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TWO-SCALE HOMOGENIZATION FOR A MODEL
IN STRAIN GRADIENT PLASTICITY

ALESSANDRO GIACOMINI! AND ALESSANDRO MUSESTI?

Abstract. Using the tool of two-scale convergence, we provide a rigorous mathematical setting for
the homogenization result obtained by Fleck and Willis [J. Mech. Phys. Solids 52 (2004) 1855—
1888] concerning the effective plastic behaviour of a strain gradient composite material. Moreover,
moving from deformation theory to flow theory, we prove a convergence result for the homogenization
of quasistatic evolutions in the presence of isotropic linear hardening.
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1. INTRODUCTION

Strain gradient plasticity models have been deeply studied in recent years in order to understand size effects
taking place in ductile metals (see [7,8,12,13] and references therein). The gradient of the plastic strain is
connected with the density of geometrically necessary dislocations inside the body (see [2]) and its inclusion in
the model aims at capturing their interactions. However, the way in which such a term affects the equations
of the model is still suggested by phenomenological considerations, although in agreement with the general
principles of thermodynamics (see [12,13]). Strain gradient terms may play both a dissipative and an energetic
role; if the configuration of an elastoplastic body 2 C RY subject to small displacements v : 2 — R entails
a plastic strain p : 2 — MY (here MY stands for the space of symmetric deviatoric matrices, see Sect. 2), an
overall plastic strain measure usually employed to compute the dissipation during an evolution is given by the

quantity
VIPP + VP

Here (¢ is a dissipative length-scale, which has the dimension of a length and the order of magnitude of the
distance at which interactions between dislocations take place. In particular, for polycrystals, £ is comparable
with the size of the grains of the material.

In 2004 Fleck and Willis [9] studied the behaviour of composite materials with highly oscillating elastic and
plastic moduli, whose response in the homogenization limit does not involve gradient terms. More precisely,
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they considered a strain gradient deformation theory whose associated energy is given by
1
fwp) =5 [ C@Bu—p): Bu—pydot [ ba)lpf + 295 do (1)

where the elastic tensor C and the yielding function b highly oscillate in space, and Eu denotes the symmetrized
gradient of u. Since the interactions modeled by strain gradients tend to vanish in the homogenization limit,
Fleck and Willis focused on the problem of finding suitable bounds for the effective energy (independent of Vp)

& up) = | FU(Bu(e).pla) da (1.2)

governing the behaviour of the homogenized body. Here the effective energy density F°(A,p) is provided by
minimizing the energy (1.1) on a representative volume element, among displacement fields u satisfying the
linear boundary condition © = A - 2 and plastic strains p with mean given by p. In the particular case when C
is constant and only the yielding function b oscillates, the effective energy density becomes

F(A,p) = C(A—p): (A—p)+ V(@) (13)

where the elastic part is clearly identified, but the effective plastic potential V°f depends also on the elastic
properties of £2. Indeed, its expression involves an operator I' (introduced by Willis in [25]) associated to an
elasticity problem which depends on C (see Thm. 4.7).

The first aim of our paper is to provide a rigorous mathematical framework in order to establish (1.2) in the
case when C and b oscillate in a periodic way. We consider energies of the form

E(u,p) = %/Q(C (g) (Bu—p): (Eu—p)dz + /Qb (g) [[p|* + 2¢%|Vp|?] dz, (1.4)

defined on H'(£2;RN) x H'($; Mg ), where C and b are periodic and satisfy suitable coercivity assumptions.
The plastic and elastic moduli oscillate on a scale €; accordingly, the dissipative length-scale is given by &/, with
£>0.

We study the asymptotic behaviour of £ as € — 0 in the framework of two-scale convergence. This remarkable
notion (see Sect. 3 for the precise definition and the main properties) has been introduced by Nguetseng [19]
and Allaire [1] in order to study periodic homogenization in linearized elasticity. Let us consider the unit cube

N
v [La
2°2

For a family of functions (v:)eso uniformly bounded in LP({2), the two-scale weak limit of v. is given by
V e LP(£2 x Y') such that

. T -
tim [ v (2. 2) do = /Q Vi@l drdy

e—0

for every smooth function ¢ (x, y) defined on £2xY and periodic in y (see Def. 3.1). Noticeably, a microstructural
variable y appears in order to keep track of the oscillations of the functions of the family. In Section 4 we will
prove that the asymptotic behaviour of (1.4) along a family (u., p:)e>0 can be inferred from the two-scale energy

1
E(w,U,P) =5 /Q y C(y)(Eu+ E,U — P) : (Eu+ E,U — P)dxdy + /Q y b(y)[| P + 2|V, P*] dzdy, (1.5)
X X
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where U € L?({2; ngr’O(Y; R™M)), periodic and with null average in y, is connected with the two-scale weak limit
of Eu. (see Prop. 3.3), while P € L?(£2; Héer (Y; MY)), periodic in y, is associated with the two-scale weak limit
of p. and eVp. (see Thm. 3.5). By employing (1.5), we will show (Thms. 4.3 and 4.5) that the configurations

(te, pe) which minimize (under suitable boundary conditions for the displacement)

(u,p) — E(u,p) — /Qf-udac,

where f € L?(£2;R"Y) stands for the density per unit volume of external body forces, converge as ¢ — 0 in the
weak topology of H(2;RY) x L2(2; M%) to the minimizer of

— geﬁ' o . d
(u,p) > £ (u, p) /Q f -ude,

where £ is of the form (1.2). Moreover, concerning the effective energy density we obtain the formula

F (A p) = min{% /Y(C(y)[flJrEyUfP] : [A+ E,U — P]dy

+ [ BIPE+ £V, PRIy : (U.P) € HiuyoViRY) x 3 (viME), [
Y

[ P ay =p} (1.6)

in which the representative volume element is precisely the unit cell Y. In the case when the elasticity tensor is
constant and oscillations do occur only in the yielding function, we obtain a characterization of Willis’ operator I”
in terms of the function U appearing in (1.5) (see Def. 4.6 and Thm. 4.7).

The key tool in investigating the asymptotic behaviour as e — 0 of the energies (1.4) is Theorem 3.5, where
an asymptotic and approximation result in a two-scale sense concerning functions v. bounded in L?(§2) with
eVv. bounded in L?(£2;RY) is given.

In Section 5 we move from deformation theory to flow theory, considering quasistatic evolutions for the model
associated to (1.1) in the presence of isotropic linear hardening. Setting again the problem in the case of periodic
oscillations for the elastic and plastic moduli, we study the asymptotic behaviour of quasistatic evolutions with
vanishing strain gradient effects, employing the energetic approach to evolutions for rate independent systems
introduced by Mielke and his school (see [16] and references therein). In this framework, the analysis of the
deformation theory can be considered as a preliminary step for the study of the corresponding flow theory.
We show in Theorem 5.8 that the homogenization of quasistatic evolutions can be understood moving to a
two-scale setting and considering a suitable notion of quasistatic evolution within this context (see Def. 5.4):
even if strain gradient effects tend to vanish, the model turns out to be of strain gradient type with respect to
the microstructural variable y. The passage to a single scale setting seems to lead to an evolution which cannot
be described in terms of standard plasticity models associated to the effective energy (1.2) (see Rem. 5.9).

The paper is organized as follows. In Section 2 we state the notation employed throughout the paper, while
in Section 3 we recall the definition and the basic properties of two-scale convergence which will be essential
in Section 4 when dealing with the two-scale approach to the homogenization procedure of Fleck and Willis.
Finally, Section 5 is devoted to the homogenization of strain gradient quasistatic evolutions with isotropic linear
hardening.

2. NOTATION AND PRELIMINARIES

In this section we introduce the notation and recall some basic definitions concerning the functional spaces
employed in the rest of the paper. In the following, B,(z) will denote the open ball of center z € RY and
radius » > 0. If £ C RY, we will denote its volume by |E|, and 1x will stand for its characteristic function,
ie, lp(x)=1ifxr € Eand 1g(zx) =0if z ¢ E.
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Matrices. On the space of N x N matrices A = (a;;) with a;; € R we will consider the scalar product
A:B:= Zaijbij.
.3

The associated norm of A is denoted by |A].

We will denote by Mg,m the subspace of symmetric matrices, and by MY the subspace of Mg,m of deviatoric
matrices A, that is such that trd := 3. a; = 0.

The symmetrized gradient of a RY-valued function u(z) is defined as

~ Vu+ Vul

E
U 5 ,

Bui

where (Vu);; = 9% is the gradient of u and Vu” denotes its transpose.

The gradient of a matrix-valued function A(x) = (a;;(x)) is defined as the third-order tensor

8aij

A iik —
(v )Jk 0xk

We will consider on the space of third order tensors A = (a;;) the norm

A= > a2,
1,5,k

We say that A = (1) is symmetric-deviatoric in its first two subscripts if
Qijk = Qjik and Z appk = 0,
P

and we write A € MY.

