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ABSTRACT. The uniqueness of the solution to a quasi-static problem in perfect elasto-plasticity
is established in the case of a bi-axial test. It is the first example known to us of uniqueness in
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1. INTRODUCTION

1.1. General considerations. The current mathematical view of perfect elasto-plasticity finds
its roots in the work of P.-M. Suquet (see e.g. [10],[11]), later completed by various works of R.
Temam (see e.g. [12]) and R.V. Kohn and R. Temam (see [7]). After a long lull, that work was
revived by G. Dal Maso, A. De Simone and M. G. Mora [3] within the framework of the variational
theory of rate independent evolutions advocated in particular by A. Mielke (see e.g. [9]).

Those evolutions are quasi-static, that is that inertia effects are neglected. Then, the evolution
can be viewed as a time-parameterized set of minimization problems for the sum of the elastic
energy and of the add-dissipation; see Section 2 for details. The minimizers should also conserve
energy throughout the evolution, a statement that can be seen as the result of a combination of
the two principles of thermodynamics. Once such an evolution is secured, it has been shown in
various recent works that that evolution satisfies the original system of equations, and in particular
the so-called flow rule: whenever the (deviatoric part of the) stress reaches the boundary of its
admissible set, the plastic strain should flow in the direction normal to that set.

Although the evolutions constructed in this manner share a unique stress field (see for example
Theorem 2.12 below), hence a unique elastic strain field, uniqueness of the plastic strain, hence of
the displacement field, is a delicate issue. As a matter of fact, to the best of our knowledge, there
is mo example of uniqueness to be found in the overwhelmingly abundant literature on elasto-
plasticity, except when the problem reduces to a one-dimensional setting. In the latter setting,
A. Demyanov proved in [4, Section 10.2] that uniqueness is achieved for a very specific loading
process. To be fair, the beauty of his result resides elsewhere: it is in the demonstration that any
measure which does not charge atoms can be attained as a plastic strain in a one-dimensional
context.

In this paper, we propose to exhibit a bona fide three-dimensional problem for which uniqueness
is generic. To do so, we have to introduce a set of boundary conditions which does not fall within
the scope of the established variational theory introduced in [3]. This is because our example
necessitates the consideration of mixed type boundary conditions in the following sense: on part
of the boundary of the domain, only the normal component of the displacement is given, while
the tangential components of the normal stress are nul. This is because our example is a bi-axial
test where such boundary conditions are needed if one is to secure an explicit elastic field.

Consequently, we have to revisit the whole theory of variational evolutions in this new context.
Only once this is done can we address the example of the bi-axial test.

The paper is organized as follows.

After a short Subsection (Subsection 1.2) devoted to notation and mathematical preliminaries,
Section 2 revisits the variational approach to quasi-static elasto-plastic evolutions in this new
context and re-establishes all needed results. We attempt to perform the task by striking a
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sometimes delicate balance between precision and brevity. Particular attention is paid to the
kinematics of the problem. This is because admissible rigid body motions have to be factored out
if coercivity is to be secured.

Section 3 addresses the bi-axial test. In a first Subsection (Subsection 3.1), the setting is
detailed and a spatially homogeneous evolution is evidenced. Subsection 3.2 then investigates the
possible uniqueness of the homogeneous solution. Theorem 3.2 demonstrates that uniqueness is
generic.

Finally, when uniqueness does not hold, it is shown in Remark 3.4 that the multiplicator of
the plastic strain satisfies a spatially hyperbolic equation with an incomplete set of boundary
data. Consequently, an infinite number of solutions to the quasi-static evolution are generated. In
particular, there exist solutions for which the plastic strain exhibits a Cantor part! This is to our
knowledge the first truly multi-dimensional example for which the solution displacement field u(t)
is in BD, and not only in SBD (see, once again, [4, Section 10.2] for a one-dimensional example)
and it dashes any hope for a regularity statement on solution-displacement fields of quasi-static
elasto-plastic evolutions.

1.2. Mathematical Preliminaries. Here, we detail the mathematical notation, as well as a few
mathematical remarks that will be of relevance.

Throughout the paper, we refer to e.g. [2] for background material, especially concerning finer
measure theoretical points.

General notation. For B C R”, the symbol A CC B means that the closure of A is compact
and contained in B. The symbol | 4 stands for “restricted to A”.

Matrices. We denote by Mgm the set of N x N-symmetric matrices and by MY the set of
trace-free elements of MY, . The identity matrix in MY, is denoted by i. If M is an element
of MY, then Mp denotes its deviatoric part, i.e., its projection onto the subspace M} of MY |
orthogonal to i for the Frobenius inner product. The symbol - denotes that inner product. We
denote by L (Mé\}r,m) the set of symmetric endomorphisms on Mg,m. For a,b € RV, a ® b stands
for the symmetric matrix such that (¢ © b);; = (a;b; + a;b;)/2.

Depending on the context, we will denote by B(z,r) the open ball of center z and radius r in

RN or that in M%.

Measures. If E C RY is locally compact and Y a finite dimensional normed space, M;(E;Y") will
denote the space of finite Radon measures with values in Y. If Y = R, we denote by MZ(E) the
subspace of nonnegative elements of M;(E;R). For € My(E;Y), we denote its total variation
by |u|(E), or equivalently by ||x]]1. This is because the total variation of 4 is also the norm of y as
an element of the topological dual of C§(E;Y ™), the set of continuous functions u from E to the
vector dual Y* of Y which “vanish at the boundary”, i.e., such that for every € > 0 there exists
a compact set K C E with |u(x)| < € for ¢ K. Besides the associated weak-x convergence, we
also use strict convergence. We say that

fn > strictly in My(E;Y)
iff
fin = p weakly™ in My (E;Y) and |pn|(E) — |p|(E).

Functional spaces. Given £ C RY measurable, 1 < p < +o00, and Y a finite dimensional
normed space, LP(FE;Y’) stands for the space of p-summable functions on E with values in Y, with
associated norm denoted by ||-||,. (Note that || f||; thus denotes both the L'-norm if f € L'(E;Y),
and the total variation of a finite radon measure if f € My(E;Y); no confusion should ensue.)
Given A C RY open, H'(4;Y) is the Sobolev space of functions in L?(A;Y’) with distributional
derivatives in L2.

Finally, let X be a normed space. We denote by BV (a,b; X) and AC(a,b; X) the space of
functions with bounded variation and the space of absolutely continuous functions from [a, b] to
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X, respectively. We recall that the total variation of f € BV (a,b; X) is defined as

k
Vx(f;a,b) := sup ZHf(tj)—f(tjfl)Hx ra=ty <t <---<tp=b

j=1

The (kinematic) space BD. In this paper as in previous works on elasto-plasticity the dis-
placement field u lies in BD(f2), the space of functions of bounded deformations. We refer the
reader to e.g. [12, Chapter II], and [1] for background material. Besides elementary properties of
BD(£2), we will use the following Korn’s inequality: if {2 has a Lipschitz boundary, there exists
C > 0, such that, for every u € BD({2), there exists r € R({2) satisfying

(1.1) lu—=rlsD(02) < CllEU| My (2:M2,,,)
where Fu denotes the symmetrized gradient of u, and
(1.2) R():={u=b+ Az : be RN AcMf,,

denotes the family of infinitesimal rigid body motions on §2; see [12, Chapter II, Prop. 2.3].
We say that
Up = weakly™ in BD({2)
iff
up — u, strongly in L'(£2;RY) and Eu,, = Fu weakly™ in M, (£2; Mi\;m)

Bounded sequences in BD(2) always admit a weakly™ converging subsequence.

