable « is related to the effective plastic strain
¢ if the yield mode is such that ||dg(o)|| = 1. In fact, being ||p|| = 4||dg(o)|| = A and noting the equalities
—k = A2 =||p||, the opposite of the kinematic internal variable x has the meaning of the accumulated plastic
strain —x = [; ||p(t)||dt = &”. As a consequence, the degradation of the yield stress is driven by the nonlocal
variable X which depends on the effective plastic strain &”.

The finite-step counterpart of the kinematic-type variational principle reported in Borino et al. (1999) for
the rate problem can be obtained from the potential Q¢. In fact it turns out to be:

W (Bu, 2) = ®(Bu, p, + id,G(0,X), ko + id5G(o, X)) (39)

subject to 2 > 0, G(5,X) <0 and AG(s,X) = 0. In the case of linear elasticity and softening, assuming the
expression of Table 2(iii) for the yield mode G with o =y, and external frictionless bilateral constraints,
the potential Qg, recalling the relation (39), becomes:

Proposition 10. The set (u, ) is a solution of the convex optimization problem:

min Q,p(u, 4)
(u,2)

where

€225(u,7) = 3 (E(Bu — p(4)), Bu — p())) + 5 (st Ri(2), Ri(2))) — ()

under the conditions u € L and
{P — P, = Adg(c) K— Ko = —4
4 >0,G(6,X) <0, AG(c,X)=0,

with ¢ = E(Bu — p(1)), X = —R'hniRi(1) being hay a negative modulus, if and only if it is a solution of the
finite-step nonlocal elastoplastic problem (38).

The above minimum principle is also the nonlocal finite-step counterpart of the principle given by
Miihlhaus and Aifantis (1991) for gradient plasticity.

7.1. Bar under uniaxial tension

To fix the ideas, let the nonlocal counterpart & of the kinematic variable x, linked to X which governs the
size of the elastic domain, be defined in the following form:
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R@%#R@@%:ABA@MQ% VxeB (40)

where the volume B of the structure is referred to a Cartesian orthogonal co-ordinate system x. The linear
regularization operator R : ) — Z transforms the local kinematic internal variable k into the related nonlocal
variable x since its value at the point x of the body B depends on the entire field x.

In the equality (40), f is the space weight function which describes the mutual long-range elastic interaction.
From a mechanical standpoint, the space weight function f is positive, have its maximum for x = & and
decreases monotonically and rapidly to zero approaching the boundary of the interaction zone. For
|lx — &|| = R, where R is the chosen influence distance, the space weight function f vanishes.

It is worth emphasizing that a nonlocal behavior must be present for high space variation of a local field so
that it should be R = I for uniform fields being 7 the identity operator. Accordingly the weight function  must
fulfil the normalizing condition:

Ammwzl (41)

for any x in B. In order to impose such a condition, also for points close to the boundary of the body in which
the interaction zone is deprived of a contribution, the following nonstandard weight function is commonly
assumed (see e.g. Pijaudier-Cabot and Bazant, 1987; Jirasek and Rolshoven, 2003):

m®=mb%M) (42)

where the scalar function g(x, £) is the attenuation (or influence) function and
V) = [ elx.)ds (43)
B

is called the representative volume.

The attenuation function g(x, &) usually depends upon the Euclidean distance ||x — &|| and is governed by
the material internal length scale / since the regularization takes place if the distance between the source point
&, at which a local variable is considered, and the point x, where the nonlocal effect is considered, is less than
the influence distance R which is a multiple of the internal length. A more refined dependence of g on the pair
(x, &) in the case of nonhomogeneous materials and for a body having cracks or gaps in the convexity of the
domain B occupied by the structure can be found in Polizzotto et al. (2004, 2006).

Note that the nonstandard weight function (42) is not symmetric, that is f,(&) # f:(x) due to the require-
ment to accommodate the uniform field condition near to the boundary of the body.

Typical choices for the attenuation functions are the Gauss-like function:

&) = exp - 4, (44)
IV2n 21
the bi-exponential function:
_ 1 [x = ¢
g(x, &) =75 &P (‘f (45)
where it is assumed / = R/6 in the examples, or the bell-shaped polynomial function:
15 (=g
x —
g(x, &) = 16R (1 —T> ) (46)

if |lx — &[| <R and g(x,&) =0 if [|x —&| > R.