Functional spaces. Throughout the paper, given E C RY measurable and X a finite dimensional normed
space, LP(E; X)) with p € [1; +oo[ will stand for the space of p-summable functions with values in X. L>®(E; X)
will denote the space of essentially bounded maps from E to X, and |||« will be the associated sup-norm. Given
A C RY open, WHP(A; X) will denote the usual Sobolev space of functions in LP(A; X) whose distributional
derivatives are p-summable, and I/VO1 P(A; X) will denote the subspace of functions vanishing at the boundary.
For p = 2 we write H'(4; X) and H{ (4; X) in place of W2(A; X) and W2 (A; X) respectively. If X = R, as
usual we will write LP(E), W'?(A) and W, *(A).
Let us set
11

v [ ”

We will refer to Y as the unit cell, and write W1P(Y; X) in place of WP (int(Y); X). Moreover we set

WLP(Y; X) := {u € W'P(Y; X) : u admits a Y-periodic extension to R},

per
H) (Vi X) = W2 (Vs X),
and

Wk (Vi X) = {u e WiR(Y; X): / wdy = o},
Y

Hy o o(Y5 X) i= Wit o (V5 X).

per,0
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Notice that u € Wr}é’r’(Y; X) can be characterized in terms of traces on the faces of Y. For i =1,..., N set
" — 1
oY == yGY:yi:iE , (2.2)

and let v denote the trace operator from W'?(Y; X) to LP(0Y; X). The spaces LP(9Y; X) can be identified
naturally with LP(] —1/2,1/2[Y~1; X): it turns out easily that v € W12(Y; X) if and only if u € WP(Y; X)

per

and ;" (u) = 7; (u) for every i = 1,..., N.

Korn’s inequality. Dealing with linearized elasticity, we will employ several times the following inequality
due to Korn.

Theorem 2.1. Let 2 CRYN be open. Then there exists C > 0 such that for every u € H}(£2;RY)

Vull L2y vy < CllEull2(omn s

Hm
where Eu denotes the symmetrized gradient of u.

The proof easily follows performing integration by parts (see e.g. [6], Sect. 7.3, Rem. 15) or by extending u
to RN and applying Plancherel’s formula for Fourier transforms. The same inequality holds also for functions

in Héer,O(Y; RY), Y being the unit cell (2.1), the proof following by expansion in Fourier series.

3. TWO-SCALE CONVERGENCE

Introduced in the seminal papers of Nguetseng [19] and Allaire [1] about twenty years ago, two-scale conver-
gence is nowadays a pretty well-known notion. Dealing with periodic functions with a precise scale parameter,
it revealed as a powerful tool in performing periodic homogenization.

In this section we recall some basic facts concerning two-scale convergence, and we prove an approximation
result (Thm. 3.5) which will be essential for our analysis of the homogenization procedure in strain gradient
plasticity proposed by Fleck and Willis [9].

Let £2 be an open bounded subset of RY with |0§2| = 0, and let p € ]1,+oo[. The definition of two-scale
convergence for functions in L? is based on a duality argument employing finely oscillating test functions. In
view of our applications, we restrict to the case of bounded sequences.

Definition 3.1 (two-scale convergence). Let (uc)e>o be a bounded family in LP(£2). We say that u.
converges two-scale weakly to U € LP(£2 x Y') for e — 0, and write

w-2

u. = U two-scale weakly in LP(2 x Y)

provided that

. X
ti [ e (2. 2) do = /Q | Ula)(e.y) drdy (3.1)
for every ¢ € LP (£2;C3,,(Y)) (¢ :=p/p—1).

We say that u. converges two-scale strongly to U for e — 0, and write

u. 33U two-scale strongly in LP({2 x Y)

if u. X U two-scale weakly in LP(2 xY) and lim. ¢ ||uc| r(2) = [|[U|| Lr(2xy)-
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In view of the boundedness of (ue)e>0, this definition turns out to be equivalent to the original one which
employs smooth test functions (see [14], Prop. 1). Notice that taking ¥ independent of y in (3.1), it follows that

ue(z) = u(z) == /Y Ul(z,y)dy weakly in LP(12), (3.2)

i.e., the average with respect to y of the two-scale weak limit U yields the usual weak limit of u. in LP({2).
Two-scale weak/strong convergence can be reinterpreted as usual weak/strong convergence in the double-
variable space LP(£2 x Y') provided that we employ the notion of periodic unfolding operator firstly introduced
in [3]. We refer the reader to [4] for a survey of this approach and for applications to several periodic homoge-
nization problems. We will follow the interpretation of the method proposed by Mielke and Timofte in [18] and
we will employ their notation.
Performing for ¢ > 0 and # € RY the unique decomposition

x = N (z) + eRe(2), é./\/’e(ac) eZV, R.(z)eY,

where Y is the unit cell defined in (2.1), let D, : RY — RY x Y and S. : RY x Y — R¥ be defined as
De(x) := (Ne(2), Re(x)) and  Se(z,y) := Ne(z) + €.

Let us denote by vl the extension of v € LP(£2) to all RY with value 0 outside §2. The periodic unfolding
operator T, : LP(£2) — LP(RN x Y) is the isometry defined as

T:(v) := (vlg) o Se. (3.3)

Let (ug)eso be a family bounded in LP(§2), and U € LP(2 x Y). Let us extend U to RY x Y by setting
U =0 outside 2 x Y. Then (see [4], Prop. 2.14 and [18], Prop. 2.5)

u. 22U two-scale weakly in LP(£2 x Y')

if and only if
Tou. = U  weakly in LP(RY x Y).
Similarly
u. 3 U two-scale strongly in LP(£2 x Y)
if and only if
Teue — U strongly in LP(RY x Y).

In order to approximate functions in LP({2 x Y) by means of functions in L?(2) in the two-scale sense, it is
useful to have an operation dual with respect to the periodic unfolding. This was introduced under the name
of averaging operator in [3]. Following the reinterpretation of [18], for any U € LP(RY x Y) let

PO = [ UEw s

be the projection of U on the space of piecewise constant functions with respect to € RY. Then the averaging
operator F. : LP(£2 x Y) — LP({2) is given by

0’ (3.4)
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where [2 x Y], = {(z,y) € RYN x Y : S.(z,y) € 2}, and U is extended to RN x Y by setting U = 0 outside
N xY.
The following properties are quite easy to prove (see [18], Props. 2.4 and 2.6).

Proposition 3.2 (basic properties of two-scale convergence). Let (u.).>0 be a family bounded in LP({2),
UelP(2xY) andp€e]l,+ool.

(1) (ue)eso is two-scale weakly convergent in LP(£2 X Y') along a suitable sequence €, — 0.

(2) F(U) 2 U two-scale strongly in LP(2 XY) ase — 0.

(3) If ue Y2 U two-scale weakly in LP(2 xY) and v, 2V two-scale strongly in LY (2 xY),

lim UV dr = / UV dzdy.
1) 2xY

£—

(4) If u. 22 U two-scale strongly in LP(2 xY), and if (me)eso s a bounded family in L°°(§2) such that
T.(me) — M a.e. in RN x Y, then

meue 23 MU two-scale strongly in LP(2 xY).

Let us now recall the main results on the two-scale convergence of derivatives of a Sobolev function. For
u € LP(£2), we denote with the same symbol u the function in LP(£2 x Y') such that (z,y) — u(z). Then the
following proposition holds (see e.g. [18], Prop. 2.9).

Proposition 3.3 (two-scale convergence of gradients). Let (u.).~o be a family in W1P(82), p € ]1,+o00],
such that ue — u weakly in WP () for e — 0. Then

u. 3w two-scale strongly in LP(2 X Y')

and there exists U € LP(2; W;’p (Y)) such that along a suitable sequence €, — 0

er,0
Vue, U2y + V,U  two-scale weakly in LP(2 x Y;RY).

Conversely, for every u € WHP(Q2) and U € L”(Q;W;é’r’,O(Y)), there exists a family (us)eso in WHP(82) such
that fore — 0
ue —u  weakly in WHP(£2) (3.5)

and
Vue 22 Vu + V,U  two-scale strongly in LP(2 x Y;RY) . (3.6)

The previous result clearly holds also for the case of sequences.

Remark 3.4. The previous proposition entails the following variant which takes into account boundary con-

ditions. Let {2 have a Lipschitz boundary. For every u € W'P(2) and U € L”(Q;W;é’r’,O(Y)), there exists

a family (uc)eso in WHP(02) with ue = u on 942 (in the sense of traces) for every e > 0 and such that (3.5)
and (3.6) hold for ¢ — 0. Indeed, if (@c)e>0 is the family given by Proposition 3.3, it is sufficient to consider
Ue = pelie + (1 — pe)u,
where . € C°(£2), 0 < ¢. < 1, is such that for e — 0
we 1 pointwise in {2,
and (recall that by compact embedding 4. — u strongly in LP((2))

IVeelloolltie = ull Lr(2) — 0.
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In view of the analysis of the homogenization theory of Fleck and Willis, the following result is essential.

Theorem 3.5. Let 2 CRY be open and bounded with |082] = 0, and let p € |1, +o00[. The following facts hold.
(a) If (ue)eso is such that u. € WHP(82) with

[uell Lo () + el Vel Lo(amy) < C

for some C > 0, then there exist €, — 0 and U € LP(2; WLP(Y)) such that

per

w-2

Ue, — U two-scale weakly in LP(2 x Y)

n

enVie, e v, U two-scale weakly in LP(£2 x Y;RY).