The (static) space X. It is defined as
Y= {oe L*(MY,) 1 div o € L*(2;RY) and op € L= (2;RY)} .

sym
It is classical that, if o € L2(£2; MY ) with div o € L*(£2;R"), ov is well defined as an element
of H=Y2(862;RY), v being the outer normal to d12.
More generally, consider an arbitrary Lipschitz subdomain A C {2 with outer normal v, and
A C 0A open in the relative topology. We can define the restriction of ov “on A” by testing

against functions in H'/2(9A;RY) with compact support in A. This amounts to viewing ov as
an element of the dual to Hééz(A; RYN).

If 0 € ¥, then, in the spirit of [7, Lemma 2.4], we can define a tangential component [ov], of
ov on A such that

[ov], € L= (A;RY) with lev]rlloo < lloplloo-
Indeed, consider any regularization o,, € C™(A; Mé\}’,m) of o on A such that
Op — 0 strongly in L?(4; Mé\}’,m)
dive,, — dive strongly in L2(A;RY)

l(@n)plloe < llon o
Define the tangential component [o,v], := (0,)v — ((op)v - v)v. Tt is readily seen that [o,v], =
[(on)pV]; (the tangential component of (0,)p is defined analogously). Since z — v(z) is an
L (A; RN )-mapping, there exists an L (A; RV )-function [ov], such that, up to a subsequence,
[0nV]r = [ov], weakly™ in L°°(A;RY).

If op = 0 then, clearly, [ov], = 0, so that [ov], is only a function of (¢,,)p which we will denote
henceforth by [opv],. Notice that [cpv], may depend upon the approximation sequence oy, (or
at least upon (0,)p).

If A is a O%hypersurface, then [opv], is uniquely determined as an element of L>(A;RYM).
Indeed, for every ¢ € H'/?(9A;RY) with support compactly contained in A (that is by density

1/2

o € Hy*(ARY)),

(1.3) /A lov], - pdHN 1 = (0w, 0) — ((0v)ur ),
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where

((av), ) = (ov, (¢ - V)v).
Since the normal component (¢ - v)v of ¢ with respect to A belongs to H'/2(0A;RN) in view of
the regularity of v on A, the definition of (ov), is meaningful.

2. QUASI—STATIC EVOLUTION FOR MIXED BOUNDARY CONDITIONS

In this section, we demonstrate that the setting introduced in [3] can be extended to the case
where boundary conditions are of a mixed type, that is to the case where, on a part I'; of the
boundary of the domain {2 under investigation, the following type of boundary conditions is
imposed:

u-v=w (prescribed normal displacement),

[ov], =0 (zero tangential forces).
As mentioned in the introduction, such a setting does not fall squarely within the confines of the
evolution discussed in [3] and revisited in [5]. Thus, a revisiting of the results obtained there is
required. In what follows, we accomplish this task while relying as much as feasible upon available
results.

2.1. Mathematical framework. The reference configuration. In all that follows 2 C RY is an
open, bounded, connected set with (at least) Lipschitz boundary and exterior normal v. Further,
the Dirichlet part I’y of 92 is a non empty open set in the relative topology of 92 with boundary
dloaly in 052 and we set I, := 92\ I;. Reproducing the setting of [5, Section 6], we introduce
the following

Definition 2.1 (Admissible boundaries). We will say that 0|snly is admissible iff, for any o €
L2(02; MY ) with

sym
dive = fin 2, ov=honl, op€cL®2;MDY)

where f € LN (;RY) and h € L= (I,;;RY), and every p € My(2UIL;; MY) such that there exists
an associated pair (u,e) € BD(2) x LN/N=Y(2;MN ) and g € H'(£2;RY) with

sym
Eu=e¢+p in 2, p=(g—uw) OvHN I, only
the distribution, defined for all o € C°(RN) by

(2.1) (op,p)(¢p) ::*/Qtpm(e*Eg) dﬂf*/ﬂ@f‘(ufg) dx

—/J~[(u—g)®V<p]dx+/ oh - (u—g)dHN !
19

n

extends to a bounded Radon measure on RN with |(op,p)| < |loplleolp]-

Definition 2.1 covers many “practical” settings like those of a hypercube with one of its faces
standing for the Dirichlet part I'y; see [5, Section 6] for that and other such settings.

Remark 2.2. Expression (2.1) defines a meaningful distribution on R¥. Indeed, according to [5,
Proposition 6.1] if o € L?(§2; Mi\}’,m) is such that dive € LN (2;RY) and op € L>(2; MY), then

o€ L"(§ Mi\}’,m) for every 1 < r < oo with
lofl- < Cr(llollz + [[divellx + lloplle)

for some C, > 0. On the other hand, v € LY/N=1(2;RY) in view of the embedding of BD(£2)
into LN/N=1(2;RN). Further, u has a trace on 942 which belongs to L'(962; RY). Finally note
that, if o is the restriction to 2 of a C'-function and if HVN (9|9 l4) = 0, then, an integration
by parts in BD (see [12, Chapter 2, Theorem 2.1]) would demonstrate that the right-hand side of
(2.1) coincides with the integral of ¢ with respect to the (well defined) measure opp. q

We will use the following result concerning the duality pairing (op,p): for a proof we refer to
[5, Lemma 3.8 and Theorem 6.2].
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Proposition 2.3 (Duality). Let the duality (op,p) € My(2U Iy) be defined according to (2.1).
Then the following facts hold true.

(a) Absolutely continuous part: we have
{(op,p)* =0op - p*dz,
where p* € LY (2; M%) is the density of the absolutely continuous part of p.
(b) Behaviour at the boundary: if I'y is of class C?, then
(op,p)La = [ov]; - (9 —w)H " Iy,
where [ov], € L (Iy;RYN) is uniquely defined according to (1.3).
(¢) Total mass: we have

<"DaP>(9UTd>=—/U~(e—Eg)dw—/Qf~(u—g)dx+/F he(u—g)dHN"1,

0 n

Kinematic admissibility. In this contribution we only prescribe the normal component of the dis-
placements on I'y. In other words, given w € H'({2), we impose that the displacement u should
satisfy
u-v=wonly,
where v denotes the outer normal to 02 and u - v is to be understood in the sense of traces.
Correspondingly, we define the admissible infinitesimal rigid body motions as those with normal
component vanishing on [y, i.e., the elements of
Ra(2) ={ueR(2) : u-v=0o0n Iy},

where R(£2) is defined in (1.2). Depending on the geometry of I';, it may be so that R4(£2)
reduces to the null displacement.
In turn, this prompts the definition of the quotient space

BDy(2;w) :={u e BD(2) : w-v=won I4}/Ra4(£2)
{ BDy(£2) := BDy(£2;0).
From now onward, we denote by [u] an element of the set
BDy($2;w) :={u+r:u e BD(2) withu-v=won Iy, r € Ry(2)},
by Eu the common value of E(u+r), r € Rq(§2), and recall that, since R4({2) is finite dimensional,
I[ulll 82wy = min {[lu+rlpp) : 7 € Ra($2)} -
Then, we adopt the following

Definition 2.4 (Admissible configurations). A(w), the family of admissible configurations relative
to w, is the set of triplets ([ul, e, p) with

[u] € BDg(2;w),  ec L2 (MY ), pe My(:MY), EBu=e+p inf

sym
The function u denotes the displacement field on (2, while e and p are the associated elastic

and plastic strains.
We will make repeated use of the following

Proposition 2.5 (Korn). There exists a constant c(£2) > 0 such that, for every [u] € BDy(§2),
I[ulll BDa(2) < ()| Eully

Proof. The inequality follows if we show that || Fu||; is a norm on the quotient space equivalent to
that induced by the BD-norm. This is a consequence of the open mapping theorem provided that
we show that the space BDg4({2) is complete when equipped with that norm (see e.g.[12, Chapter
I1, Proposition 1.2] for a similar argument).