The Gauss-like and the bi-exponential functions have an unbounded support so that the nonlocal interac-
tions have effects at arbitrary distances. Since the decay of the exponential function for increasing ||x — &||// is
very fast, from a computational point of view, it is possible to assume that the attenuation function g(x, &) is
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vanishing if ||x — &|| > R, being R the interaction distance. On the contrary the bell-shaped polynomial func-
tion (46) has a bounded support and g(x, &) vanishes for ||x — &|| > R.
In order to get a symmetric weight function f, the following expression is considered in the sequel:

Vix)

o0

1) = 1= 222 o0+ e )

where the symbol 6(x, &) denotes the Dirac delta function, V', is the value assumed by the representative vol-
ume V for an unbounded body and « is an dimensional scalar parameter which can be calibrated by suitable
identification tests. Accordingly the regularization operator is self-adjoint, i.e. R = R’. The expression (47) fol-
lows from the one proposed in Borino et al. (2003) within the context of nonlocal damage.

Let us consider a one-dimensional bar of length L = 100 cm which is fixed at one end and loaded by an
applied displacement at the opposite end. The material length scale is /=2 cm, the interaction distance
R=12cm and o« = 1. The uniaxial strain distribution is uniform along the bar before the peak of the
stress—strain curve. After the peak the stress remains uniform and decreases but the plastic zone is localized
into a narrow band and, sometimes, into a single cross section. Typically it is necessary to distinguish between
the case in which the plastic zone is far from the boundaries so that the analysis can be carried out as if the bar
is infinite and the case in which the plastic region is close to the boundary and the scaling effects of the non-
local weight must be considered. On the contrary, in the proposed approach, the two cases depicted above can
be analyzed in a unitary framework since the symmetric weight function (47) is adopted.

For a uniform kinematic internal variable, Fig. la—c report the plots of the functions W (x) = [, (¢
(1 —aV(x)/Vs), aV(x)/Vs and of the representative volume V' (x) in which the attenuatlon function g is,
respectively, chosen as the Gauss-like function (44), the bi-exponential function (45) and the bell-shaped poly-
nomial function (46). It is worth emphasizing that the considered weight function preserve constant fields since
the normalizing condition (41) is fulfilled as shown in Fig. 1 from a computational point of view independent
of the choice of the attenuation functions g. Moreover, the dual averaging preserves constant field since the
regularization operator is self-adjoint.

To analyze the possible localization of the plastic strain into a part of the bar, the structural problem given
by the relations (38) is considered assuming a linear elastic and softening behavior.

In a uniaxial tensile test the yield condition can be written in the form ¢ — X — 6, = 0. From (38)3 4 it
results X = —R’ZRx and p = —« so that the kinematic internal variable « fulfils the following integral condi-
tion at a localization point x, of the bar determined by random imperfections:

“_h“° — (RRx)(x,) = /B Z(x,, E)K(&) dé (48)
being

RRo)w) = [ 56 Uﬁ } /[/ﬁ .(9) ]x(é)dé:/BZ(x E(e)de
where

26,9 = [ RO (49)

is the symmetric double weight function. The double weight function derived from the bell-shaped attenuation
function g is plotted in Fig. 2, together with the attenuation function g itself, at the middle section of the pre-
viously introduced bar.

It is worth noting that the nonlocal averaging with the proposed double weight function (49) transforms a
uniform local variable defined in a finite domain into a nonlocal variable which is uniform, also near the
boundary. In fact it results:

[ | [memomsc— [ [ o [
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Fig. 1. Plots of the symmetric weight function W (x), of the two contributions (1 — ¥ (x)/V ) and a¥ (x)/V and of the representative
volume ¥ (x) for a one-dimensional bar with / =2 cm, R = 12 cm and « = 1 for different attenuation functions: (a) Gauss-like function; (b)
bi-exponential function; (c) bell-shaped polynomial function.

01

| dual weight function

normalized coordinate XX,

Fig. 2. Double weight function derived from the bell-shaped attenuation function g and the attenuation function g at the middle section of
the one-dimensional bar with L =100 cm and R =12 cm.
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Fig. 3. Numerical evaluation of the function fB Z(x, £)d¢ which turns out to be equal to / along the one-dimensional bar even in the
boundary layer.

Fig. 3 shows the numerically evaluated integral above as a function of the variable x which turns out to be
equal to / along the one-dimensional bar. On the contrary usual approaches provide symmetric double func-
tions that do not meet the previous condition in the sense that a uniformly distributed local variable is trans-
formed into a nonlocal variable which is not uniform in the vicinity of the boundary (see e.g. Jirdsek and
Rolshoven, 2003) since it is adopted a nonstandard weight function affected by scaling only in the boundary
layer.