(b) For every U € LP(2;WLP(Y)) there exists a family (uz)eso in WHP(£2) such that for e — 0

per

u. 3 U two-scale strongly in LP (2 xY)
eVue o3 v, U two-scale strongly in LP(£2 x Y;RN).

Proof. Point (a) is proved in [1], Proposition 1.14 or [4], Corollary 3.2.
Let us come to point (b). By means of a diagonal argument, it suffices to consider U belonging to the dense

subset given by C}(£2;CL. (Y)). The result follows by setting

per

us(z) :=U (x, g) cCl(n).

Indeed, since
To(ue)(z,y) = UNe(2), ),
denoting by L the Lipschitz constant of U we have

T (ue) (2, y) — Uz, y)| < Llz — Ne(2)]

so that
lim |7 (ue) = Ull @y vy = 0-
We deduce for e — 0 )
u. 3 U two-scale strongly in LP({2 x Y).

By the same arguments, since
1
Vu.(z) =V, U (Jc, E) +-Vv,U (30, E) )
€ € €
we infer that for e — 0
eVu, =3 v, U two-scale strongly in LP(£2 x Y;RY),
so that the proof is concluded. (]

Remark 3.6 (the vector valued case). The previous results can be adapted to the case of functions taking
values in a finite dimensional normed space X, since it is sufficient to work component by component.

In particular, we will use the compactness and approximation result of Proposition 3.3 concerning the sym-
metrized gradient Eu of a function u € WP (£2; RY). More precisely, a simple symmetrization argument entails
the following result. If (uc)eso is a family in WP (2; RY), p € |1, +o0], such that u. — u weakly in WP (£2; RY)
for e — 0, there exists U € LP((2; W;’p (Y;RY)) such that along a suitable sequence &,, — 0

er,0

Eue, 2 Bu + E,U  two-scale weakly in LP(£2 x Y; MY .

sym
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Conversely, for every u € WHP(2;RY) and U € LP(Q;W;éf,O(Y;RN)), there exists a family (uc)->0 in
WLP(£2;RN) such that for ¢ — 0
ue —u weakly in WhP(02;RY)
and
Eu, S E,U two-scale strongly in LP(£2 x Y; MY .

sym

Remark 3.7 (the approximation result under an admissibility constraint). As a consequence of Theo-
rem 3.5 (extended to the vectorial setting according to the previous remark) we get the following approximation
result which will be used when dealing with the homogenization of quasistatic evolutions in Section 5.

Let MY and MY denote the set of deviatoric matrices defined in Section 2, and let ¢ > 0. If P €
L2(02; HL (Y;MY)) and Z € L?(2 x Y) satisfy

per
P2+ 2|V,P2<Z  ae in2xY, (3.7)

for every ¢ > 0 we can find p. € H*(£2; MY) and z. € L?(£2) such that

VIpe|? + 22| Vp. |2 < z. a.e. in {2,
andase — 0

p. 3P two-scale strongly in L?(£2 x Y; M%) (3.8)
eVp. 23 V4P two-scale strongly in L2(£2 x Y; M%) (3.9)
237 two-scale strongly in L?(2 x Y).

Indeed, let (p:)e>0 be a family in H!(£2) satisfying (3.8) and (3.9) according to Theorem 3.5. Notice that thanks
to Jensen’s inequality, (3.7) entails

JIF PP+ LIF(V,PIE < F(Z)  aein @

where F. is the averaging operator (3.4). We deduce that

Vipel? +e22|Vp.|? < \/IT'E(P)I2 + C|F(VyP)]? + [pe — Fe(P)| + £]eVpe — Fo(Vy P)|
S F(Z) + |pe — Fe(P)| + £]eVp: *fs(vypﬂ'
Since by Proposition 3.2

F.(P)23 P two-scale strongly in L*(£2 x Y;MY)

F.(V,P) =3 v, P two-scale strongly in L?(£2 x Y; MDY)

Fo(z) 23 Z  two-scale strongly in L2(2 x Y),

the result follows by choosing

2 1= FolZ) + Ipe = FoP)| + £leVpe = Fo(V, P)|
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4. A TWO-SCALE FRAMEWORK FOR THE HOMOGENIZATION RESULT OF FLECK AND WILLIS

The aim of this section is to show that variational arguments based on two-scale convergence provide, in a
periodic setting, a rigorous mathematical framework for the homogenization result of Fleck and Willis [9] in
strain gradient plasticity.

4.1. The homogenization result of Fleck and Willis

Let us briefly describe the result of Fleck and Willis. Let 2 C R™ be the reference configuration of an
elastoplastic body subject to infinitesimal displacements. The configuration of {2 is given by a pair (u, p) where
u: 2 — RY stands for the displacement and p : 2 — M% denotes the plastic strain taking values in the space
of symmetric deviatoric matrices Mg. The elastic strain of (2 associated to the configuration (u, p) is then given
by

e=FEu—p,
where Eu denotes the symmetrized gradient of w.

The elastic properties of 2 are encoded in the elasticity tensor C : 2 — Lin(Mg,m; Mg,m) which is assumed

to satisfy the coercivity condition
alM|* < C(x)M : M < B|M[? (4.1)
for a.e. x € £2 and for every M € Mg,m, where 0 < a < 8 < 4o00.

The plastic behaviour of §2 is determined by a yielding function b : §2 — [0, +-00[ such that for a.e. z € RV
b(x) > ¢ > 0. (4.2)

The strain gradient deformation theory considered by Fleck and Willis [9] amounts in the minimization of the
following energy

E(u,p) = % /Q C(x)(Bu—p) : (Bu —p)dz + /rz b(x)[|p|* + ¢*|Vp|*] dz (4.3)

under suitable boundary conditions and external loads. Here ¢ > 0 denotes a dissipative length scale which
depends on the material under consideration.

Fleck and Willis consider the case of a composite material {2 whose homogenized response under external
loads and prescribed boundary conditions can be described without employing gradients of the plastic strain p.
The homogenized deformation theory involves the effective energy

Eeﬂ(u,p)z/QFeH(Eu(ac),p(ac))dx, (4.4)

where the effective potential F eg(fi,ﬁ) is given by minimizing the energy (4.3) on a representative volume
element, among displacement fields u satisfying the linear boundary condition v = A - z and plastic strains p
whose mean is given precisely by p.

In the following subsection, we provide a two-scale approach to the homogenization procedure in a periodic
setting which justifies in a rigorous mathematical way the effective energy £ (see Thm. 4.3) and provides a
cell problem for the energy density F°f (see Thm. 4.5).

4.2. Two-scale analysis for the homogenization result of Fleck and Willis

Let the reference configuration 2 C RY be open, bounded and with Lipschitz boundary. In particular
|002| = 0.
Let us consider the periodic setting in which the elasticity tensor and the plastic yielding function are provided
by
Ce L*@RY;LinMY MY )  and  be L¥RY)

sym» “Visym
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such that for every i = 1,..., N and for a.e. € RN
C(x +e;) = C(x) and b(x + e;) = b(x),

where {e; : i = 1,..., N} denotes the canonical basis of RY. We assume that the coercivity conditions (4.1)
and (4.2) hold.
The form of the energy involved in (4.3) suggests the following functional framework for a configuration of {2:

we H'(2;RY)  and  pe HY (2;Mp).

The homogenization procedure involves the study of the asymptotic behaviour as € — 0 of an energy of the
type
1 z x 2 22 2
(u,p) — = (C(—) (Eu—p): (Eu—p)dz + b(—) [lp|? + €267 |Vp|?] da.
2 /o € o \€
Here the elasticity tensor and the yielding function oscillate periodically on a scale . Accordingly, the dissipative

length scale is given by ef with £ > 0, so that the strain gradient effects tend to vanish in the limit.
Let us consider the functional

E.: HY(2;RYN) x L2(02; M) — [0, +00]
defined as
_ 1 x ) _ z 2, 242 2
E.(u,p) .—Q/Q(C(E)(Eu p): (Eu p)dx+/gb(€)[|p| + €20 Vp) do

if pe HY(2;MY), and & (u,p) = +oo if p € L2(2; MN) \ H(£2; MY).
In view of the coercivity assumptions on C and b, the inequality

Ee(ue,pe) < C

together with boundary conditions for u. entails naturally a bound for u. in H(£2; RY) and for p. in L?(£2; MY).
As a consequence, from a mathematical point of view, the problem of the computation of the effective en-
ergy (4.4) can be rephrased as the problem of studying the asymptotic behaviour as ¢ — 0 with respect to the
weak topology of H'(£2;RY) x L?(£2; M¥) of the minimizers of &, subject to suitable external body forces and
boundary conditions.

This goal will be accomplished in Theorem 4.3 by means of a preliminary analysis involving two-scale con-
vergence arguments.

Let us consider the functional

€ HY(RY) x L?(82; Hpor (Y5 RY)) x L?(82; Hpoy (Y3 M) — [0, +00]

per
given by

1
E(u,U, P) := 5/9 Y(C(y)(EquEyUfP) : (EquEyU—P)dxder/Q Yb(y)[|P|2+£2|VyP|2]dmdy,
X X

where E, stands for the symmetrized gradient with respect to y.
The following result provides an asymptotic link between & and &.
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Proposition 4.1. The following facts hold.

