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PERFECT PLASTICITY VERSUS DAMAGE: AN UNSTABLE
INTERACTION BETWEEN IRREVERSIBILITY AND
I'-CONVERGENCE THROUGH VARIATIONAL EVOLUTIONS

ELISE BONHOMME®

Abstract. This paper addresses the question of the interplay between relaxation and irreversibility
through quasi-static evolutions in damage mechanics, by inquiring the following question: can the quasi-
static evolution of an elastic material undergoing a rate-independent process of plastic deformation be
derived as the limit model of a sequence of quasi-static brittle damage evolutions? This question is
motivated by the static analysis performed in [J.-F. Babadjian et al. Commun. Pure Appl. Math.
74 (2021) 1803-1854], where the authors have shown how the brittle damage model introduced by
Francfort and Marigo (see [G.A. Francfort and J.-J. Marigo, Fur. J. Mech. A Solids 12 (1993) 149-
189, G.A. Francfort and J.-J. Marigo, J. Mech. Phys. Solids 46 (1998) 1319-1342]) can lead to a
model of Hencky perfect plasticity. Problems of damage mechanics being rather described through
evolution processes, it is natural to extend this analysis to quasi-static evolutions, where the inertia is
neglected. We consider the case where the medium is subjected to time-dependent boundary conditions,
in the one-dimensional setting. The idea is to combine the scaling law considered in [J.-F. Babadjian,
et al. Commun. Pure Appl. Math. 74 (2021) 1803-1854] with the quasi-static brittle damage evolution
introduced in [G.A. Francfort and A. Garroni, Arch. Rational Mech. Anal. 182 (2006) 125-152] by
Francfort and Garroni, and try to understand how the irreversibility of the damage process will be
expressed in the limit evolution. Surprisingly, the interplay between relaxation and irreversibility is not
stable through time evolutions. Indeed, depending on the choice of the prescribed Dirichlet boundary
condition, the effective quasi-static damage evolution obtained may not be of perfect plasticity type.
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1. INTRODUCTION

1.1. Interplay between I'-convergence and variational evolutions

Rate-independent systems have proved to be very useful in many problems of continuum mechanics dealing
with dissipative phenomena such as elastoplasticity, damage or fracture. These models share similar energetic
formulations which put in competition a stored energy and a dissipated one which does not depend on the speed
of the loading (see [1] and references therein). When the model involves a scaling parameter, say € > 0, a natural
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2 E. BONHOMME

attempt consists first in studying static models before treating the related evolutions. Such considerations can
be dealt within a more general setting, such as in [2] where the authors derive a sufficient condition in order for
a family of parametrized time-dependent energy functionals of the form E. + D. to approximate the expected
effective energy Fg + Dy in the limit, where E. and D, respectively stand for the stored and dissipated parts of
the total energy and Ey and Dy are their corresponding I'-limits. In a nutshell, for ¢ € [0, c0), if E. stands for
the stored energy and D.(q, ¢) stands for the minimal energy dissipated as the medium changes from the states
q to G, an evolution ¢. is called an energetic solution during the time interval [0, 7] if it satisfies the following
stability and energy balance conditions

E (t,q:(t)) < Ec(t,q) + De(ge(t),q) for all admissible state ¢

Es(taQs(t)) JFDiSSs(Qs?Oat) O QE / 0s E s QE )

for all time ¢ € [0,7], where the cumulated dissipation Diss.(g;0,¢) is the total variation of ¢. with respect
to the ”distance” D, in the time interval [0,¢]. Given energetic solutions {¢.}e>o converging to some qg, the
authors derive in [2], Theorem 3.1 a sufficient condition in order for gy to be an energetic solution of the limit
problem associated to Ey and Dgy. In particular, a joint condition on the interplay between the stored and
dissipated energies is needed. Unfortunately, even if we have separate I'-convergence of F. and D, to Ey and Dy
respectively, the I'-limit of the total energies E. + D, might differ from the sum of the I'-limits. This particular
issue is adressed in [3] where the authors consider a family of quasi-static evolutions involving internal oscillating
energies . and dissipations D, and show that the I-limit of the sum can still be additively split as the sum of
a stored energy Fy and a dissipated one Dy, even though they a priori differ from Eg and Dy. More generally,
the interaction between I'-convergence and variational evolutions frequently involves unexpected and tedious
non-commutability phenomena in various contexts. For instance, such considerations have attracted renewed
interest in the derivation of lower dimensional models for thin structures in the evolutionary setting, in the
context of elastoplasticity [4, 5], crack propagation [6] or delamination problems [7], without being exhaustive.
Another case study concerns the stability of unilateral minimality properties through variational evolutions, as
in fracture mechanics [8] or periodic homogenization in multi-phase elastoplasticity [9].