The internal variable « fulfilling the relation (48) is then given by:

g — 0,
K0 = —pl) = o ol ) (50)
where x, is the localization point and J is the Dirac distribution centered at x,,.
The nonlocal static internal variable X governing the degradation of the elastic domain turns then out to be:

g — 0,
Z(xp,xp)

g — 0,

X(x) = (RMRp)(x) = — Z(xp,x,)

/B Z(x, &)8(¢ — x,) dé = — Z(x,%,) (51)

and it is a multiple of the double weight function centered at the localization point x,. The plastic zone is con-
centrated at the single cross section of the bar placed at x = x,. Since the stress is constant, the current soft-
ening law g, +X must reach its minimum at the localization point x, and changes not only in the plastic
region but also in its neighborhood since X is different form zero at points at which the local counterpart
X is vanishing. Accordingly the double weight function Z must attain its maximum at x = x,. This is the char-
acteristic feature of the function Z so that the solutions (50) and (51) are valid.

The plots of the double weight function Z(x,, £), as a function of &, for the considered one-dimensional
bar and for the localization point x, placed far from the boundary, right on the boundary and set in the vicin-
ity of the boundary are reported in Figs. 4-6 for different attenuation functions. In particular, the localization
point x, is assumed far from the end cross sections at x, = 51.56 cm (x,/R = 4.29) in Fig. 4, coincident to the
end cross section at x, = 0 in Fig. 5 and in the boundary layer at x, = 6.77 cm (x,/R = 1.77) in Fig. 6. It is
apparent that the maximum of the double weight function Z(x,, -) is always in correspondence of the consid-
ered localization point x, even if the plastic zone localizes into a cross section of the bar which is affected by the
presence of the boundary. On the contrary in the usual models, see e.g. Jirdsek and Rolshoven (2003) for a
comprehensive overview, the double weight function has a maximum at a point which is different from the
localization point if it is placed at the end cross section or in the boundary layer due to the nonstandard form
of the weight function.

The double weight functions derived from the bi-exponential and Gauss-like functions provide a similar
distribution of the nonlocal static internal variable X. Such a distribution is sharper than the one correspond-
ing to the double weight functions derived from the bell-shaped function for each of the considerate localiza-
tion points of the plastic strain k = —p. The peak appearing in the distribution of the nonlocal static internal
variable X derived from the Gauss-like function is due to the presence of a term containing the Dirac delta
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Fig. 4. Plot of the double weight function Z(x,, £) for the considered one-dimensional bar at the localization point x, = 51.56 (far from the
boundary) for different attenuation functions: Gauss-like function; bi-exponential function; bell-shaped polynomial function.
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Fig. 5. Plot of the double weight function Z(x,, ¢) for the considered one-dimensional bar at the localization point placed at the boundary
x, = 0 for different attenuation functions: Gauss-like function; bi-exponential function; bell-shaped polynomial function. The maximum of
the double weight function Z(x,, ¢) is in correspondence of the localized cross section x,,.
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Fig. 6. Plot of the double weight function Z(x,, ¢) for the considered one-dimensional bar at the localization point x, = 6.77, placed in the
boundary layer, for different attenuation functions: Gauss-like function; bi-exponential function; bell-shaped polynomial function. The
maximum of the double weight function Z(x,, ¢) is in correspondence of the localized cross section x,,.

0(x — x,) in the expression (49). Further analyses on multi-dimensional examples have to be carried out and
they are the subject of ongoing researches.
The solution of the problem (48) leads to a displacement field of the form:

u(x) = E 'o(x) + H, (x)

where H, is the Heaviside function centered at x,. The displacement jump at x, is then given by:
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W6) = 3705

which leads to a cohesive traction-separation law:
0 = 0o+ hZ(xp, x,)[[u]](x).

The stress transmitted by the cohesive zone vanishes if the displacement jump reaches the critical value
[[ul]o(xp) = —0/(hZ(xp,x,)).

Hence the presented nonlocal formulation can be interpreted as a cohesive model where the plastic strain is
localized into a set of zero measure.

8. A convergence criterion

The elastic predictor followed by the plastic corrector is the classical scheme of computational plasticity for
the numerical solution of local and nonlocal elastoplastic finite-step structural problems, see e.g. Simo et al.
(1988) and Miihlhaus and Aifantis (1991).