A. GIACOMINI AND A. MUSESTI

(a) Lower estimate: if €, — 0 and (uc,,Pe, Jnen s a sequence in HY(£2;RN) x HY(2; M%) such that

uan — U

Eu., “% Eu+ E,U
pe, X P

en Ve, w2 VyP

then

weakly in H'(£2; RY)
two-scale weakly in L*(2 x Y; Mgm)

two-scale weakly in L*(£2 x Y; M)
two-scale weakly in L*(£2 x Y; M),

E(u,U, P) <liminf &, (ue, ,pe, ).

(b) Recovering family: for every

n—oo

(u,U,P) € H' (;RN) x L*(02; H) o, o (Y RYN)) x L2(02; H) o, (Y MB))

there exists a family (ue,pe)eso in HY(2;RYN) x HY(2;ME) such that ue = u on 012 and for ¢ — 0

Us — U

Eu, 2 Bu + E,U
p- 3P

eVpe 2 VP

weakly in H'(2;RN)

svm)

two-scale strongly in LQ(Q xY; M
two-scale strongly in L*(£2 x Y; MY)
two-scale strongly in L*(2 x Y; MDY),

so that in particular
1in%)56(u€,p€) =&(u,U, P).

Proof. Point (a) follows immediately observing that

1

oslenpe) =5 [ CONTBue) = To(pe) : (T, (Pue,) = T, 02, dady
N x

+ / OITe (o) + PIT 0V, )Pl dady, (4.5)
N x

where 7 is the unfolding operator (3.3), and applying the usual lower semicontinuity for quadratic functionals
under weak convergence in L2(RY x V).
Concerning point (b), by Theorem 3.5 there exists p. € H'(£2; MY) such that for e — 0

5-2

pe — P two-scale strongly in L2(£2 x Y; M%)

and

eVpe =3 VP two-scale strongly in L?(£2 x Y; MY).
Moreover, by Proposition 3.3 and Remarks 3.4 and 3.6, there exists u. € H'(£2;RY) with u. = u on 912 for
every € > 0 and such that for e — 0

weakly in H*(£2;RY)

Ue — U

and
Eu, 2 Fu + E,U
The convergence of the energies follows from the representation formula (4.5). (|

fym)-

two-scale strongly in L*(2 x Y; M
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In order to move toward a single scale setting, let us introduce the functional
EF L HY (2, RY) x L2(2; M) — [0, +00]
defined by

(V;RY)) x L2(2; H)..(Y; MD)),

per

£ (u,p) := min {5(u, UP): (U, P)e L*(2:H,

(U,P) er,0

/YP(:c,y)dy = p(z) for a.e. x € Q} (4.6)

Notice that U is left free in the minimization, while P(x,y) satisfies a constraint on the mean with respect to
the microstructural variable y.
The minimum in the previous formula is indeed attained as is shown in the following lemma.

Lemma 4.2. Let (u,p) € H'(2;RY) x L2(2;MY). Then there exists a unique pair

(U,P) € L*(2; H!

per,0

(V;RY)) x L?(2; H) (Y MD))

per

with [, P(z,y)dy = p(x) for a.e. € 2 such that £ (u,p) = E(u, U, P).

Proof. Let (U,, P,) be a minimizing sequence for problem (4.6) relative to (u,p). By comparison with the

admissible pair given by (0, p), we immediately get that for n large

1

3 / C(y)(Bu+ E,U, — P,) : (Bu+ E,U, — P,) dady + / b(y)[|Pal? + £2|Vy Py |?] dody < E(u,0,p) + 1.
2xY 2xY

In view of the coercivity assumptions on C and b, up to a subsequence we have that

P, =P  weakly in L*(02; H.. (Y; M%) (4.7)

per

and in view of Korn’s inequality for periodic functions with zero mean (see Sect. 2)
Uy —=U  weakly in L*(2; H}., o(Y;RY)),
for some P € L*(£2; H] (Y M¥))and U € L3($2; H] oY RM)). In particular we deduce by lower semicontinuity

E(u,U, P) < liminf E(u, Uy, P,).

n—oo

Notice that P(x,y) satisfies the constraint concerning the mean with respect to y. Indeed, by (4.7) and since
P, satisfies the constraint, for every ¢ € L?(§2) we have

/ P(z,y)p(x) dedy = lim Polz,y)p(x) dedy = / p(x)p(z) dz,
2xY 2xY 0

hence
/ P(z,y)dy = p(x) for a.e. x € (2.
Y
The pair (U, P) is thus admissible for (u,p) in (4.6) and

M (u, p) < E(u,U, P) < liminf &(u, Uy, P,) = £ (u, p).

n—oo
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Then (U, P) is a solution of the minimization problem. Its uniqueness follows by the strict convexity of the
functional together with Korn’s inequality. O

The following theorem shows that £ is indeed the energy associated to the effective behaviour of the
material when the strain gradient effects vanish. Let us assume that the boundary displacement is given by the
trace on 92 of a given Sobolev function @ € H'(£2;RY). Moreover, let us consider body forces acting on 2
whose density per unit volume is given by a function f € L2(£2;R™).

Theorem 4.3 (the homogenization result of Fleck and Willis). For every ¢ > 0 let (ue,pe) be the
minimizer of

(w.p) = ) = [ fruds
17
on HY(2;RN) x HY(2; M) with u =1 on 802. Then for e — 0

Ue — Ug weakly in H'(£2; RY)

and
pe —po  weakly in L*(2;MD),

where (ug, po) is the unique minimizer of
(u,p) — £ (u,p) — /Q frude (4.8)
on HY(;RN) x L2(£2; ME) with w = u on 052. Moreover
lim £ (ue, pe) = € (uo, po)-

Proof. By comparison with the admissible configuration (u,0) and in view of the coercivity assumptions on C
and b we get

| Eue *peH%%n;MN

sym

)+ D) + 1P e ey < © (14 [ 1fluclas).

where C' > 0. In view of Korn’s inequality (see Sect. 2) we easily obtain

HUEH%H(Q;MN y T ||pEH%2(Q;Mg) + ||€Vp5||%2(Q;Mg) <C

sym

with C' > 0. We deduce that there exists £,, — 0 such that

Ue, — Ug weakly in Hl(Q; RN)

n

and thanks to Proposition 3.3 and Remark 3.6

Bu, " Bug+ B,Uy  two-scale weakly in L*(2 x Y; MY,,)

sym

for some (uo, Up) € H'(£2;RN) x L?(£2; H),, o(Y;RY)). Moreover, in view of Theorem 3.5, we infer that there

exists Py € L*(£2; H}.(Y;MJ})) such that up to a subsequence

De, 2 P two-scale weakly in L?(2 x Y; MDY)



TWO-SCALE HOMOGENIZATION FOR A MODEL IN STRAIN GRADIENT PLASTICITY 1049

and
enVDe, w2 \

two-scale weakly in L?(22 x Y; ME).

The configuration (ug, Up, Py) is a minimizer of the functional

(u, U, P) + E(u, U, P) — / frude (4.9)

9]

where u satisfies u = @ on 92. Indeed for every admissible (v, V, @), by Proposition 4.1 there exists a family
(Ve, Ge)eso in HY(S2;RN) x HY(£2; M%) with v. = @ on 912 such that for ¢ — 0

Ve =V

Ev. 23 Ev+ B,V
- 2 Q

eVqe =3 V,Q

and

weakly in H'(£2;RY)

sym)

two-scale strongly in L*(£2 x Y; M
two-scale strongly in L?(£2 x Y; MY)
two-scale strongly in L?(£2 x Y;MDY),

E(ve,ge) — E(v,V, Q).

Since by minimality of (u.,, pe, )

gen (Uenapan) - / f- U, dor < gen (erqgn) - / [ ve, dz,
(] (]

passing to the limit we obtain in view of point (a) of Proposition 4.1

E(ug, Uy, Py) — / fupde < liminf (55" (Ue, ,De, ) — / fue, dm)
0 n—oo 0

< lim sup

n—oo

< limsup

n—oo

<€€n (e, Pe,) */ [ e, d:c)
(9]

(5571. (UE",an) - \/Q f * Ve, dl‘) = S(U, ‘/, Q) — /Q f -vdz. (410)

We infer that (ug, Up, Py) is a minimizer of (4.9). Since the minimizer is unique by strict convexity, we conclude

that for e — 0
Ue — Ug
Bu. % Eug + E,Uy
pe ¥ Py

eVpe w2 \

weakly in H(£2;RY) (4.11)
two-scale weakly in L?(2 x Y; Mgm)

two-scale weakly in L(£2 x Y; M)
two-scale weakly in L2(2 x Y; MY),

and thanks to (4.10) with the choice (v, V, Q) = (uo, Uo, Po)

8&(“67276) —>8(U07U0,P0). (412)

Let us set for almost every x € (2

po(x) :z/yPo(:c,y)dy.
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Clearly we have pg € L?(£2; MY). By (3.2) we get
Pe — Po weakly in LQ(Q;Mg). (4.13)

The result follows provided that we show that the pair (uo,po) is the unique minimizer of (4.8) under the
boundary condition v = @ on 92 with

£ (o, po) = E(uo, Uo, Py). (4.14)