Since R(f2) is a finite dimensional vector space, we decompose R({2) as

(2.2) R(N2) = Ra(2) R (12),
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and this for any inner product on R(§2). Consider ([un])nen C BD4(§2) such that (Fuy)nen is a
Cauchy sequence in My (£2; MY ). Then, in view of (1.1), there exist v € BD(£2) and r,, € R(£2)
such that
||un + 7y — U”BD(_Q) — 0.
By the continuity of the trace operator, this entails that
Ty V—0V-V strongly in L(I}).
Set
Tn =Tn +Tn
with 7, € R4(£2) and 7, € R} (£2) according to decomposition (2.2). Then
P V=0V -V strongly in L'(Iy).
Since R7 (£2) is a finite dimensional space on which
T [r-v| dHN !
Iy
is a norm, we may assume that, up to a subsequence,
P — 7 in Ry (12)
and also strongly in BD({2). Then, u := v — 7 satisfies u- v = 0 on Iy and
Up + T — U strongly in BD(£2),
so that [uy,] — [u], strongly in BDg(f2). The result follows. O

The elasticity tensor. The Hooke’s law is given by an element C € L>(£2; £L,(MY ) such that
(2.3) c1|M|> < CM - M < cy|M|? for every M € M3

sym?
with ¢1,co > 0.
For every e € L2(£2; MY ) we set

sym

Qe) := %/Q(Ce-edx.

The set of admissible stresses. In elasto-plasticity, the deviatoric part of the stress o is assumed
to be restricted by the yield condition. We thus assume that there exists a convex compact set
K c MY such that op(z) € K for a.e. x € 2. We further assume that K cannot be too small or
too large, i.e., there exist c3,cs > 0 such that

(2.4) B(0,¢3) € K C B(0,¢y).
Our formulation of the problem uses the Legendre transform of I, which is often referred to as
the dissipation potential.
The dissipation functional. For a.e. x € {2, we define the dissipation to be
(2.5) H(&) :=sup{r-&: 7€ K}.
Definition (2.5) produces a convex, one-homogeneous function which further satisfies
cslé] < H(E) < eal€]-
For every p € M(2; MY), we define the dissipation functional as

Hio) o= [ 11 (5. L) a,

where p/|p| denotes the Radon-Nikodym derivative of p with respect to its total variation |p|. We
have

(2.6) csllplli < H(p) < callpls-
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The total dissipation. If ¢ — p(t) is a map from [0, T] to M;(2; MY), we define, for every [a,b] C
[0,T7],

k
D(a, b;p) := sup Z”H(p(tj) —p(tj—1)) ra=to <ty <---<tp =0
j=1

to be the total dissipation over the time interval [a,b]. Thanks to (2.6), the total dissipation
satisfies for every ¢ € [0, 7]

(2.7) esV(0,t;p) < D(0,8;p) < V(0,85 p).

The loads. As mentioned at the beginning of this section, we prescribe a normal boundary dis-
placement w on I'y. To that aim, we define, w(t), t € [0, 7], as the normal trace on I'y of some

(2.8) g € AC(0,T; H'(RY;RY)),
i.e., for every t € [0, T,
(2.9) g(t) - v=w(t) on I}y

Then, in particular,
w € AC(0,T; L*(Iy)).

On the part I, of the boundary, we prescribe a surface traction which should not produce any
work against admissible rigid body motions, that is
(2.10) h € AC(0,T; L>=(I},; RY)) with, for every r € Rq(£2), / h(t)-r dHN "t =0, t € [0,T].

n

Define L(t) € BD'(£2) as
(L(8),v) = —/ h(t) -v dHNY, v € BD(Q).

Then, the work of the surface traction is given, for any element ([u], e, p) of A(w(t)) by

(2.11) L(t; [u]) = (L(1),u),
where, thanks to (2.10), v is any representative of [u]. Note that, under our assumptions on A,
L(s) = £(t)

L(t) :== w* — lim

s—t s—t
exists in BD(£2) for a.e. t € [0,T] (see [3, Remark 4.1]) and that it is represented by
(L(t),u) = 7/ h(t) -u dHN ™Y, with, for every r € Rq(£2), / h(t)-r dHN "t = 0.
r, I'n
In particular, we can define
(2.12) L(t; [u]) := (L(1), ), u € BDa($2;w(t)),

and t — L(t;[u(t)]) is an L*(0, T)-function whenever [u — g] € L>°(0,T; BDg(£2)).
As is well known in plasticity, the traction should also be such that it satisfies a uniform safe
load condition (see [3, Eqns. (2.17)-(2.18)]). We will assume henceforth that

(2.13) HN_l(al_aQFd) =0

and that there exists a stress field 7 € AC(0,T; L*(£2; MY ,,)) with
(2.14) mp € AC(0,T; C°(2; MY))
(2.15) mp(t,z) + B(0,a) C K

for some a > 0, and such that, for every t € [0, 7],
(2.16) div 7(t) =0 in {2, m(t)v = h(t) on I}, [7(t)v] =0on Iy



8 G.A. FRANCFORT, A. GTACOMINI, AND J.-J. MARIGO

The work defined in (2.11) can in turn be rewritten as
£lt: ) = = [ 7(0)- (e = Po(t) do = (mp(0).5)(2UT) = [ hie)- (0 at

where p € M, (2U Iy;; MY) is defined as

plR2=p and  plIy=(9(t) —uw) OvH Ty
Note that p has values in M% since ([u], e, p) € A(w(t)). The previous expression is obtained from
(2.1) with the choice ¢ = 1 on {2 and the term (rp,p) uses the duality. However, the regularity

assumption (2.14) entails that the duality (7p,p) reduces to the well defined measure 7p(t) - p
(see [5, Section 6]), while, thanks to the last equality in (2.16), we may write

(2.17) (7o (t) - p)(L2UI4) = (7p(t) .p)(9)+/F mp(t) - [(g(t) —w) © v] dHY !

= (mp(t) - p)(£2) +/ [rp (V)= (g(t) —w) dH ™ = (7p(t) - p)(£2).

Iy
Using an integration by parts formula in H'(2;RY), (2.9), (2.13), (2.14), (2.16), and (2.17) yield
(2.18) Ll [u]) = — /Qw(t) cedz — (p(t) - p)(2) +/F (2 () - v)w(t)da.

Remark 2.6. Following [3], we could simply require that

mp € AC(0,T; L= (2; MY))
[7(t)v], = 0 on Iy of class C?,

and interpret the calculations above using the stress-strain duality. However, the absence of spatial
regularity of 7 is the only reason for appealing to the duality in that argument, because the product
of mp with p is not meaningful under the assumed regularity of 7p. q

In all that follows, we will have to deal with maps of the form
(219) Zltwsp] : (0] m,0) € A(w(t)) = Q(n) +H(g —p) + L{t: [o]), for some p € My (2 M),
The following remark addresses the lower semi-continuity and coercivity properties of % [¢t; w; p).

Remark 2.7 (Lower semi-continuity and coercivity). First, in view of the expression (2.18) for
L(t;-) we can write

(220) Fltsw:p)((o].mq) = Qfe) / 7(t) - e da

2
(g —p) — () - (4 — p)(2) + /F (x () - v (t) dHV .

N

sym)- In view of the safe

The term involving e is clearly weakly lower semi-continuous on L?(£2; M
load condition (2.15) on 7p(t), H defined in (2.5) satisfies

(2:21) VEEeMY : H(§) —mp(t) - € > alg|.

Consequently, the term
0rs Wl =)~ (rol0)- - )@) = [ |1 (ZZ2) “ (o) 222 g

is weakly-x lower semicontinuous on M, (2; M¥) in view of Reshetnyak’s lower semi-continuity
theorem (see e.g. [2, Theorem 2.38]). The remaining term in (2.20) is a ¢-dependent constant.
We conclude that Z[t; w;p] is weak-x (sequentially) lower semi-continuous for the (natural)
weak-x topology on A(w(t)).
As far as coercivity is concerned, (2.3), (2.8), (2.14) and (2.21) imply that, for every ([v],7n,q) €
Afuw(?)