In this section, the predictor-corrector scheme in term of dissipation is consistently derived by minimiz-
ing the functional Q; with respect to displacements and to internal variables alternatively. It is further
shown that the minimum principle involving the functional €; leads to a sufficient condition for the con-
vergence of the iterative procedure and to a criterion for the choice of the material elastic stiffness in the
prediction phase.

In order to show the equivalence of the minimization of the functional ©; and the predictor-corrector
algorithm, the load path is divided in finite increments and the rth step (from » —1 to r) of the load
history is considered. The corresponding increment of the applied load is denoted by A4¢". The increments
of the displacements and of the internal variables in the rth step are denoted by (du’,Aof,
Aoy, Aoy, A", AXT).

To fix the ideas, let us focus the attention in correspondence of the ith iteration (from i — 1 to i) of the rth
load step. Denoting by Ae'~!' the known increment of the state variable e at the end of the iteration i — 1 (or
equivalently at the beginning of the iteration i) and by de’ the relevant unknown increment in the iteration ith,
the increments of the state variables can be written as:

A = A+ 5, Ao = Adth S0l Ao = Aot + Sodb,
Aoy = Ao + 00, Ak' = A" + 0k, AXT = AXT 45X,

In the case of nonlinear elastic and hardening/softening behavior and external frictionless bilateral con-
strains, the variational formulation associated with the potential Q; can then be modified to get:
Proposition 11. The set (du', dor, 6oty doty, 0k’ , X7 is a solution of the convex optimization problem

min  Qs(du, 0o, ot 0y, 51, 5X7)
(Ju Jot 3ot St St 67
where
Q, (5, ot ) oot dotk, O, 6X7) = W (B(Au'™" + du'), Aot + Sod, Aokt + S0y, Aat 4 oy, AXT! 4 5XT)
— ((AXT" + 0X7 A" + 6K")) + D(Sot, — oty — ot Ok
— (Al A 4 ur),

with (A" + du') € L, if and only if it is a solution of the finite-step nonlocal elastoplastic problem in terms of
increments of the state variables in the ith iteration.

The relations governing the finite-step nonlocal structural problem in terms of increments of the state vari-
ables within the ith iteration can then be recovered by performing the stationarity of the potential 3. Hence it
turns out to be:
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(0,0,0,0,0,0) € 39 (3, 604, 524, 8}, 31, 6X)
Bdys V" = A

= (ot W o W~ W AXT 4 OX) €05 1 1y 5y D (00, 0, — 004, 0K) (52)
Ak + 0K = d g P

where the arguments of the functional ¥* have been dropped for simplicity. Recalling (21)4, the nonlocal
structural problem in the ith iteration (52) is given in the following explicit form:

Bou' = o
A= + 66" = dyg, V*
B' (46! + da') = Al
Ay = oy = doi ¥
A7+ 0%y = doy V°
A5+ 0y =doy ¥
(Axi "+ 07, A5 + 75, Ay + 0y, AX + 6X7) € 0D (ot — oy, — oty 6
A+ 0kt = d gz P
where (Au~! + ou') € L.
The increments of the displacements and of the kinematic and static internal variables in the ith iteration
can be determined by a sequence of alternated minimization of the functional €3 with respect to displacements
and to kinematic and static internal variables.

— The prediction phase consists in the minimization of Q; with respect to &' in which the increments of the
kinematic and static internal variables are held constant to the initial values (Ao, Aoh !, Aokt A1 AX1):

min Q;(8u,0,0,0,0,0).
ou'

The relevant stationary condition is provided by the relation (52); in the form:

B'dps V" (B(Au'™" + 6u'), A", Ayt Ao AXTY) = Al (54)
with (4u'~! + éu’) € L, which amounts to solving an elastic problem for the given increment of the external
load in the ith iteration. In fact, being

A6 + 60" = dips V" (B(Au'™" + ou'), Ac", Aoy Aol AXTH)
the condition (54) can be rewritten in the form:

B'oo' = A" — B'4c"".

The difference A4¢" — B'A6'~! represents the residual load in the ith iteration, that is the difference between
the applied load and the fictitious load associated with the increment of the stress at the end of the iteration

i—1.
— The correction phase can be obtained by minimizing the potential Q3 with respect to the internal
variables:
min Qs (ou', dai, o, Sk, Ok, OX7)
(0 ey 008, 05X )
where du’ is the solution of the prediction phase.
The relevant stationary conditions:
(0,0,0,0,0) € 6(50/ 8o 5o, i 5}1')?23 (0u', dary, dory, doty, o', OX')
1120% 03,01

yield the relations (52),_3 which are equivalent to the relations (53)4 .