1.2. Motivation and results

In the static analysis led in [10], Theorem 3.1, the authors consider a family of brittle damage energies
(introduced in [11, 12]) within a specific scaling law, and show how an asymptotic analysis in a singular limit
can lead to a model of Hencky perfect plasticity. More precisely, they introduce a small parameter € > 0
and consider a linearly elastic material which can only exist in one of two states: a damaged one whose elastic
properties are described via a symmetric fourth-order Hooke Law € Ay and a sound one with a stronger elasticity
tensor Ay, satisfying eAg < A; in the sense of quadratic forms acting on Mg,IﬁN . Introducing the characteristic
function of the damaged region, x € L*(€; {0, 1}), and following the model introduced by Francfort and Marigo,
the total energy associated to a displacement u € H'(Q;RY) and x is given as the sum of the elastic energy
stored inside the material and a dissipative cost, taken as proportional to the volume of the damaged zone:

/52%(X£A0+(1—X)A1)e(u):e(u)dx+g/gxdx

where k/e > 0 is the material toughness of the damaged region and the symmetric gradient e(u) =
(Vu + VUT) /2 is the linearized elastic strain. As the parameter ¢ tends to 0, the elasticity coefficients of
the weak material degenerate to zero while the diverging character of x/e forces the damaged region to con-
centrate on vanishingly small sets. It is by now well-known that for fixed € > 0, the minimization of the above
energy with respect to the couple (u,x) is ill-posed, so that the energy must be relaxed. By doing so, the
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brittle character of the damage is lost as minimizing sequences tend to develop microstructures and the class of
admissible solutions is extended to the set of all possible homogenized elasticities, resulting from fine mixtures of
strong and weak material (see [12-15]). Given some displacement v and minimizing first pointwise with respect
to x, one can check that the asymptotic analysis of these energies is equivalent to finding the I'-limit of the
family of functionals

| min (3eAve + ew) + %5 S Arefu)  efw) )

=:We(e(u))

when € N\, 0, or still the I'-limit of their lower semicontinuous envelopes, given by
E(u) == / SQW,(e(u)) dx
Q

where SQW, is the symmetric quasiconvex envelope of W, (see [15]). An explicit formula of SQW, is generally
unknown, as its expression is obtained through a minimization among all attainable composite materials (the
G-closure set, see [14]) and makes use of the Hashin—Shtrikman bounds. Slightly adapting the proof of [10],
Theorem 3.1 (see Appendix A for a precise statement and its proof), the authors have shown that when Ag and
A, are isotropic Hooke Tensors defined by

A€ = Nitr(€)Id + 2u,€ for all € € MNXN

sym

where A\; > Ao > 0 and pq > po > 0 are the Lamé coefficients, the brittle damage energies & I'-converges in
LY (S RY) as e \, 0 to the functional

E:u e BDQ) /QW(e(u))dx +/Ql}k( <(j§:5|) d|Eu| + /89 I (w—w) ©v) dHN !

where K = {7 € MY¥XN : G(1) < 2k} is a closed convex set, G : MY XN — R is defined by

sym sym

2

Ti se Aot+2u0
E\o+2#o)2 ( 2 if 2(Ao+ro) (1 +7n) <71,
o TI—TN Ti+TN : Ao+2u
G(r) = T + o) if p < 72(30-%;18) (1 +7n) < 7N, (1.1)
T : Ao+2p
/\o+1\éuo if 7 < 2(§\0+H3) (Tl + TN) ’

with 71 < ... < 7 the ordered eigenvalues of 7 € Mf;éN , W is the infimal convolution

_ 1
W:eeMNXN s inf {5,417 cT T (€ - 7')}

sym
TEMé\;,é,N
and

Iie : £ e MYEN s sup {7: ¢}
TEK

is the support function of K, standing for the plastic dissipation potential (see [16]). In particular, for all
displacement u € BD(2), writing the Radon—Nikodym decomposition of Eu with respect to Lebesgue

Fu=e(u)LNLQ+ E*u
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and using the definition of the infimal convolution, we infer that the absolutely continuous linearized strain can
be additively split as e(u) = e + p® with e and p® € L'(2; MY XN) such that

sym
Wi(e(u)) = %Ale ce+1I5(p*) L'-ae. in Q.

Therefore, defining p = E%u + p?LN L Q + (w — u) © vHVN 1L 09, one can check that
Fu=elNLQ+pLQ,

so that

1 dp
E(u :/fAe:edx+/I* (—)d

is indeed the energy functional corresponding to Hencky perfect plasticity, as mentioned in [17].

The objective of the present paper is to extend this work to the quasi-static case in a one-dimensional setting.
More specifically, we consider a linearly elastic material whose reference configuration is 2 = (0, L), a bounded
open interval, with toughness x > 0 and stiffness a; > 0, subjected to a prescribed time-dependent displacement
on 092 = {0, L}:

w e AC([0,T]; H'(R)).