For every (u,p) € HY(2;RN) x L2(2; M¥) with u = @ on 942, letting (U, P) be the associated pair according
to Lemma 4.2, we have

Eeﬂ(uo,po)—/f-uodxgé’(uo,Uo,Po)—/f-uodacgé‘(u,U,P)—/f-udac:é‘eﬁ(u,p)—/f-udac,
12, Q Q 12,

so that the minimality of (ug, pg) follows. The uniqueness holds in view of the strict convexity of £. Indeed, if
(i1, ) were another minimizer, and (U, P) the associated pair according to Lemma 4.2, in view of the preceding
inequalities we would get that (@, U, P) is a minimizer of (4.9). Since £ is strictly convex, we would infer that
(a, U, 15) = (ug, Uy, Py) so that in particular @ = ug and p = pg. This entails also that (Up, Py) is the pair
associated to (uo,po) according to Lemma 4.2, so that (4.14) holds, and the proof is concluded. O

Remark 4.4. The previous theorem suggests that £ I'-converges in the sense of De Giorgi to £ as e — 0.
This is indeed the case provided that we consider the weak topology on H!(£2; RY) x L2(2; M%) and we restrict
the functionals to the pairs (u, p) such that uw = @ on (2. In this way, the convergence of the minimizers (uc, p;)
along a suitable sequence £, — 0 to a minimizer of the effective energy turns out to be a standard result of
I'-convergence. The two-scale analysis enables us to deduce that the limit energy has a unique minimizer, so
that the convergence holds indeed along the entire family.

In the rest of the section we concentrate on the representation formula (4.4) for £°f.

Theorem 4.5 (representation formula for the effective energy). For every (u,p) € H'(£2;RY) x
L2(2; MY) we have

& up) = | F(Bu(e).pla) de, (4.15)
where for (A,p) € MY

N
sym X MD

F°T(A,p) := min {% /YC(y)[A +E,U—P]:[A+ E,U — P]dy

+ / b)PP + 2V, P2 dy : (U, P) € H o(V:RN) x HL, (ViMD), /
Y

Ply) dy = ﬁ} C(4.16)
Y

Proof. Firstly let us prove that the minimum problem in (4.16) admits indeed a unique solution. This follows
by the direct method of the Calculus of Variations. If (U,, P,)nen is a minimizing sequence for the problem,
by comparison with the admissible pair (0, ), taking into account the coercivity assumptions on C and b, one
deduces easily that for n large
HEyUn“%?(Y;Mg;m) + HPnH%(l(Y;Mg) < C(IAP + |p)*),
where C' > 0 is a suitable constant. By Korn’s inequality (see Sect. 2) we get that U, is bounded in H'(Y;RY).
Up to a subsequence we have that
U, ~U weakly in H!

per,0

(Y;RY)
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and
P, ~ P  weakly in H! (Y;MY).

per

Moreover, since P, — P strongly in L?(Y;M¥Y) we get that

/Y Pl)dy = lim [ Pu(y)dy =p.

n—00 Y

We conclude that the pair (U, P) is admissible. By lower semicontinuity, we infer that (U, P) is a minimizer for
the functional in (4.16) and satisfies

1By Ul T2y )+ HPH?{l(y;Mg) < C( AP +1pl*). (4.17)

The uniqueness is ensured by strict convexity.
Let us come to the representation formula (4.15). By Lemma 4.2, for every (u,p) € H'(2;RYN) x L2(2; M¥)
we have
& (u,p) = E(u, U, P)
(YV;RM)) and P € L2(£2; H!,.(Y;MY)) such that

per

for some U € L?({2; le)er,o

p(x) = / P(z,y)dy for a.e. x € (2.
Y

Notice that for ae. =z € (2 the pair (U(z,-),P(z,-)) is admissible for the computation of
Ff(Bu(z), p(z)). By the very definition of F°f we deduce that

£ (u,p) = E(u, U, P)
1

= 5 u(x — [ Eulx _ 2 2 2 "
/0[2/Y<C(y)[E (z) + E,U — P : [Eu(z) + E,U P]dy+/yb(y)[|P| + 2|V, Pl dy| d

> /Q FF (Bu(z), p(x)) de.  (4.18)

On the other hand, for a.e. z € £21let (U,, P,) be the unique solution of problem (4.16) defining F° (Eu(z), p(z)).
By (4.17) we deduce that

1By UsllZoivrany,) + 1Pellin gy myy < CUEu@) + Ip(x)]?),

sym

where C' does not depend on x. We infer that, the measurability with respect to x coming from the uniqueness
of the minimizer,

U(z,y) := Us(y) € L2($2; Hper o (Y3 RY))
and

P(z,y) := Py(y) € L*(92; Hpo (Y M])).

per
It follows that

| P Bula). o)) de = (.U, P),

and by the very definition of £%
/ FU(Bu(z),p(z)) dz = E(u, U, P) > £ (u, p). (4.19)
Q

In view of (4.18) and (4.19), the representation formula (4.15) follows. O
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Let us now investigate the representation formula (4.16) in the particular case when the elastic moduli do
not oscillate, i.e.,
C is constant.
The only term responsible for the homogenization is thus the yielding function b. As shown in [9], the rep-
resentation formula for F°% involves an operator I' introduced by Willis in [25] which in our context can be
characterized as follows.

Definition 4.6. For every ¢ € L?(Y; MY ) let V be the unique minimizer of

sym

Vi / CE,V : [E,V —2q¢]dy
Y

on H}., o(Y;RY). We set
I'(Cq) :==E,V
so that I" is a well defined operator from L?(Y; MY ) into itself.

The effective energy density assumes the following form.

Theorem 4.7. If C is constant, then for every (A, p) € Mgm x MY we have
_— 1 _ B _ B off /-
FT(A,p) = 5C(A—p): (A—p) + VI (p)
where

V) = min {5 [ [€P0) = 5): (P) - 5) ~ P CTCP) ]y

+ [ WwlIPP+ PRy P e Bl (viMY), [
Y

YP(y)dy =p},

and the operator I' is given in Definition 4.6.

Proof. 1If (U, P) is admissible for the computation of F°%(A,p) according to Theorem 4.5, since C is constant,
the mean of P on Y is p, and in view of an integration by parts we have

%/C[AJrEyU—P]:[A+EyU—P]dy:%/(C[A—ﬁ+EyU—(P—ﬁ)]:[/i—ﬁJrEyU—(P—ﬁ)]dy
Y Y
Z%(C(f_l—ﬁ):(fi—ﬁ)—i—/y(C(A—ﬁ):EyUdy—l—%/Y(CEyU:EyUdy
—/CEin(P—ﬁ)der%/C(P—ﬁ)i(P—ﬁ)dy
Y Y
~3CA-D: (A= +3 [ CP=p): Py
+%/(CEyU:[EyU—2P]dy.
Y

Taking into account the representation formula (4.16) for F% we deduce
_ 1 .- _ 1
FT (A, p) = §C(A—ﬁ) : (A —p)+ min {—/ C(P—p):(P—p)dy+ 5/ CE,U : [E,U —2P]dy
Y Y

+ /Y D)2 + VPP dy]
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We take the minimum on U with P fixed: since U appears only in the second term which attains the minimum
for V such that E,V = I'(CP), with associated value

1
f—/ P :CI'(CP)dy,
2 Y

the representation formula follows. O

Remark 4.8. When C is constant the effective energy assumes the form

& w.p) = 5 [ CBu(@) = p(@): (Bulo) = (@) do + | V(p(o))do.
so that it is the sum of an elastic energy and a plastic potential.

The formula suggests that the plastic potential carries an information about the dissipation involved in the
plastic process. Notice that Ve does not only depend on the yielding function b, but also on the elasticity
tensor C, even if this one is assumed to be constant. This implies that some qualitative properties of the plastic
potential, such as growth behaviour at infinity for example, can be different in the homogenized limit.

This fact shows that some problems can occur when dealing with the homogenization of quasistatic evolutions
taking the point of view of the energetic approach to rate-independent processes developed by Mielke and his
school [16]. Indeed the approach is based on the analysis of deformation-theory type problems where the plastic
potential has a linear growth: since the linear growth can be lost in the homogenized limit, the effective plastic
potential cannot be interpreted as a dissipation.

We finally note that the interplay between elastic and plastic parts in the definition of V¥ is due to the
compatibility condition between elastic and plastic strains, whose sum must be the symmetrized gradient of a
displacement (in our treatment such a condition is automatically satisfied since we write Fu — p for the elastic
strain of u). Such a condition entails that a decoupling of the problem in elastic and plastic parts cannot be
carried out.

5. TWO-SCALE HOMOGENIZATION OF A STRAIN GRADIENT FLOW THEORY
WITH ISOTROPIC LINEAR HARDENING

In this section we study the homogenization of a quasistatic evolution for the strain gradient plasticity
model studied in Section 4. We consider an evolution with isotropic linear hardening, so that displacements
and plastic strains can be described within the mathematical framework of Sobolev spaces introduced before:
without hardening, strain localizations may take place, and plastic strains should be described within the theory
of functions of bounded variation (see [11]). The model corresponds to a particular case of the one proposed by
Gurtin and Anand [13], since we consider only dissipation effects associated to the gradient of the plastic strain.
We employ the energetic formulation of rate independent processes due to Mielke and his school (see [16] and
references therein).