F. Marotti de Sciarra | International Journal of Solids and Structures 45 (2008) 2322-2354 2347

A convergence criterion can now be presented in order to extend to the present nonlocal variational frame-
work an analogous criterion derived by Comi and Maier (1990) in the context of finite elements for local
elastoplasticity. R

Let us assume a linear elastic and hardening/softening behavior. The expression of the potential Qj
becomes:

Q, (0u', 6y, Oty B0ty 01, 6X7) = %((E(B(Aui’l +6u') — A(Aolt +504) ), B(Au' ™" + 8u’) — A(Ao7 + 60r))))

1 4 o ‘

+§((H1 (Aot 4 S0y), Aot + 501} ))
1 4 . . .

+§((h2R(Aa';1 + 60y), R(dos " +60) )
1 , o ,

5 (s (47 4 004 ), Aoy +624))

—%(((R%R)_l (AX! 4 6X7), (4K +6X1)) )

— ((AX"" 4+ X", Ak + k")) 4+ D (S0, — S0k, — 0t k')

— (A0, A" Su).

The above minimum principle associated with the potential Q; is used hereafter to prove a theorem that
establishes a sufficient condition for the convergence of the iterative procedure elastic predictor-plastic correc-
tor and a criterion for the choice of the material elastic stiffness in the elastic prediction phase.

The theorem is based on a global convergence proposition reported in Luenberger (1973) for iterative des-
cent algorithms. By iterative one means that the algorithm generates a series of points, each point being cal-
culated on the basis of the points preceding it. By descent one means that as each new point is generated by the
algorithm, the corresponding value of some function, evaluated at the most recent point, decreases in value.
The global convergence theorem ensures that the sequence of points generated by the algorithm in this way
converges to a solution of the original problem.

In order to ensure the convergence of the iterative elastic predictor-plastic corrector algorithm, it is neces-
sary to show that the elastic prediction followed by the plastic correction is a descent algorithm. The next
statement is devoted to this issue.

Theorem 12. The potential ﬁg is monotonously decreasing in the ith iteration:
0(0,0,0,0,0,0) — Q3 (', 60, dtb, 5, 31’ , 6X') = 0 (55)
if the material elastic stiffness is chosen as follows:
{E" =E ifi=0
E'=9yE if i > 0 such that E' is symmetric and positive definite
with y > 1/2.

Proof. Let us show that both the prediction and the correction phases are monotonously decreasing.

e Prediction phase: The difference (55) in the prediction phase can be rewritten, after some algebra, in the
form:

~ ~ ) 1 . ) . .
93(07070705050) - 93(51'{[’070707070) = 5((E(BA1’{171 _AAOCllil)DBAulil _AAO(Ilil))

o 1 . : . .
— (A0, A —5((1£(B(Au'*1 + 6u') — AAt"), B(Au'™!
+8u') — AATY)) + (Al At + S’y =
— (B EBAu'™", 6u)) — % ((B'EBSW', 6u')) + ((EBSu', AAei™"))

(A, 8u). (56)
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Denoting by K’ = B'E'B the elastic stiffness operator adopted in the prediction phase of the ith iteration, the
stationarity of (56) with respect to du’ yields:

A =K'6u' + BEBAu™ — B'EAAo = K'su' + BEBAu™" — AAo™). (57)

Hence, substituting (57) in the relation (56), it turns out to be after some algebra:
~ ~ _ 1 S o | S
€4(0,0,0,0,0,0) — ©3(64,0,0,0,0,0) = — 3 (Kéut, &u')) + (K'eut, bu')) = ((K' = 5K)owl, o)),
being K = B'EB the elastic stiffness operator.

Noting that the operator
K"—lK—B’ E"—lE B
20 2
is positive by assumption, it results:

©5(0,0,0,0,0,0) — Q5(5u,0,0,0,0,0) > 0

for any conforming displacement, i.e. (4u'~' + 6u') € L, and the equality holds if and only if du’ = 0.

e Correction phase: The difference Q;(0u',0,0,0,0,0) — Q3(du’, dot}, doy, dery, dx’,0X') turns out to be non-
negative since the potential Q5 attains its minimum at the solution point (du', dor}, ooty doy, 0x’, 0X'), so that
it results:

Q4(3u',0,0,0,0,0) — Qs (0, 00t doty, 0k, 3, 6X7) = 0.
The proof is thus complete since the difference reported in (55) turns out to be nonnegative.[]

Hence the elastic prediction-plastic correction generates a sequence of points (du, do, doh, dok, Ok’, 6X7)
which converges to a solution of the structural problem.