Adapting the analysis led in [10] to the quasi-static setting, we consider a family of quasi-static brittle damage
evolutions (introduced in [13]) within the same specific scaling law. More precisely, we introduce a small param-
eter € > 0 and apply [13], Theorem 2 to a linearly elastic material which can only exist in a damaged state or
in a sound state with respective stiffness 0 < €ag < a1, subjected to the prescribed displacement w on 92 and
with toughness k/e. Thus, we recover a triple

(ue,Oc,az) : [0,T] — HY(Q) x L>(;]0,1]) x L*>(Q;[0,a1]) (1.2)

describing the quasi-static evolution of brittle damage undergone by the medium for a fixed ¢ > 0. In other
words, the state of the damaged medium (for £ > 0 fixed) at time ¢ € [0,7T] is dictated by the displacement
uc(t) while its elastic properties are given by the stiffness a.(t) € Gg_()(cao, a1) (see Sect. 2), where ©(t) is the
volume fraction of sound material a1 (see Prop. 3.1 below). We next wish to perform the asymptotic analysis
of these evolutions when taking the limit € \, 0, in the hope of recovering a quasi-static evolution of perfect
plasticity in the limit, of which we briefly recall the fundamentals now.

In [16], Suquet proposed the (first complete) mathematical kinematical framework adapted to evolutions of
perfect plasticity for dissipative materials and proves the existence of solutions in terms of the displacement
field, under the assumption of small deformations. Heuristically, let Q2 = (0, L) be the configuration at rest of an
elastoplastic medium with stiffness a1, whose evolution is driven by a time-dependent boundary displacement
w: [0,7] x R — R prescribed on 9. The behaviour of the material is described via three kinematic variables
(u,e,p), where the displacement u : [0,7] X  — R is such that the linearized strain Du = e 4 p is additively
decomposed in an elastic strain e : [0,7] x @ — R and a plastic strain p : [0,T] x @ — R accounting for the
reversible and permanent deformations respectively. In the quasi-static setting, where inertia is neglected, the
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evolution satisfies the Constitutive Equations

o(t)e K in

and the Equilibrium FEquation

o'(t)=01in Q

u(t) = w(t) on 0N
at all time ¢ € [0, T]. In other words, the Constitutive Equations mean that the elastic strain is proportional to
the stress o, which is constrained to lie in a given closed and convex set K C R standing for the elasticity domain
and whose boundary 0K is referred to as the yield surface. The last assertion is nothing but Hill’s maximum
work principle. More recently, quasi-static plastic evolutions have been revisited into a variational evolution
formulation for rate-independent processes. The problem has been interpreted in an energetic form that does
not require the solutions to be smooth in time nor in space, making use of modern tools of the calculus of
variations instead (see [1, 17, 18] and references therein). Following [18], Definition 4.2, a quasi-static evolution
of perfect plasticity is a triple

(u,e,p) : [0,T] = BV(Q) x L*(Q) x M(Q)

subjected to the relaxed boundary condition p(¢)L9Q = (w(t) — u(t)) (6, — do) and satisfying the additive
decomposition Du(t) = e(t)L*LQ + p(t) L Q, such that

o(t) = ae(t), o'(t)=0in H1(Q), o(t) € K L'-ae. in Q, (1.3a)
p:[0,7] = M(Q) has bounded variation, (1.3b)

and the Energy Balance

;/Qale() e(t) dz + Dissg (p; 0,t) = ;/ale( d:c—i—/ / (s,7) dzds (1.4)

holds, for all time ¢ € [0,7]. The dissipative plastic cost cumulated during the time interval [0, ] associated to
p, Dissg (p; 0,t), is defined as

sup{Z/ Iy d|p —p(si—1 )))> d|p(s;) —p(si—1)] :neN,0=590<s8 <...<s, zt}.

—p(si-

As shown in [18], Theorem 3.6, the Euler conditions (1.3a) are equivalent to the Global Stability Condition

%/Qale(t):e(t)dmgé/gam:ndx—i—/ﬁf}} (W) dlg —p(t)|

for all ¢ € [0, 7] and (v,7,q) € BV(Q) x L%(Q) x M(Q) such that Dv = nL'LQ + qL_Q and L 0Q = (w(t) —
v) (6L, — do).
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The existence of quasi-static evolutions is (by now classically) obtained by performing a time-discretization
and solving incremental minimization problems inductively, before letting the time-step tend to 0 (see [1, 18, 20—
22] for instance). The purpose of the present paper is not to prove the existence of quasi-static evolutions of
perfect plasticity, but to establish whether such evolutions can be derived from the quasi-static brittle damage
evolutions introduced above in (1.2). By analogy with the static analysis of [10], we expect to derive the same
closed convex set of plasticity K which is given by the closed interval