5.1. Energetic formulation of a quasistatic evolution

Let the reference configuration of the elastoplastic body be given by 2 C R bounded open set with Lipschitz
boundary. Let dpf2 be a measurable subset of 92 with positive surface measure.
A configuration of (2 is given by a triple (u,p, z) with

u € HY(2;RY), p € HY(2;MY), z € L*(12),

where © denotes the displacement, p is the associated plastic strain, and z is a hardening internal variable. Here
MDY denotes the space of symmetric deviatoric matrices (see Sect. 2).
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Within the small displacements and small strains approximation, let us consider the free energy

1

Qu,p,2) = 3 /Q [Cl2)(Bu(z) — p(x)) : (Bu(w) — p(x)) + 2°(x)] dz,

where C € L (£2; Lin(MY,; MY ) denotes an elasticity tensor satisfying the coercivity assumption (4.1).
During the evolution, the higher order stresses associated to (p, Vp) (see [13] for their definition) belong to
an admissible region Syiclq which becomes larger and larger thanks to the hardening process. We keep track of

this fact by considering the convex conjugate of the support function of Syic1q Which is given by

Hp,2) = Ic(p, ) + / b(x)2(z) dz,

2

with Ic denoting the indicator function of the cone

C = {(p,z) € HI(Q;Mg) X LQ(Q) : \/|p($)|2 + 2|Vp(z)|? < z(z) for ae. = € 9}7

where ¢ > 0 is a dissipative length scale, and the yielding function b € L>°({2) satisfies the coercivity assump-
tion (4.2).

The dissipation during an evolution ¢ — (u(t),p(t), z(t)) defined on [0, T] relative to a subinterval [a,b] is
given in terms of H by

k
D(p, z;a,b) := sup ZH (p(tj) —p(tj—1),2(t;) —2(tj—1)) ra=tg <...<tp=bp. (5.1)

j=1

An admissible boundary displacement is given by the trace on dp 2 of a function 1 € H(£2;RY). The family
of admissible configurations of (2 relative to the boundary displacement ) is then given by

A) == {(u,p,z) € H'(2;RN) x HY(£2;M¥) x L*(2) : u = on dp12, (p,z) € C},

where the equality on Jp {2 is intended in the sense of traces.
Let us assume that the prescribed boundary displacements on Jp {2 are given by the absolutely continuous
function
¥ :[0,T) — H'(2;RY), (5.2)
while body and traction forces acting on {2 are given by the absolutely continuous function

1:[0,T] — (H'(2;RY))*. (5.3)

We will denote by [ the derivative with respect to ¢ which exists almost everywhere on [0, 7.
The energetic formulation of a quasistatic evolution for our model of strain gradient plasticity with isotropic
linear hardening is the following.

Definition 5.1 (energetic formulation of a quasistatic evolution). Let ¢t — ¢ (t) and t — I(t) be assigned
boundary displacements and external loads according to (5.2) and (5.3) respectively. A map

0,7] — HY2;RN) x HY(2;MY) x L2(12)

t = (), p(t), 2(1))

is a quasistatic evolution if the following conditions hold for every ¢ € [0, T].
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(a) Admissibility: (u(t),p(t), 2(t)) € A(¥(t)).
(b) Global stability: for every (v, q,&) € A(¥(1))

Q(u(t), p(t), 2(t)) — {I(t), u(t)) < Q(v,q,€) — (I(t),v) + H(g — p(t), £ — 2(t)). (5.4)

(¢) Energy balance:  the function ¢t +—  (p(t),2(t)) has bounded variation from [0,7] to
H(2;ME) x L?(2) and

E(t) + D(p. 2:0,1) = E(0) - / (i(7),u(r)) dr,

where
E(t) := Q(u(t), p(t), 2(£)) — (I(t), u(t)),
and D(p, z;0,t) is defined in (5.1).
By general results concerning quasistatic evolutions (see [16] or [17]), the following result holds.
Theorem 5.2. Let (ug, po, 20) € A((0)) satisfy the global stability condition (5.4). Then there exists a unique

quasistatic evolution t — (u(t),p(t), z(t)) such that (u(0), p(0), 2(0)) = (uo, po, 20). Moreover the maps t — u(t),
t — p(t) and t — z(t) are absolutely continuous from [0,T] to H'(£;RYN), HY(£2;MY) and L?(02) respectively.

Remark 5.3 (connection with the flow rule formulation). The energetic formulation of the evolution
is equivalent to the ordinary one involving balance equations for the stresses and the flow rule for the plastic
strains. Concerning this issue, the reader is referred to [5] for the case of ordinary plasticity and to [11] for the
model of Gurtin and Anand.

Let us briefly summarize the results concerning our framework (for technical details we refer to the above
mentioned papers). If the external loads are given by

/Qf(t)~udx+/8NQg(t)'UdS(=’U)

for suitable body forces f(t) on {2 and traction forces g(t) on Oy 2 := 92\ Ip{2, the Cauchy stress tensor

o(t) := C(Bu(t) — p(t))

turns out to satisfy for every ¢ € [0, T] the standard balance equation

—dive(t) = f(t) in {2
o(t)-n=g(t) on On{2.

The higher order stresses (T, (t),K,(t)) € L?(£2; M) x L?(£2;MY) associated to (p(t), Vp(t)) satisfy for every
te[0,T]

(Tp(t, x), Kp(t, z)) € Syieralt, x) for a.e. x € £,
where the admissible region Syieid(t, ) is given by

1
Syiaalt,7) = {(A,B) € MJ x MY : \/|A2 + 5[B < Sy (t,2) |

with Sy (¢, z) := b(x) + z(t, ). Moreover they are related to the Cauchy stress tensor by means of the balance
equation

T,(t) = op(t) + divK,(t) in 2
Ky(t)-n=0 on 012,



1056 A. GIACOMINI AND A. MUSESTI

where op(t) denotes the deviatoric part of o(t). Finally, for a.e. ¢ € [0,7T] and for a.e. x € {2 the following flow
rule holds: if

1
\/|Tp(t, 22+ 5 Kp(t, 2)* < Sy (t, ),
then (p(t,z), Vp(t,x)) = (0,0), while if

1
\/ITp(t, 2)? + 5 Kp(t, 2)|* = Sy (t, ),

then
Tp(t, z)

)
VTt 2) 2 + &Ky (1, )2

p(t,x) = Atz

072K, (t, x)

Vp(t,x) = A(t, z)
VIt 2)2 + £[Ky (¢, 2)]2

2(t,x) = A(t, x)
with A(t,z) > 0.

Notice that for ¢ = 0, the terms involving Vp disappear, and the theory formally reduces to the usual
von Mises plasticity theory: indeed we have K, (¢,2) =0 and op(t,x) = T,(t, x), with

lop(t,z)| < Sy (t,x).

Moreover, plasticity develops if op (¢, z) reaches the yield surface, that is if |op(¢,x)| = Sy (¢, z), and in such a
case

with A(t,z) > 0.

5.2. Homogenization of a quasistatic evolution

In this subsection we study the asymptotic behaviour of a quasistatic evolution of our strain gradient plasticity
model with isotropic linear hardening, in which the elastic and plastic moduli highly oscillate in a periodic way.
Let us assume that the elasticity tensor and the plastic yielding function are provided by

IHC@), be(f), (5.5)

3

where € > 0 and
Ce L*®RY;LinMY MY ) and  be L¥RY)

sym» “Visym

are such that for every i = 1,..., N and for a.e. x € RY
C(x +¢;) = C(x) and b(x + ¢e;) = b(x).

Here {e; : i = 1,..., N} denotes the canonical basis of RY. We assume that the coercivity conditions (4.1)
and (4.2) hold almost everywhere on R*.

We are interested in the asymptotic behaviour of quasistatic evolutions with the choice (5.5), and, as we did
in Section 4, with the dissipative length scale of the form ef with ¢ > 0. Again, it is convenient to move to a
two-scale setting.
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A configuration of 2 x Y, where Y is the unit cell (2.1), is given by

(u,U,P,Z) € H' (;RN) x L*(02; H}o o (Y RY)) x L?(02; H) o (VRY)) x L2 (2 X Y).

er,0 per
The associated free energy becomes
~ 1
Q(u,U,P,Z) = 3 / [C(y)(Eu+ E,U — P): (Bu+ E,U — P) + Z*(z,y)| dady,
02xY

while the dissipation functional assumes the form

H(P, Z) := I5(P, Z)+/Q Yb(y)Zd:cdy

with

C:= {(P, Z)e LA(2;H (VMM x L2(2 xY) :

per

\/|P(:E,y)|2 + 2|V, P(z,y)]? < Z(x,y) for a.e. (x,y) € 2 x Y}.