9. Stability

In local plasticity, the property of nonexpansivity as a suitable measure of nonlinear stability of the evolu-
tion equations was introduced in Nguyen (1977). Then it is shown in Simo and Govindjee (1991) that the evo-
lution equations in both local hardening plasticity and viscoplasticity exhibit the property of nonexpansivity
and, further, it is proved that the return mapping algorithm obeys the so-called property of B-stability which is
the discrete counterpart of nonexpansivity. The same issue is addressed in Reddy and Martin (1991) for local
elastoplasticity in the framework of internal variables coupled with the use of the evolution law in terms of
dissipation.

The property of nonexpansivity is now examined with reference to the finite-step nonlocal elastoplastic
problem addressed in this paper following the approach proposed in Reddy and Martin (1991) for local
plasticity.

Given a function f : t — f(¢) = f; € X, the flow f; is said to be nonexpansive with respect to the scalar
product generated by a positive-definite symmetric operator M if the following inequality holds:

17 (6) =S (Dllag < NF0) = £(O)lp, forall 2 >0, (58)

where f(¢) and f(¢) are flows corresponding to distinct initial conditions f(0) and f(0), respectively. The non-
expansivity condition (58) ensures that two flows generated by two nearby sets of initial conditions will be, at
any time ¢, at least as near to each other as they were at the initial time. It is worth noting that the condition
(58) is a nonlinear stability condition and no linearization will be carried out in the sequel in order to assess its
validity.

A sufficient condition for (58) to hold is given by the inequality:

%Ilf(t) — (O3 <0 forallz >0

or, equivalently, by the condition:
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((f()) = £(0),f(t) = f(1)))py <O forall z > 0. (59)

For a given strain history &(¢), the nonexpansivity of the nonlocal finite-step elastoplastic model is analyzed
for linear elasticity and hardening/softening behavior. For simplicity, the relations (19) and (33), pertaining to
the nonlocal finite-step model are rewritten hereafter:

g =E(e—Aoy)

w1 =A'c—Hjoy = A'Ee — (A'EA + H))oy

7> = R'hoRay (60)
13 = h303

X = —R'hRk

(11572, 13, X) € 0D(doy, — Aoy, — Aotz AK)

in which all the state variables are functions of time.

By virtue of the relations between convex and saddle functional, the dissipation D can be expressed in terms
of a saddle functional B : )} x )V, x V5 x V' — R, convex with respect to (4o, — Aoy, —Aoz) and concave with
respect to X, in the form:

D(Aoy, — Aoy, — Aoz, Ax) = —inf{((Y, —4x)) — B(Aay, — Aoy, — Aoz, Y) }
Y

so that the finite-step flow rule (33), can be equivalently rewritten as follows:
(115 %2, 13, X) € OD(Aoy, — Aoy, — Aoz, Ak) <= ()1, 72, A3, —AK) € OB(Aory, — Aoy, — Aoz, X). (61)
The subdifferential relation (61), is then equivalent to state:
(11,22, 713) € 01B(Aoy, — Aoy, — Aoz, X ) — Ak € 0,B(Aoy, — Aoy, —Aviz, X ) (62)

where 0;B denotes the subdifferential of B with respect to the variables (4o, — Aoy, —Aw) and 0,B denotes the
superdifferential of B with respect to the variable X. As a consequence, the multi-valued maps 0,8 and —0,8
are cyclically monotone and hence monotone.

Let us now consider two nonlocal finite-step elastoplastic problems arising from two distinct initial condi-
tions. The relevant state variables, following from the two distinct initial conditions, are denoted by unbarred
and underbarred symbols, respectively. Then the relations (62) and the monotonicity (see Appendix A) of 0,8
and —0,B yield:

(1 = 1y Aoy — Ao)) + ((2 — 225 — Ao + A0i2)) + (43 — x3, — A%z + Azz)) = 0 (63)

((F — X, A — 4x)) < 0.

Substitution of the static internal variables (60),_4 in (63); gives, after some algebra, the inequality:
((D(Ofl - @1), Aoy — A%)) + ((R/th(fxz - Zz), Aoy — 4@2)) + ((h3(053 - 23)7 Aoz — A%)) <0 (64)

where D = A'EA 4 H;. If the operators A, H; and R’ R are definite positive, the relations (64) can be rewrit-
ten in the form:

o — o Aoy — A
0 — 0 |, | doy — Aoy <0
03 — 3 Aoz — Aoz

M

where M = diag[D, R'/;R, /3]. Hence the evolution of the kinematic internal variables (o, %, 3) is nonexpan-
sive with respect to the scalar product induced by M.