C:
Z [t wipl([v],m,0) = allql + fllnllz +C(p),
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where C(p) is a constant depending on of ||p]|;. q

2.2. Quasi-static evolutions. In what follows, the energetic formulation of the quasi-static evo-
lution is detailed.

Definition 2.8 (Quasi-static evolution). The mapping
t = ([u®)], et),p(t) € A(w(t))
is a quasi-static evolution iff the following conditions hold for every t € [0,T]:
(a) Global stability: for every ([v],n,q) € A(w(t))

(2:22) Qe(t)) + L(t; [u(t)]) < Qn) + L(t; [v]) + H(q — p(t)).
(b) Energy equality: p € BV (O,T; My (92; Mg)) and

(2.23)  Q(e(t)) + L(#; [u(®)]) + D(0, ¢ p) = Q(e(0)) + L(0; [u(0)])

i /0 {/g o(r) - Bg(r) dz + L(r; [9(7)]) + L(7, [um])} dr
where o(t) := Ce(t).

Remark 2.9. Note that the global stability condition for ([u],e,p) € A(w) (we drop the ¢-

dependence throughout this remark), implies in particular the uniqueness of e € LQ(Q;Mé\;m)

and of [u] € BDy(£2;w) once p is fixed. Indeed, the global stability is equivalent, thanks to the
one-homogeneous character of H, to the following set of inequalities

(2.24) —H(q) < /Q Ce-ndx+ L(t[v]) < H(—q) for every ([v],n,q) € A(0).

One implication is proved in [3, Theorem 3.4] while the other is immediate by convexity of the
quadratic form Q(e). Then, if ([u/],€’,p’) € A(w) is an other globally stable configuration, we
obtain

H - p) < [ Cor(¢ o) dut LW — ) < Hp - )
Q
and
~H(p-p) < / Ce'-(e—¢')do+ L(t;[u—u]) <H(p' —p)
Q
so that
[ el —e) (@ e do < Hp—p) + 1O )
Q
and, appealing to (2.3), (2.6), we conclude that
le" —ella < Clp’ — p|"*(%2),
for some C' > 0. Concerning the displacement, thanks to Proposition 2.5,
Ilw = ulllppya) < CIEW = )|y < C||2]Y2]e —ella + [p = p|(£2)
from which the result follows. q

Remark 2.10 (Independence of the extension g). Whenever (2.13), (2.14) hold true, the quasi-
static evolution of Definition 2.8 remains unchanged if g defined in (2.8) is replaced by any

g € AC(0,T; H'(RY;RY))
with, for every t € [0, T,
(2.25) g@t)-v=w(t) on I,

In other words the evolution only depends on w(t), not on g(t), provided that (2.25) is satisfied.
Indeed, in the context of Remark 2.9, take ([v],n,q) = ([g — '], Eg — E¢’,0) as test function in
(2.24). We get

/Q Ce - (Bj — Eg/)dx + L(t:[§ — §']) = 0.
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Reintroducing the t-dependence, we thus conclude that we are at liberty to replace g(t) by ¢'(t)
in the energy equality. Since, in view of (2.18), this expression is the only one that involves ¢(t),
rather than w(t), in the definition of a quasi-static evolution, the conclusion is reached.

Note that a similar remark would also apply to the general setting first introduced in [3]. To
the best of our knowledge, this has not previously been explicitly observed. q

The following theorem is a generalization of [3, Theorem 4.5] to our setting.

Theorem 2.11 (Existence of quasi-static evolutions). Assume that (2.3), (2.4), (2.8)~(2.10) and
(2.13)~(2.16) are satisfied. Let ([ug], e, p0) € A(w(0)) satisfy the global stability condition (2.22).
Then there exists a quasi-static evolution t — ([u(t)],e(t),p(t)) € A(w(t)),t € [0,T], such that

([u(0)], €(0), p(0)) = ([uol; €0, po)-

Proof. The proof proceeds as usual by discretization in time, solving incremental minimum prob-
lems depending on Q,H and letting the time step discretization going to zero.

Step 1: Existence of the incremental configurations. Let t¥ := (iT)/k for k > 1. Let us show that
for every i =0, ...., k, we can find a triplet ([u¥],e¥ p¥) € A(w(t¥)) such that, for i > 0,

(2:26) ([uk], ek, pf) € Argmin {F [t w(th): pl_](v,n, 4) =
Q) +Hlq = piy) + Lt [v]) = ([v],m.0) € Alw(th)}

and ([u§]76§7p6€) = ([’I,Lo],eo,po).
We can proceed as follows. Let ([u,], en, pn) € A(w(tF)) be a minimizing sequence. Comparing
with ([g(tF)], Eg(t¥),0) and appealing to the coercivity in Remark 2.7 yields, for some constant

i

lenll2 + llpnlls < C,
so that we can assume that, up to a subsequence,

en — € weakly in L2(£2; MY ),

Sym

and
Dn — D weakly-x in My, (£2; MY).
The lower semi-continuity of .7 [tF; w(tF); p¥ ] is ensured through Remark 2.7. In order to con-
clude, we simply need to find [u] € BD4(£2;w(t¥)) such that ([u], e, p) € A(w(tF)). Then, ([ul,e,p)
will be a minimum.
Thanks to Proposition 2.5
fun = gt BDa2) < ¢

for some constant c. Consequently, there exists r, € R4({2) such that u, + 7, is bounded in
BD(£2). Let 2 CRY be open, bounded and such that 2 U Iy = 2N 2. Let us consider

Up + 75 on f2
g(tF) on '\ 0.

VUp =

(Un)nen is a bounded sequence in BD(£2'): indeed, the jumps created across Iy are of the form
(un + 10 — g(t)) © vHN T Iy,
so that their mass is dominated by |[un + 7 — g(t¥)|| 1 (r,z~v) which is bounded. Up to a subse-
quence we get
v, v weakly-x in BD(£2').
Let u be the restriction of v to {2. Since
Ev, =¢, + Dn

where

5 en in 2
én = _
Eg(t¥) in '\ 2
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and
Pn in 2
D=1 (un +71n —gtF)) O vHNY Iy on Iy
0 on 2\ 2,

and since j,, is MN-valued, we deduce that the singular part of Ev is also MY -valued. But
Eu Iy = (g(t}) —u) 0 vHY " Iy,
so that u - v = g(tF) - v = w(tF), which entails that ([u],e,p) € A(w(tF)).

Step 2: Piecewise constant interpolation in time and conclusion. With Step 1 at our disposal, we
can adapt easily the arguments of [5, Theorem 2.7] to our setting.

Define ([u®(t)],e*(t),p*(t)) to be the right-continuous and piecewise in time constant inter-
polation of the ([uf], ek, p¥)’s. Then, upon testing the minimality of ([uf],e¥, p¥) in (2.26) with
([, + 9(t%) — g(t*_]. ek, + Bg(t5) — Eg(th_,),pt_,) € A(w(tt)) and upon iterating, we can
write, using the regularity properties of g,

(227)  Q(e" (1)) + D(0,;p") + L(t; [ux(t)]) < Qeo)+

[ [ et mae) o eetaon] as [ L lunte) as o
0 (7] 0

k
where i, (t) is the largest index 4 such that t € [tF, tf—s—l) and 0 N\, 0. We deduce that there exists
C > 0 independent of k such that

(2.28) sup Hek(t)||2 + D(0, T;pk) < C.
t€[0,T

In view of (2.7), a generalized version of Helly’s theorem (see [8, Theorem 3.2]) implies the existence
of a subsequence of (p*)xen, still indexed by k, such that, for all ¢ € [0, T],

pP(E) = p(t)  weakly™ in My (62; M75)

for a suitable p € BV (0,T; M,(£2; MY)). By (2.28) and by the arguments of Step 1, there exists
a t-dependent subsequence ((u¥t(t), e (t)))n,en and g, € Ra(£2) such that

uFr(t) —ry, > ult) weakly™ in BD({2),
efi(t) — e(t) weakly in L2(£2; MY ),

sym

with ([u(t)],e(t),p(t)) € A(w(t)). The global stability of ([u*(t)],e*(t),p"(t)) easily implies that
of ([u(t)],e(t),p(t)). In view of Remark 2.9, there is no need to pass to a t-dependent subsequence.
From now on, the arguments of [5, Theorem 2.7] can be followed word for word: we can pass to
the limit in (2.27) obtaining

Q(e(t))+D(0, 1)+ L(t: [u(t)]) < Qeo)+ / [ /Q Ce(s) - Bi(s)dx + L(s; [§(s)]) + L(s; [u(s)])| ds,

while the opposite inequality is a consequence of the global stability of ([u(t)],e(t),p(t)). We
conclude that ([u(t)],e(t),p(t)) € A(w(t)) is a quasi-static evolution, and the result follows. O

Theorem 2.12 (Uniqueness of the stress). Let {t — ([u(?)],e(t),p(t)),t € [0,T]} be a quasi-static
evolution according to Definition 2.8. Then, the stress o(t) := Ce(t) is uniquely determined.