Let D be the dissipation associated with H following the procedure defined in (5.1).
The family of admissible configurations relative to the boundary displacement ) is given by

a0 (VRYN)) x L2(02; HY (V3 RY)) x LA(2 X Y) -

A(p) == {(u, U,P,Z)c H'(2;RY) x L*(2; H!
u=1 on Opf2 and (P, Z) € C~}

Definition 5.4 (two-scale quasistatic evolution). Let ¢t — (¢) and t — [(¢) be assigned boundary dis-
placements and external loads according to (5.2) and (5.3) respectively. A map

0,7] — H(2;RN) x L2(02; H}

per,0

(YiRY)) x L2(92; Hye,(Y; MB)) x L2(2 X Y')

per
t = (u®),U@), Pt), Z(1)
is a quasistatic evolution if the following conditions hold for every ¢ € [0, 7.

(a) Admissibility: (u(t),U(t), P(t), Z(t)) € A(¥(t)).

(b) Global stability: for every (v,V,Q,Z) € A(¥(t))
O(ult), U(t), P(t), Z(1)) — (). u(t)) < O, V.Q.Z) — (1), ) + FUQ — P(1).2— Z(1)).  (5:6)

(c) Energy balance:  the function ¢ — (P(¢),Z(¢t)) has bounded variation from [0,7] to
L2(2: H, (Y;MN)) x L2(2 x V) and

per

ﬂﬂ+@RZ&ﬂzﬂ®*A@@&@Wﬁ

where
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The following existence result holds (see [16] or [17]).

Theorem 5.5. Let (ug, Uy, Py, Zo) € A(1(0)) satisfy the global stability condition (5.6). Then there exists a
unique quasistatic evolution t — (u(t),U(t), P(t), Z(t)) such that

(U(O)v U(O)aP(O)a Z(O)) = (uov Uo, Fo, ZO)

Moreover the maps t — u(t), t — U(t), t — P(t) and t — Z(t) are absolutely continuous from [0,T] to
H'(;RYN), L2(2; HY, o (Y ME)), L2(2; H . (Y3 M) and L?(£2 X Y) respectively.

Coming back to our model with the choices (5.5) for the elasticity tensor and the yielding function, with
dissipative length scale €/, let us denote by Q., H., D., E. the associated free energy, dissipation functionals
and total energy respectively. Moreover C. will denote the cone associated to H., and A.(¢)) the family of
admissible configurations relative to .

For every € > 0 let

(ug, p?, 22) € A-(4(0))

be globally stable initial configurations such that

ud — g weakly in H'(£2; RY)

Eu? 2 Bug + E,Uy two-scale weakly in L?(2 x Y; MY )

p? 2 Py two-scale weakly in L2(£2 x Y; MY) (5.7)
eVp? v VP two-scale weakly in L?(£2 x Y; M)

25 2 7y two-scale weakly in L?(2 x Y)

for some

(UO; U(JaPO; ZO) € Hl(‘QﬂRN) X LQ(‘QaHl

per,0

(V;RM)) x L2(2; HE (V;RN)) x L*(2 x Y).

per

Lemma 5.6. The configuration (ug, Uy, Po, Zo) is admissible for )(0) and globally stable according to (5.6).

Proof. The condition ug = ¢(0) on dp {2 comes from the strong convergence for the traces of u?. The admissi-
bility thus follows if we prove that (P, Zy) € C. This comes from the inclusion

(T-(?), T=(20)) € C,

7. being the unfolding operator (3.3), together with the fact that the convex cone C is weakly closed.
Let us prove the global stability condition. Given (v,V,Q,E) € A((0)), we want to show that

Q(uo, Uy, Py, Zo) — (1(0),u0) < Q(v,V,Q,Z) — (1(0),v) + H(Q — Py, B — Zo). (5.8)

We may assume that H(Q — Py, E — Zy) < 400, so that

VIQ- P2+ 2V, Q- V,RP<E-Z ae in2xY
In view of Remark 3.7, we can find ¢. € H'(£2;MY) and & € L?(2) such that for e — 0
Qe =3 Q—-F two-scale strongly in L?(£2 x Y; M%)

eVqe =3 V,Q —VyF two-scale strongly in L*(2 x Y; M)
& e Zy two-scale strongly in L*(£2 x V)
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and

\/|q6|2 +e202|Vq.|? < & a.e. in 2.
This implies (using Prop. 3.2, point (4)) that

lim He(ge, &) = H(Q = Py, E = Zo).
By Proposition 3.3 and Remarks 3.4 and 3.6, we can find v. € H'(§2; RY) such that for £ — 0
Ve — U — U weakly in H'(£2;RY),
Ve = U — ug on 0§2 and
Ev. 23 Bv— Bug + E,V — E,Uy two-scale strongly in L?(2 x Y Mg,m)
By comparing (u?, p?, 20) with (ve + 12, g. + p?, & + 20) € A (¥(0)) we get
Q- (ud, pd, 22) = (1(0), u2) < Qe(ve +ud, qe +pd, & + 22) — (1(0), v + 1) + He(ge, &2)-

Expanding the terms of the free energy and erasing the quadratic terms involving p? and 20 we obtain

0< %/QC (g) [Eve — gc] : [Eve — ge] dﬂf+/Q(C (g) [Eve — q.] : [Bu? - pl] da
Jr%/nfgder/Qgszgdx—<l(0),’ug>+H5(anfe)-

Letting ¢ — 0 we obtain (using Prop. 3.2, points (3) and (4))

1
0< = / C(y)[Ev — Euy+ E,V — E,Uy — Q + By : [Ev — Eug+ E,V — E,Uy — Q + Py| dzedy
+ / (C(y)[Ev — Fug + EyV — EyUo - Q+ Po] : [E'LL() + EyUo — Po] dzdy
02xY

1
by E-zdeys [ (E-Zo)Zodedy
2 02xY 2xXY

- <l(0),’U - U’O> + ﬂ(Q - PO; - ZO)7
so that, adding to both sides Q(uo, U, Po, Zy) we get precisely the global stability (5.8). O

We assume moreover that
ili% (Qa(ugapga Zg) - <l(0)7ug>) = Q(UOa Uo, Po, ZO) - <Z(0)a u0>' (5'9)

Remark 5.7. Notice that the case of purely elastic initial configurations fulfill the global stability condition
and our assumptions (5.7) and (5.9).

More precisely, let u? € H'(£2;RY) be the elastic configuration associated to the boundary displacement
1(0) and the external load [(0), such that the associated Cauchy stress 0¥ satisfies

0 z
|(05)D|§b(5) for a.e. z € 2 (5.10)
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for every € > 0. Then the initial configuration

(ug,0,0)
satisfies (5.7) and (5.9) with respect to (ug, Up, 0, 0), for suitable
up € H'(;RY)  and U € L*(2; H)op o (V3 RY)).

The global stability condition follows since (u?,0,0) is the minimizer of the convex function
(u,p, 2) — Qc(u,p, z) — (1(0),u) + He(p, 2).
The minimality is consequence of (5.10) which entails
—0Q<(u?,0,0) +1(0) € C-.

Thanks to Lemma 5.6, (ug, Uy, Po, Zo) € A(1(0)) is a globally stable configuration, so that the associated
two-scale quasistatic evolution is well defined. We are now in a position to state the main result of the section.

Theorem 5.8 (asymptotic behaviour of a quasistatic evolution). Let
t = (ue(t), pe(t), 2(t))
be the quasistatic evolution with initial configuration (u2,p, 20) satisfying (5.7) and (5.9). Let
t = (u(t), U(t), P(t), Z(1))

be the two-scale quasistatic evolution with initial configuration (ug, Uy, Po, Zy).
Then for every t € [0,T)

weakly in H'(2;RY)

two-scale weakly in L*(2 x Y; MY )

sym

)
)

t) two-scale weakly in L*(2 x Y; M%)
) two-scale weakly in L?(2 x Y;MY)
)

two-scale strongly in L*(2 x Y).

Finally, concerning the elastic strain we have for every t € [0,T)

Eu.(t) — p(t) = Eu(t)+ E,U(t) — P(t) two-scale strongly in L*(2 x Y; MY ).

sym
Proof. We divide the proof in several steps.
Step 1: Compactness for the plastic strain and the hardening variable. From the energy balance

E.(t) + D-(pe, 2:;0,t) = E-(0) — /0 (i(T),ue(T)> dr (5.11)

and recalling that by (5.9)

E.(0) = QE(ug,pg,zg) - (l(O),uS} — Q(uo, Uo, Po, Zo) — (1(0), uo) as e — 0,
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in view of the coercivity assumptions for the elastic and plastic moduli we obtain for every ¢ € [0,T] and for
€ > 0 small enough

1Bue(t) = pe(W)IZ2 (2mp,) + 12212 (0) < CA+ oo [[ue ()l (m)

sym

where C' > 0 is a suitable constant independent of & and ¢. Since (uc(t),p:(t), z:(t)) € A(¥(t)) we get up to
changing C'
1Bue (01222, ) + 2o (D2 () < C(L+ Jnax [[ue(m)lla ()

so that we infer in view of Korn’s inequality (see Sect. 2)

2
e [1Bus () 2oy, ) < OO+ mane ([ Bue(t) 1@y, )