The nonexpansivity in terms of static internal variables follows from the inequality (64) which can be
rewritten in terms of static internal variables by means of the constitutive relations (60),_4 to get:

(1= 2D (A = Az0))) + (22 = Zos RMR) ™ (A2 = A7) + (13 — 2.3 (473 — 413))) <O (65)

or equivalently:
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n—nl [4n—A4n
=X, | 40— 4% <0
B 4 — A4 !

which ensures the nonexpansivity of the static internal variables (y;, 72, x3) with respect to the scalar product
induced by M.

In order to investigate the nonexpansivity of the evolution of the stress, the constitutive relations (60);_,
yield:

o —a=EAD (3, — 1) (66)
Substituting the difference y; — x; recovered from the equality (66) into the inequality (65), it results:
(6 — 0, E" 4" DA™ E" (A0 — 40))) + (72 — T2, (RIsR)™ (472 — A7)
+ (13 —137h§1(AX3 —4y3))) <0

or equivalently:

c—0 Ao — Ao
=X, | 40— 45 <0
3= X3 Ays — Ay -

being N =diag [EAD '4'E, R'h,R, h;], which ensures the nonexpansivity of the stress ¢ and of the static inter-
nal variables (7, x3) with respect to the scalar product induced by N~'. Note that the operators appearing in
N~ which act on the variables 7, and y; coincide to the relevant ones of M.

Finally there arises the question of whether the evolution of the kinematic internal variable x is nonexpan-
sive and if so with respect to which scalar product. By virtue of the relations between convex and saddle func-
tional, the dissipation D can be expressed in terms of a saddle functional C : ¥; x V) x V; x Y — R, convex
with respect to (4o, 4x) and concave with respect to (y», x3), in the form:

D(AM], —AOCQ, —AO(3, AK) = — _IIlf {((72, Aaz)) + ((Y3, AOC3)) — C(Ad],?g, Y3, AK)}
(Y2,Y3)

so that the finite-step flow rule (33), can be equivalently rewritten as follows:
(115 22, 13, X) € OD(Aoy, — Aoy, — Aoz, Ak) <= (31, Aoz, Aoz, X) € OC(Aaty, 72, 13, AK). (67)
Hence the subdifferential relation (67), is equivalent to state:
(11, X) € 01C(Aay, 72, 13, AK) (Avtz, Aoz) € 02C(Aoty, 72, 13, AK) (63)

where 0,C denotes the subdifferential of C with respect to the variables (4o, Ax) and 9,C denotes the super-
differential of C with respect to (72, x3). The monotonicity of the multi-valued map —0,C implies:

((r2 = 22, o2 = A)) + (13 — 23, Ao — Az)) < 0. (69)

Such an inequality can, also, be assessed starting from (63); by considering two nonlocal finite-step elasto-
plastic problems such that y; = y;.
Recalling the relations (60)3;_4 and the equalities oy = a3 = —k, the inequality (69) yields:

((R'AR + h3)(k — k), Ak — 4k)) < 0 (70)
so that, for any symmetric operator Q : Y — ), it turns out to be:
((O(k — k), 4k — 4K)) <0, (71)

provided that O = R'a;R + h; using (70). Accordingly a sufficient condition for the nonexpansivity of the kine-
matic internal variable x is that there exists an operator Q such that:

O =R'IR + .
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Then the kinematic internal variable x is nonexpansive with respect to the scalar product induced by Q.
The nonexpansivity in terms of the static internal variable X follows from the inequality (71) and the rela-
tion (60)s:

((RHR)" Q(RAR)™' (¥ — X), AX — AX)) < 0

which ensures that the nonexpansivity of the static internal variable X with respect to the scalar product in-
duced by (R'AR) 'O(R'AR) .

10. Closure

The response of a structural nonlocal elastoplastic problem under assigned loads is provided. A family of
mixed variational principles with different combinations of state variables is addressed and a comparison
between the mixed variational formulations presented in this paper, which differs for the type of independent
fields, is summarized in Table 1 where the potentials are reported on the left side and, for each of them, the
variables appearing in the related variational formulations are listed. The symbols ”, ~— or —~ mean that the
potential is linear, convex or concave in the corresponding variable. It is worth noting that many other var-
iational formulations can be obtained following the procedure outlined in this paper.