Proof. Indeed, let
t = ([a®)], e(t),p(t)) € A(w(t)),  a(t) := Ce(),
be an other quasi-static evolution relative to w with é(0) = eg. Consider the evolution
1

t (/0] € (0),9(8) 1= 5 ([ult) + )], e(t) + &), p(t) + (1)) € Alw()).
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In view of (2.24), the configuration ([u'(t)],€’(t),p'(t)) is globally stable for every ¢ € [0,T].
Consequently, arguing as in last part of the proof of Theorem 2.11,

(220) Q1)) + DO, ') + L& [ (1))
> Qlea) + [ [ [ o) Bitry s+ £(sslis) + Ll [u’(sm] ds,

where ¢/(7) := Ce’(7). On the other hand, in view of the energy equality satisfied by the evolutions,
for every ¢ € [0, T,

Qe (0)+ D(0.t:5/(0)+ £(: 1w () = (LX) 4 0, LA o [0 L H)

< %(Q(e(t)) + Q(&(t)) + D(0,t; p(t)) + D(0,t; p(t)) + L(t; [u(t)]) + L(t; [ﬁ(t)))

= Qfen) + | t [ ) Batrydo + s lafo)) + £ 6] as.

But (2.29) then turns the previous string into equalities, so that, for every ¢ € [0, 7],

1 - 1 -
@ (5e(0) + (1) ) = 5(QAelt) + Q)
hence, Q being strictly convex, e(t) = é(t) and o(t) = &(t). O
The following result holds true.

Proposition 2.13 (Regularity in time). Let {t — ([u(?)],e(t),p(t)),t € [0,T]} be a quasi-static
evolution according to Definition 2.8. Then,

(2.30) (e,p) € AC (0, T L*(§; M{ 1) x My(§2;MB))

sym

and the map t — [u(t)] is absolutely continuous on [0,T] with values in the quotient space
BD(£2)/Ra(82). Moreover for a.e. t € [0,T] the following limits exist

[w(?)] := E—% w weakly”™ in BD(2)/Raq($2),
é(t) == llig w strongly in L*(£2; ML),
p(t) ;= lim p(s) = p(t) strictly in My(£2; MY),

s—t s—t
with ([u(t)], é(t),p(t)) € A(w(t)). Finally, D(0,t;p) € AC(0,T) and, for a.e. t € [0,T],

(231)  DO.tp) = — /Q o(t) - (é(t) — Bg(t)) da + /F h(t) (i) — g(t)) dHN 1.

Proof. Property (2.30) follows by a straightforward adaptation of [3, Theorem 5.2]. Concerning
the displacements, the absolute continuity follows in view of Proposition 2.5. The existence of the
limits of the difference quotients for e and p follow from [3, Section 5.1]; that for the displacement
follows again by Proposition 2.5; further, ([a(t)],é(¢),p(t)) € A(w(t)). Finally (2.31) is obtained
through differentiation of the energy equality. O

2.3. Equilibrium conditions and flow rules. In this subsection we derive, in a weak form
compatible with the mathematical framework explained above, the classical equilibrium condition
and yield constraint for the Cauchy stress, together with the flow rule satisfied by the plastic
strain.

Concerning the stress we have the following result.
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[0,T]} be a

Theorem 2.14 (Equilibrium and stress admissibility). Let {t — ([u(t)],e(t),p(t)),t €
o(t) = Ce(t) satisfies

K
quasi-static evolution according to Definition 2.8. Then, for everyt € [0,T], o(t)
the balance equations

(232) {divo(t)zo in 02

o(t)-v="nh(t) ondR2\Ty
and the admissibility constraint

(2.33) op(t,z) € K for a.e. x € 2.
Finally, assuming that I'y is of class C?, then

(2.34) [o(t)v], =0 a.e. on Iy,
where [o(t)v], € L>®(Iy; RY) is defined according to (1.3).

Proof. As mentioned in Remark 2.9, the global stability of (u(t),e(t),p(t)) is equivalent to the
relation

(235)  —H(q) < /Q Ce(t) - da + L(t: [v]) < H(—q) for every ([v],,q) € A(0).

Choose ([v],n,q) to be ([¢], Ep,0) with ¢ € C°(2;RY), then with p € C®(2;RY) s.t. ¢ =0on
T';. We obtain
dive(t) =0 in £2, ot)y=hon 02\ Ty.

Finally, choose ([v],7,q) to be ([0], x5, —xBE) with € € MY and yp the characteristic function
of an arbitrary Borel subset B of §2. Letting ¢ vary first in a countable and dense set in MY, and
then using the continuity of £ — H (&) for a.e. x € {2, we obtain that

—H(=¢) <op(t,x) £ < H(E), ae. in £,
so that, in view of (2.5),

op(t,x) € K, a.e. in £2.

Let us come to (2.34). Because of the C%-regularity of I';, we know that [ov], is well defined as

(2.36) /F v, - pdHN 1 = {ov,0) — (V)0 0),

for every ¢ € H'/2(962;RY) with support compactly contained in Iy (that is by density ¢ €
Héf(l”d; RY)), where

(2.37) (o), ) = {ov, (¢ - V)V).
Furthermore, as observed in Section 1.2, [ov], is also an element of L>(I; RY).

Now choose ([v],¢,q) of the form ([¢], Eg,0) where ¢ € C?(2;R") is such that ¢jpo has
support compactly contained in I'y, with ¢ - v = 0 on I;. Using (2.35) again, we get, in view of
(2.36) and (2.37),

0= [ o) Bodo = (ov.g) = [ lov], - pan¥
(9] Iy
from which (2.34) follows. O

Remark 2.15. The equilibrium conditions (2.32), (2.33) and (2.34) for the Cauchy stress o(t) are
indeed equivalent to the global stability of the configuration ([u(t)],e(t),p(t)) € A(w(t)) provided

that 9] sy is admissible and that Iy is of class C2. Thanks to (2.32), (2.33), [5, Proposition 3.9
applies and yields in particular

(op(t),q) < H <;|> lq] as measures on {2,

for every ([v],n,q) € A(0). Here ¢/|q| stands for the Radon-Nykodim derivative of ¢ with respect
to |g|. In particular we deduce, upon taking the masses,

—H(=q) < {op(t),q)(2) < H(q).



14 G.A. FRANCFORT, A. GTACOMINI, AND J.-J. MARIGO

In view of the abmissibility of 9|snly, and thanks to (2.34), we get invoking Proposition 2.3
(points (b) and (c))

(o0 a)(2UT) = (on(0).0)(2) = = [ 7-ndo—£(t. )
so that
M) < [ aonde+ £t 10) < H(-a)
which is equivalent to global stability br})/ convexity. q
A first step towards a flow rule is given by the following result.