This entails, by (5.11) and using again Korn’s inequality, that for e small enough the quantity
Ee(t) + De(pe, 2630, )

is uniformly bounded for ¢ € [0,T].
Taking into account the definition of D, (pe, 2¢;0,t), and using the coercivity for the yielding function b, we
infer that the total variation of
t— ze(t)
from [0,7] to L?(£2) is uniformly bounded for ¢ small. By admissibility of the configurations, we deduce also
that the total variation of
= (pe(t),eVpe(t))

from [0, T] to L2(£2; M) x L2(£2;MY) is uniformly bounded for ¢ small.
From the bound on E. (t), using again Korn’s inequality and the admissibility of the configurations, we infer
that there exists C' > 0 such that for £ small enough and for every ¢ € [0, T

e ()] 11 () + 1P (Ol L2y + 1VPO L2 (2maz) + 12 2200y < C. (5.12)
Since the unfolding operator 7; is an isometry, we deduce that the total variation of

t = (Te(pe(t)), Te(eVp: (1)), T (2:(1)))

on [0, T] with values in L%(2 x Y;M¥) x L2(2 x Y;MY) x L2(£2 x Y) is uniformly bounded for & small. By
the generalized version of Helly’s theorem [5], Lemma 7.2, and in view of Theorem 3.5, we deduce that there
exist a function of bounded variation

t— (P(t), Z(t) € H,

per

(YV;MY) x L2(2 x Y)
and a sequence €, — 0 such that setting

(Un(t), Pn(t); 2n(t)) = (ue, (), pe, (), 2, (1)),

for every ¢ € [0, 7]

pu(t) “2P(t)  two-scale weakly in L2(£2 x Y; MY), (5.13)
enVpn(t) v V,P(t) two-scale weakly in L?(£2 x Y;MDY), (5.14)

and
Zn (1) v Z(t) two-scale weakly in L?(£2 x Y). (5.15)

Notice that from the admissibility of (uc(t), p.(t), z-(t)) we infer that (P(t), Z(t)) € C for every t € [0,T).
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Step 2: Compactness for the displacement. Let us fix ¢t € [0,7]. In view of (5.12) and Proposition 3.3,
up to a further subsequence we have that

u,(t) =@  weakly in H'(£2; RY)

w-2

EBu,(t) = F

<

+E,U two-scale weakly in L2(£2 x Y; MY

sym
for some
e H'(;RY)  and  Ue€L*(02;HL, oY RY)).

Clearly, @ = (t) on Op {2, so that (4, U, P(t), Z(t)) € A((t)).
We claim that the pair (@, U) is uniquely determined. Indeed, let (v, V) € H*(£2;RN)x L*(2; H, o(Y;RY)),
and v, € H'(£2;RY) such that, according to Remark 3.4, v, = v — @ on 942,
v, = v—1a  weakly in H'(§;R")

and
Ev, “?Bv— Eu+ E,V — EyU two-scale strongly in L2(2 x Y; MY ).

sym

The global stability of (u,(t), pn(t), 2, (t)) yields by comparison with (u,(t) + vp, Pn(t), 20 (1)) € Ae, (¥(t))
Q.. (un(t); Pn(t); 2n(t)) = (U(E), un(t)) < Qe (un(t) + v, P(t), 2n(t)) — (U(E), un(t) + vn). (5.16)

Since

Qe (1) + 0.2 (8). 20(8)) = Qe (un(8) (0. 70(8)) + 5 /Q C (ﬁ) Bu, : Bv, da

En

En

T /Q(c <£> Evy, 1 (Bun(t) — pa(t)) da,

taking the limit in (5.16) (using Prop. 3.2, points (3) and (4)) we get

1 . _
0< = / C(y)(Ev - Fu+ E,V — E,U) : (Ev— Eu+ E,V — E,U)dady
+ / C(y)(Ev — Ea+ B,V — E,U) : (B + E,U — P(t)) dady — (I(t),v — ).
02Xy

Adding to both sides the quantity

% / Cly)(Eii+ E,T — P(t)) : (Bii + E,T — P(t)) dady — (I(¢), 1),
02Xy

we deduce that the pair (a, U) is a minimizer (under the boundary condition for the displacement) of the map

(v, V) — 1 /Q Y(C (y) (Bv+ E,V): (Ev+ E,V)dady — /Q Y(C (y) (Bv+ E,V) : P(t) dady — (1(t),v).

By strict convexity we conclude that (4, U) is uniquely determined, so that we denote it by (u(t), U(t)). We
infer that (without passing to a subsequence since the limit point is uniquely determined)

Un (t) — u(t) weakly in H'(£2;RY) (5.17)
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and
Euy(t) we Eu(t)+ E,U(t) two-scale weakly in L2(2 x Y; MY ). (5.18)

sym
Step 3: The limit trajectory is a quasistatic evolution. Let us prove that the limit trajectory
t e (u(t), U(1), P(t), Z(1)) € A(¥(t)

given by the previous steps satisfies the global stability and the energy balance of Definition 5.4.

Global stability follows by the same arguments of Lemma 5.6 by replacing (u2, p?, 20) with (u,, (), pn(t), 2a(t)),
and (ug, Uo, Po, Zo) with (u(t),U(t), P(t), Z(t)).

Concerning the energy balance, let us write Q,, and D,, for Q,, and D., respectively. Since

1

Qn(un (), Pn(t), 2a(1) = 5 /Qxy CONTe, (Eun(t) = Te, (Pa(1))) : (Te, (Bun(t)) — T, (Pr(t)))

+17, (2 (1) dzdy

and

Dy (pn, 2n;0,t) = D(Z,, (pn), Tz, (20); 0, 1),
we obtain for every ¢ € [0,7]

Qu(t), U(t), P(t), Z(t)) < liminf Qp (un(t), pn(t), zn(t))

n—oo

and (since D is a sort of total variation in time)

D(P, Z;0,t) < liminf Dy, (pn, 2n; 0, t).

n—oo

Taking the limit for n — oo in

En(t)+Dn(pn,zn;0,t):En(O)f/O (1), un (7)) dr,

in view of (5.9) we deduce that

E(t)+D(P, Z;0,t) < lim [E,(t) + Dp(pn, 20;0,)] = E(0) — /Ot(i(r),u(r)> dr. (5.19)

n—00

On the other hand, the global stability implies that for every ¢ € [0,T] (see for example [15], Thm. 4.4)
~ ~ ~ t .
E(t)+D(P,Z;0,t) > E(0) — / (I(r),u(r))dr
0

so that the energy balance condition holds. The map ¢ — (u(t),U(t), P(t), Z(t)) is thus a quasistatic evolution
with initial configuration (ug,Uq, Po, Zp). Since the evolution is uniquely determined, we conclude that the
convergences (5.13)—(5.18) hold indeed along the entire family for ¢ — 0.

Finally from (5.19) (which is indeed an equality) we infer that for every ¢ € [0, T

lim E.(t) = E(t) and 1in(1) D (pe, z6;0,t) = 75(13, Z;0,t).

e—0

This entails that for every ¢ € [0, T]

Eue(t) — pe(t) =3 Eu(t)+ E,U(t) — P(t) two-scale strongly in L*(2 x Y; MY )

sym
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and
ze(t) =3 Z(t) two-scale strongly in L?(2 x Y).
This completes the proof. O

Remark 5.9. Reformulating the two-scale quasistatic evolution ¢ — (u(t),U(t), P(t), Z(t)) in a single scale
setting demands for an integration with respect to the microstructural variable y, so that usual weak limits P(t)
and Z(t) of p-(t) and z.(t) are obtained (the displacement u(t) is already the weak limit of u.(¢)). Unfortunately,
in view of the nonlinearities appearing in the global stability and the energy balance conditions, the mean with
respect to y cannot be performed preserving the structure of the two properties. In other words, it is likely that
the evolution ¢ — (u(t), P(t), Z(t)) cannot be interpreted as a quasistatic evolution for a homogenized standard
plasticity model, although we do not have a rigorous argument supporting this conclusion. A hint regarding
such a difficulty was given by the analysis of the cell problem of Fleck and Willis considered in Theorem 4.7
(see also Rem. 4.8), where the effective plastic potential in a single scale setting depends also on the elastic
behaviour of the material.

The loss of information entailed by taking the mean with respect to the microstructural variable y could
require a description of the evolution in terms of nonlocal properties, such as memory effects, as pointed out by
Tartar [20,21]. For example, in the case of linear thermoviscoelasticity Francfort and Suquet [10] showed that
homogenization can induce memory effects of fading type.

Recently Visintin [22-24] dealt with the problem of formulating a single scale description for the two-scale
homogenization of nonlinear problems arising in viscoelasticity and elastoplasticity. His arguments are of a
variational nature, and are nonlocal in time. The case of elastoplasticity presents technical difficulties due to
the linear growth of the dissipation, so that the regularity in time which can be used in the minimum problems is
only that of function of bounded variation (and not Sobolev regularity as for other problems in viscoelasticity).
Concerning our problem of strain gradient plasticity, Visintin’s ideas amount, loosely speaking, in manipulating
the energy balance by taking the minimum of the left-hand side along trajectories t — (v(t), V (), Q(t), Z(t))
such that o(t) = u(t), Q(t) = P(t) and Z(t) = Z(t) (the average with respect to y provide the weak limits of
the evolution), and which satisfy the global stability condition. Unfortunately, such a formulation seems not to
provide any further physical insight into the problem.

Acknowledgements. A.G. is supported by the Italian Ministry of University and Research, project “Problemi variazionali
e di evoluzione con scale multiple” 2008.
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