The nonlocal elastic predictor-plastic corrector procedure is developed with reference to the evolution law
expressed in terms of dissipation. A convergence criterion for the elastic prediction-plastic correction is pro-
posed and a discussion on the uniqueness of the solution is provided. Finally the stability analysis of the non-
local problem is analyzed.

A one-dimensional example is carried out to show the effectiveness of a recently proposed spatial weight
function which allows one to treat the plastic zone close or far from the boundary in a unitary framework
without the recourse to nonstandard weight functions. Multi-dimensional examples will be the subject of sub-
sequent research works.

The proposed treatment of nonlocal plasticity can provide a basis for further developments, to be achieved
elsewhere, as numerical analyses to validate the theory and computational comparisons with existing models.

The nonlocal model turns out to be rather versatile due to its thermodynamic basis and can be used to
model different material behaviors such as nonlocal elasticity, nonlocal elasticity with damage, nonlocal elas-
toplasticity with damage and, in general, any material behavior which cast in the framework of the internal
variable theories.
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Appendix A

Some basic definitions and properties of convex analysis which are referred to in the paper are briefly
recalled here. A comprehensive treatment of the subject can be found in Hiriart-Urruty and Lemarechal
(1993).

Let (X,X’) be a pair of locally convex topological vector spaces placed in separating duality by a bilinear
form ((-,-)). The subdifferential of the convex functional f : X — R U {+oco} is the set 3f C X' given by

X ef(x) = () —fx) 2 (K y—x)) VyeX

In particular, if the functional f'is differentiable at x, € X, the subdifferential is a singleton and reduces to
the usual differential.

A graph G is a nonempty subset of the product space X x X'. A graph G C X x X’ is said to be monotone
if:
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(05 —=x],%2—x1)) =20 V (x,x) € G i=1,2.

Moreover, a graph G C X x X’ is cyclically monotone if it results:

n

D (G ) 0= Y (7 — ), x)) =0

i=0 i=0

for every (x;,x}) € Gwithi=0,...,n,n+ 1 = 0. It is apparent that a cyclically monotone graph is also mono-
tone. It can be proved that the subdifferential of a proper convex function is cyclically monotone and, hence,
monotone.

The following rules holds for subdifferentiability.

Chain rule: Given a differentiable operator 4 : X — Y and a convex functional f : ¥ — R U {400} which
turns out to be subdifferentiable at y = A(x), it results:

O(f 0 A)(x) = [dA(x)]'0f (A(x)),

where dA(x) is the derivative of the operator 4 at the point x and [dA4(x)]’ is the dual operator;
Additivity: Given two convex functional f; : X — RU {400} and f> : X — R U {400} which are subdiffer-
entiable at x € X, it results:

O(f1 + /2)(x) = /1 (x) + 0fa(x).
The conjugate of a convex functional f'is the convex functional /* : X’ — R U {+oo} defined by:
ST (") = sup{((x",»)) = f(y) withyeX},
so that Fenchel’s inequality holds:
SO+ = () VyeX, Vx eX.

The elements x, x* for which Fenchel’s inequality holds as an equality are said to be conjugate and the fol-
lowing relations are equivalent if f'is closed:

SO+ () = ("), x €df(x), xedf(x).

Analogous results holds for concave functional by interchanging the role of +o00, > and sup with those of

00, < and inf. The prefix sub used in the convex case has to be replaced by super. The same symbol O is used
to denote subdifferential (superdifferential) of a convex (concave) functional when no ambiguity can arise.

A relevant case of conjugate functionals associated with a convex set C is provided by the indicator
functional:

0 ifxeC
Uc(x) =

+o0o otherwise

and the support functional:
D(x*) = sup{((x*,x)) with x € C}.

It is worth noting that the subdifferential of the indicator of a convex set C at a point x € C coincides to the
normal cone to C at x:

{x*eX :((x,y—x)) <0 VyeX} ifxeC
%) otherwise.

L) = Nets) = {

A functional k : X x ¥ — R is said to be saddle (convex—concave) if k(x, y) is a convex functional of x € X
for each y € Y and a concave functional of y for each x. The subdifferential of the convex functional (-, y) at x
is defined as 0,k(x,y) or 0,k(x,y) and the superdifferential of the concave functional k(x,-) at y is defined as
0xk(x,y) or 0,k(x,y). The subdifferential of the saddle functional k at the point (x,y) is defined as follows:

Ok(x,y) = O:k(x, ) x ayk(x’y)'
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