Proposition 2.16. Let {t — ([u(t)], e(t),p(t)),t € [0,T]} be a quasi-static evolution according to
Definition 2.8. Assume further that 8| pnly is admissible and that Ty is of class C?. Then, for
a.e. t € 10,7,
1 (2O (o) = (op),pl0) 0
B0 p(t)| = (op(t),p as measures on 2.

Proof. Let t € [0,T] be such that equality (2.31) holds true. Thanks to (2.32), (2.33), [5, Propo-
sition 3.9] applies and yields in particular

(2.38) H (&&) [p(t)] > (op(t),p(t)) as measures on f2.

Since, in view of the regularity of p, D(0,t; p) = H(p(t)) (see [3, Theorem 7.1]), we deduce that
M) = = [ (0 @) = Pae)de+ [ he)a) o) .

The left hand side is the total mass of the measure H (p(t)/|p(t)]) |p(t)|, while, in view of the
admissibility of 9|pn 4, the right hand side is the mass of the duality pairing (op(t),p(t)) as a
measure on 2U Ty (apply (2.1) with the choice ¢ =1 on 2UIy). Note however that such a duality
vanishes on I'y according to item (b) in Proposition 2.3 and to (2.34). Then, inequality (2.38)
immediately implies the desired equality. O

We are now in a position to recover the flow rule for a variational quasi-static evolution.

Theorem 2.17 (Flow rule). Let {t — ([u(t)],e(t),p(t)),t € [0,T]} be a quasi-static evolution
according to Definition 2.8. Assume further that 8|pnly is admissible and that 'y is of class C?.
Set

p(t) = p*(t) dx + p°(t),
where p(t) (resp. p°(t)) are the absolutely continuous (resp. singular) part of the measure p(t).
Then the following items hold true:

(a) For a.e. t €[0,T7,

pe(t, @) N .
= € Ng(op(t,x)) for LY a.e. xz € {|p*(t| > 0}.
p(t, )|
(b) If, for every r >0 and x € §2, we set
1
o' (t,x) = m———0r o(t,y) dy,

B |Br(z) N £ B, (x)N§2

then, there exists r,, — 01 such that

(2.39) o (t) = 6p(t)  weakly-x in Li5. (2, Mp),
with

2.40 p°(?) N K 0

(2.40) |p5(t)\($) € Nspt,2)(K) for |p°(t)|-a.e. z € 0.
In (2.40), p*(t)/[p®

p°(t)| denotes the Radon-Nikodym derivative of p*(t) with respect to its
total variation.
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Proof. Let t € [0,T] be such that the equality of Proposition 2.16 holds true. Considering the

absolutely continuous parts of the measures in the equality of Proposition 2.16 we get
H(p*(t,z)) = op(t,x) - p*(t, x) for a.e. in 2

so that item (a) follows in view of the admissibility constraint (2.33) for op(t).

Let us come to item (b). Let us consider A CC 2. Since for r small enough, ¢”(¢) is continuous
with a continuous divergence on A (thanks to the equilibrium condition (2.32)), we have that
(2.41) (op(t),p(t)) = op(t) - W\p(t)l on A.

Moreover, since
o’ (t) = o(t) strongly in L?(A; Mgm)
and
div o"(t) — div o(t) strongly in LY (4;RY)
we deduce that

*

(op(t),p(t)) = (on(t),p(t))  weakly-x in My (A).

In view of the stress admissibility condition (2.33),
op(t,x) € K for every = € A,
so that, up to a subsequence in r,
o (t) = 6p(t) weakly-x in L%, ) (4; MY).

with
(2.42) op(t,x) € K for |p°(t)]-a.e. x € A.
In the light of (2.41) and of the equality in Proposition 2.16 we conclude that

H <|§Sgg|> — 4p(t) - lgs& 157 (6)|-ae. on A.
The previous equality and (2.42) entail the flow rule (2.40) on A: since A is arbitrary, and o7, (¢)

is uniformly bounded on (2, the previous results can be extended to (2, which completes the
proof. O

Remark 2.18. If K is strictly convex, then, as detailed in [3, Theorem 6.6], the stress 6p(t) is

uniquely determined in Lf;; @] (2;MY). In particular convergence (2.39) holds for r — 0, and it
can be shown to occur strongly in L\lps(t”(-Q; MY). q

Remark 2.19. In this remark, we specialize the results of Theorem 2.17 and of Remark 2.18 to
the Von Mises case, that is to the case where the dimension is NV = 3 and, for some o, > 0,

K:={reM |11 <\/2/3 0.}
In such a setting H (&) = 1/2/30.[¢|, € € M%), and the statement of the theorem becomes

(1) lop(t,z)| = \/zoc and z:g:i; = ;zg::g' for L3-a.e. x € {|p*(t,2)| > 0};

2) o(t Ti(>)+ op(t strongly in L., ., (£2; M%), where
D [p=(t)] D

o = 20 an P°(?) ) = op(t;7) or [p®(t)|-a.e. z
|0D(t,$)|—\/; . d |p9(t)|() o2 for |p®(t)]-a.e. x € £2.

3. AN APPLICATION TO THE BI-AXIAL TEST

In this section, we propose to discuss a bona fide three-dimensional problem for which the results
of Section 2 will permit to attain a uniqueness result for the quasi-static evolution. As mentioned
in the introduction, it is, to our knowledge, the first such result in a three-dimensional setting.
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3.1. Setting of the bi-axial test. Throughout this section, the elasticity tensor C is assumed
to be homogeneous and isotropic with Young’s modulus E > 0 and Poisson’s ratio —1 < v < 1/2,
i.€.,

3
sym*

1
Cflaz—%traiJr VJ,JEM

+
E
Further (f1, fa, f3) is a fixed orthonormal basis in R3.
The domain is
N =(-d/2,d/2) x (—=£/2,£/2) x (0,¢), d < L.

At initial time, we solve the mixed boundary value problem

diveg=0 in 2

og = Ceg in 2

eo = Fug in 2
with the following boundary conditions

oof1=0 on x ==+d/2
oofo =Tafo on xy==+l/2
(00)13 = (00)23 =0 on z3=0,¢

uz =0 on x3=0,/.

The elastic solution (ug, eg, 00) is unique, up to the possible addition to the displacement field ug
of infinitesimal rigid body motions belonging to

Ra(2) = {r(z) =(a —wz2) fr + (b+ wz1) f2, a,b,w € R}.
It is given by

v(l+v 1—v?
Ug 1= —%nglfl + (T52x2f2
o o
(3.1) co=—vA+)2HefHi+(1-1)2hHe f
E E
00 =02f2 @ fo +VT2f3® f3.
As long as
(3.2) 0<Ts < Jc

VIi—v+v?
the associated stress is also such that, for some a > 0,
(3.3) (00)p + B(0,0) € Ky := {1 € M3, : |7| < /2/3 0.},

where K., is the Von Mises yield region. We will assume that (3.2) holds true throughout the
rest of this section.
The corresponding initial state is

o(t=0):=00=02f2® fo+1T2f3R f3,

(3.4) e(t =0):= eo:—V(1—|—V)%f1®f1+(1—l/2)%f2®f2
p(t =0) =py = 0.

At all later times, the following boundary conditions are imposed:

of1 =0 on x1 = =+d/2
(35) Jfg = ngg on Io = i£/2

013:(723:0 on 5173:07[,

(3.6) uz =0onz3 =0, u3=1tfon x3=~,.
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In other words, the stress @5 is maintained constant in direction 2 while the sample is stretched
in direction 3 (see Figure 1).
Note that, in the framework of Section 2,

Ty=(—d/2,d/2) x (—£/2,£/2) x {0,¢} is of class C?,

while the associated relative boundary of I'; is admissible, thanks to [5, Section 6, Example 2].
The tractions on I, = 92\ I'; are independent of time and are given by

1111111
SRRaRRY

2

z2

(Wi
ny

T

FIGURE 1. Bi-axial test.

h(

5

) L ia'gfg for Ty = i€/2,
"o otherwise.

In particular h(z) is associated to the homogeneous stress og which satisfies

div og = 0, oov = hon I, [oov] =0 on Iy,
together with (o¢)p + B(0,a) € Ky for some o > 0 (see (3.3)). Finally, the imposed normal
displacement is given by

w(t) = tas on Iy
We can then take
g(t) :=tasfs

to be a suitable extension giving the normal trace w(t).

In the notation of Subsection 2.1, it is immediately checked that the triplet ([ugl, eo,po) € A(0),
so that, in view of the properties of oy detailed above and of (3.4), Remark 2.15 implies that
([wo], €0, po) is a global minimizer for (2.22) at t = 0.

The quasi-static evolution with initial configuration ([ug], €g, po) admits a homogeneous solution,

by which we mean that both e(t) and p(t) are W1(0, co)-functions, hence independent of the
spatial variable x.Noting that 402 — 353 > 0 in view of (3.2) and defining

1 _ _
(3.7) te = 3B ((1 —2v)Tg + /402 — 30%) ,

that solution is found as follows.
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1. Elastic Phase, 0 <t < t.: Then, the response is purely elastic. We obtain
o(t) =00 +tEf3® fs,
e(t) =eo+t(—vhHi®fL—v® fa+ 3 f3),

which corresponds to
(3.9) u(t) = uo + t(—vx1 fr —vze fo + x3f3),

with ug given by (3.1).
2. Plastification Phase: ¢t > t.: At the end of the elastic phase, i.e., when t = t., the stress
state is

1
(3.10) o(t.) =0Tafa ® fo+03f3® f3 with 73 := B (0'2 + 4/ 40% — 30%) .

From thereon, the stress field o(t) remains constant and equal to o(t.). Consequently,
according to item (a) in Theorem 2.17, the absolutely continuous part of the plastic strain
rate p has a set direction (that of op(t.)). Thus, since we are only seeking a homogeneous
solution, the plastic strain will be of the form

(3.11) p(t) = n(t)( — (G2 +03)[1® f1 + (202 —F3) fa ® fa + (203 — T2) f3 ® f3)7

with n € Wh1(0,T).
The plastic multiplier n(t) can be derived as follows. Since p € W11(0, 00), then, for
a.et € (0,T), ug(t) is an affine function of x. But, from (3.8), (3.11),

(Eu(t))33 =1.+ n(t)(253 — 52),
so that
us(t) = (te + n(t)(263 — 72))xs + U(t, x1, x2),
with U affine in x1, 2. In view of (3.6), we conclude that we can set U = 0, so that

tc + 77(15)(253 — 52) =t.
Since 263 — a2 > 0,
(3.12) n(t) =

thus

(3.13) p0) = (-t~ 2 e f4 D e fat 0 fy).

The elastic strain e(t) is obtained upon setting ¢t = ¢, in (3.8) while the displacement field
u(t) is determined from the boundary conditions, together with Fu(t) = e(t) + p(t). It is
precisely

1

— (=1
(=),

(72 +73)
203 — 02

(3.14) u(t) = {,,(1 + u)% — vt — %(t - tc)} oy
20

20’3 —0'2

—|—{(1—y2)oé vi.+ (t—t )}.rgfz—i-t.rgfg.

Then, we can establish the following

Proposition 3.1. The homogeneous solution

t= ([u(®)],e(t),p(t)) € A(w(t))
produced in (3.8)-(3.10), (3.13), (3.14) is a quasi-static evolution according to Definition 2.8 rel-
ative to the initial condition (ug, eo,0) € A(0) (defined in (3.4), (3.1)), with respect to the mized
boundary conditions (3.5) and (3.6). In particular the Cauchy stress o(t) given through (3.8),(3.10)
is uniquely determined.
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Proof. Since o(t) satisfies is divergence free, matches the boundary conditions (3.5) and op(t)
belongs to the yield region K, Remark 2.15 implies that the homogeneous solution satisfies the
global minimality condition in Definition 2.8. A direct computation shows that the following items
hold true:

(a) Elastic energy:
Qle(t)) = Qleo) + 2t?E|R2|, for 0 <t <t,
Q(e(t)) = Q(e(te)), fort > te..
(b) Traction potential:
L(t, [u(®)]) = L(0, [u(0)]) + taar|2], for 0 <t <t

om 5
L(t, [u®)]) = L(te, [u(te)]) — (t — to)F2 2272310, for t > t..
20’370’2
(c) Dissipation:
202
t 2t -t
DO.t59) = [ ) dr = 3272~ )"

(d) External work: for 0 <t <t,

/Ot [/Q o(1) - Eg(r)dz + L(7, [§(7)]) + L(r, [U(T)]):| = (1/02 + ;E) 0|t

and for ¢t > ¢,
/Ot { /Q a(r) - Eg(r)dx + L(7, [§(r)]) + L(T, [u(T)])]

te t2
= <u52 + 2E) |Qlte + (VT2 + tB)|2|(t — to) =~ E|Q| + 03| 2.

From the various expressions above together with (3.7), (3.10), it is easily checked that the energy
equality holds true. O

We have thus determined a possible elasto-plastic evolution. In the next subsection we will
argue that this is the only possible evolution, provided that s remains strictly below its maximal
value in (3.2).

3.2. About uniqueness. In the previous subsection, a spatially homogeneous quasi-static evo-
lution for the bi-axial test has been evidenced. It uniqueness is debated in the present subsection.
First, in view of the uniqueness of the stress field (see Theorem 2.12), the elastic phase is also
unique as long as t < t., because the yield stress has not been reached.
When ¢ > t., we distinguish two cases. Note that, since —1 < v < 1/2, then,

Oc Oc Oc
3.15 9% o e T
(3.15) V3T VI—v+r?2 T V3
so that, by virtue of (3.2), it is always possible to set 7o = 0./v/3. Also note that, in view of
(3.10), the deviatoric part of the stress field is given for ¢ > ¢. by

op(t)=0:=61[1i®fir +52/2® fa+F3f3® f3

s _1— 1 2 2
01:= —35 02 — g/ 407 — 303

(3.16) T =
2= 5 02— gV40¢ 02
6’3 = %\/40’02. - 353,

so that &1 + &2 + 53 =0, 67 + 53 + 53 = 2/3 o2.

Further, note that

(3.17) & = diag (—"C, 0, %) iff T = 0./V/3.
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The first case is described in the following

Theorem 3.2 (Uniqueness of the solution). If &, satisfies (3.2) and G # 0./\/3, the homogeneous
elasto-plastic evolution derived in Subsection 3.1 is the only possible quasi-static evolution for the
bi-azxial test.

Proof. The spatially homogeneous character of op(t) in (3.16) implies that 6p(t) = & in item (2)
of Remark 2.19, so that the plastic strains are of the same form as in (3.11), except that, for a.e.
t > t, n(t) may be an element of M; (£2) instead of a constant.

Uniqueness will be achieved if we prove that 7(t) is spatially homogeneous and given through
(3.12). To that effect, we observe that

(Bu(t)i1 = =2 (@ +73) = ()@ + 72) (Bu())1z = 0
(Eu(t))22 = %(52 —vo3) +1(t)(202 — 73) (Bu(t))2s =0
(Bu(t))ss = %(53 —vTy) +1(t)(253 — 72) (Eu(t))s1 = 0.

The classical geometric compatibility equations for an element e € D’({2; Mg’ym) to be the distribu-
tional symmetrized gradient of a R3-valued distribution, namely €ij kl T Eklij = Eik,jl + Ejl ik, 1 <

i,j. k1 < 3, yield

0= (202 —73)n11(t) — (02 +73)n,22() 0= (o2 +03)n,23(t)
0= (252 — 53)"7,33@) + (253 — Eg)n,gg(t) 0= (252 — 53)17,31 (t)
0= (203 —T2)n,11(t) — (G2 + 73)n,33(t) 0= (203 — T2)n,12(t),

where the various derivatives of n are to be viewed as distributional derivatives. By virtue of
(3.15), 264 # T3, 203 # 02 and T2 + T3 # 0, so that n,;,;(t) =0 Vi, j € {1,2,3}. Thus 7 is actually
an affine function of x, i.e.,

0z, t) =no(t) + Z mi(t

Then,

3
uz 3(x,t) = %(53 —VG2) + (203 — 02) <770(t) + Zﬂz(ﬂ%) ~
i=1

Since us(t) = 0 at x3 = 0, we obtain

1 1
’LL3(£L', t) = E(Eg — I/Eg)l‘g + (253 — 52) (Uo(t).ng + m (t)d?ll‘g + 772(t)$2933 + 27]3(t)$§) .

Since uz(t) = t¢ at 3 = ¢, this yields in turn, thanks to the expressions (3.7),(3.10) for ¢. and 73
which yield in particular that Et. = 63 — v7s,
t—t.
m(t) =na(t) =0, ()+2773( )’ = s —5y
Since uz2(t) = 0 and (Eu(t))23 = 0, u(t)2,3 = 0, hence ([Eu(t))22],3 = u(t)2,23 = 0, which implies
that n3(t) = n3(t) = 0. Finally, we conclude that n(z,t) = n(t) given by (3.12), hence that
p(z,t) =p(t) glven by (3.13). O

The second case occurs when 7o = 0./ V3. Then, for t > t.,

U(t):\(}(f2®f2+2f3®f3)
(3.18) e(t):E( VW3 ® f1+ \f f2®f2+ \f f3®fs)
op(t)=6p:= JC( f1® fi+ f3© f3)

V3

which corresponds to the point B* on Figure 2 (this is the point on the ellipse for which o3 reaches
its maximal value).
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FIGURE 2. Stress path in the bi-axial test: [OA) corresponds to the prestress, [AB)
to the elastic phase. During the plastification phase, stresses stay at B. The ellipse is
the Von Mises ellipse 03 + 03 — 0203 = 02 in the plane (02, 03) since o1 = 0.

In such a case, for ¢t > t., consider the following displacement field:

(319) u(t,x) = % <—V\/§.’£1f1 + %.’52]02 + 2\;§VIC3f3> + ﬂ(m,t)
with

_ _ if w3 — a1 < £/2
alt,@) = {(t —te)l(f1 + f3) otherwise.

The field u jumps across the plane I' := {x3 — x1; = £/2}. Consider the associated plastic strain
4
(3.20) p(t) = (t — tc)ﬁ(—fl ®fi+fs® fs) I onT.

Proposition 3.3. The mapping t — (u(t),e(t),p(t)) given by (3.18), (3.19), (3.20) is a quasi-
static evolution different from the homogeneous evolution derived in Subsection 3.1.

Proof. Notice that ([u(t)], e(t),p(t)) € A(w(t)). Indeed clearly
Eu(t) = e(t) + p(t) in 2

since the plastic strain in (3.20) takes into account the jump occurring across I'. Concerning the
boundary conditions for the displacement, since d < ¢,

U(t)|zy=0 =0 and W(t)|gg=e = (t —t)l(f1 + f3).

Then, the displacement boundary conditions (3.6) are clearly satisfied at x3 = 0. According to
(3.7), te = (2 = v)o./(V3E), so that, at x5 =/,

u3(t)|zg=e = ((2 —v)o./(V3E) +t — tc) =t

In view of Remark 2.15, global stability is a consequence of the fact that the stress field o(¢) defined
in (3.18) is divergence free and satisfies the boundary conditions (3.5) and the yield condition
o(t) € Kym.

Finally, in order to check the energy equality, it suffices to notice that, for ¢ > t., the left hand
side of (2.23) increases by the quantity

D(0,t;p) = /0 H(p(r)) dr = \/gacé(t —t)H2 (' N Q)

(there is no additional contribution to the potential of the traction forces), while the right hand
side increases by the quantity
(vas + t.E)|2|(t — t.).



22 G.A. FRANCFORT, A. GTACOMINI, AND J.-J. MARIGO

Those two quantities are readily seen to be equal for &5 = o./v/3. O

Remark 3.4. In the case 72 = o,/ V/3, an infinite number of quasi-static evolutions can be
constructed. Indeed, since d < ¢, the slip surface I' can be translated vertically without altering
the arguments outlined above because the plastic slip can take place along the plane

—d
(3.21) Fa::{x+af3:zef,|a|<£2}.

We further elaborate on non-uniqueness. Since ép(t) = op in (3.18), item (2) of Remark 2.19
entails |ps(t)|-a.e. the following expression for the plastic strains:

pt.x) =nt)(—fi®fi+fs@f),  ne W ([0,00); Mf(£2)).

Thus the strain tensor reads as

(Bu(t))n = —% 0o/ E —1(t) (Bu(t))12 =0
(Bu(t)es = L2 5./B (Bu(t))as = 0
(Bu®)s = C 2 0 B4 (Butya =0,

Geometric compatibility implies in turn that

0 =mn12(t) = n22(t) =n23(t), 0=mn11(t) —n33(t).

The three first compatibility equations yield that V(n2(t)) = 0, thus that n(t) = 7(t) + B(¢t)xe,
with 7)(¢) a bounded Radon measure independent of x5 and §(t) a constant. The last one becomes

a1 (t) —1,33(t) =0,

which is a (spatial) wave equation. Thus

0(t) = () (@1 —x3) + () (w1 +23), (1), ¢4 (1) € M(R).

In view of the preceding relations, we set 3(¢) = 0 and look for solutions of the form

n(t) = (t—te) [(~ (w1 — 23) + (o (w1 +23)], (-, ¢+ € MT(R).

By ¢_(x1 — x3) we mean the two dimensional Radon measure defined by

clormae)i=g [ | o (50750 det] an vz

Similarly, (4 (x1 + x3) is defined by

Glorran) =3 [ | [o (5150 ) det] an pecEm,

If we denote by G+ a primitive of (1, we infer that the displacement u(t) is given for ¢ > ¢,
u(t) = u(te) = (t — te)(G- (21 — w3) + G (21 + 23) + K) fi
+(t —t) (=G (21 — x3) + Gy (x1 +23) + H) f3,

for some K,H € R. Let us set H = K = 0. Imposing the boundary conditions (3.6) yields the
following conditions:

e For uz(t) = 0 for z3 = 0 to hold, we need
(3.22) G_(z1) = G4 (z1) for z1 € [-d/2,d/2].
e For us(t) = t¢ for z3 = £ to hold, we need
te+ (t —te)(—G_(z1 — £) + Gy (x1 + 1)) = ¢, for 1 € [—d/2,d/2],

or still

(3.23) G_(x1)=Gy(x1+20)+1 for z; € [—;l -/, g - 4 .
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Since d < ¢, relations (3.22) and (3.23) are not sufficient to determine uniquely G1. For example,
we see that, if (_ is any probability measure supported on the interval [d/2 — ¢, —d/2], we can
choose ¢4 =0 with G; =1 and G_ as the primitive of (_ which vanishes at d/2 — ¢.

We conclude that the quasi-static evolution problem admits infinitely many solutions, for which
the plastic strain can also be of Cantor type. This is to our knowledge the first such example of the
possible appearance of a Cantor part in a plastic strain associated with a quasi-static elasto-plastic
evolution.

We finally note that the solution with jump discontinuities proposed in (3.19) is recovered upon
choosing ¢_ in the form of a Dirac delta concentrated at —¢/2, i.e., G_(x1) = H.(x1+¢/2) (where
H, is the Heaviside function) and {y = 0, G+ = 0. A similar argument applies to the solution
with jumps on I, (see (3.21)). q

Remark 3.5. As demonstrated in [6], the condition (3.17) is not surprising. It is precisely that
which allows for jumps to appear during a quasi-static evolution. For more details, we refer the
reader to that reference. q
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