K = [— \/2/@&0,\/2/{@0]

as one can check that G(7) = 72/ag for all 7 € R in this simplified setting. In particular, the support function
of K is simply given by

I}, = V2kao ||

Therefore, following the variational framework of quasi-static perfect plasticity recalled above (see [1, 18]),
the dissipative cost cumulated during a time interval [s,¢] C [0,7T] due to a time dependent Radon measure
q:[0,7] — M([0, L]) is defined as

Dissk (g; s,t) = v2kao V(g; s, t)

where
V(g;s,t) = sup {Z lq(si) — q(si-1)] ([OaL]) :neN, s=5<s1< ... <8, = t}
i=1

is the total variation of ¢ during the time interval [s, ¢]. The question inquired in the present work is then: when
passing in the limit € \, 0 (in some sense detailed in the next sections) in the above brittle damage evolutions
(1.2), can we derive a quasi-static evolution of perfect plasticity

(u,e,p) : [0,T] = BV((0, L)) x L*((0, L);R) x M([0, L]; R)

satisfying (1.3) and (1.4)? Contrary to the static analysis, the interplay between damage and I'-convergence turns
out to be unstable through the time evolution process. Indeed, as explained in Theorem 1.1 and Theorem 1.2,
the effective quasi-static evolution derived in the subsequent sections might not be of perfect plasticity type.
Instead, it can be interpreted as one of damage, characterised by means of the material’s compliance as internal
variable:

Theorem 1.1. Let £ > 0 and (ue, O, a:) be a quasi-static evolution of the homogenized brittle damage model
given by Proposition 3.1. There exists a subsequence (not relabeled) and absolutely continuous functions

(u,e,p,o,p) : [0,T] = BV((0, L)) x R x M([0,L]) x K x M([0, L])
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such that for all t € [0,T]

ue(t) = u(t) weakly-* in BV ((0, L)),

pett) = 2O A0, 1) (t) weahy-* in M(, ),
o:(t) = o(t) inR,

e-(t) = Uz(lt) O.(t) — e(t) weakly in L*((0,L)),

po0) = 2 (t) — ple)  weakty=* in M(0, 1),

when e N\, 0 and satisfying the following assertions for all t € [0,T):
i. Additive Decomposition: — Du(t) = e(t)L' (0, L) + p(t)L(0, L) in M((0,L))
ii. Relaxed Dirichlet Condition:  p(t)L{0,L} = (w(t) — u(t)) (6L — 6o) in M({0,L})
iti. Constitutive Equation: o(t) = aje(t)
. Equilibrium Equation: o'(t) =0 in H1((0,L))
v. Stress Constraint: o(t) € K.

Furthermore, the effective compliance defined by

c:t€l0,T)— Z0) + iﬁl L(0,L) € M([0, L];RT)
apn al

18 mon-decreasing in time and satisfies the following assertions:
vi. Constitutive Equation: Du(t) = o(t)c(t) (0, L) in M((0,L)) for all t € [0,T]
vii. Griffith Evolution Law:  ¢(t) (2kag — o(t)?) = 0 in M([0, L];RT) for L-a.e. t € [0,T]

¢
vigi. Energy Balance:  Q(t) + Diss(0,t) = Q(0) + / o(s) [w(s)]oL ds for all t € [0,T]
0

where
Q(t) = 5o(t)Du(t) (0,1)

corresponds to the elastic energy stored in the medium at time t € [0,T] and

Diss(0, £) := /O % <%a(8)20(s) ({0, L}) + raoe(s) ([O,L})) ds

stands for the dissipative cost due to damage cumulated during the time interval [0,¢].

Let us briefly motivate the interpretation of the effective model as one of damage. A process of damage is
a dissipative phenomenon during which the rigidity tensor of the material is irreversibly weakening. General
damage models are classically based on the introduction of an internal variable ((t,z) describing the evo-
lution of the rigidity tensor a(t,x) = a({(t,x)). For instance, a natural and simple choice consists in taking
a(t,z) = aox(t,z) + a1 (1 — x(t,x)), where ((¢,z) := x(t,x) € [0, 1] is non-decreasing in time (thus forcing the
irreversibility of damage) and y = 1 corresponds to fully damaged regions while x = 0 corresponds to sound
regions. (The particular case where x(t, ) € {0, 1} only takes the values 0 and 1 corresponds to brittle damage,
while the general case x(t,z) € [0, 1] corresponds to progressive damage.) The evolution of the material is then
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governed, on the one hand, by the Hooke Law which states that the Cauchy stress is linearly proportional to
the strain

o(t,z) = a(t,x)Du(t, ),

and by a Griffith’s type maximal stress constraint on the other hand, which stipulates that elastic deformations
will only yield to damage when the Cauchy stress exceeds a given threshold. In other words, the rigidity tensor
of the material will drop from the value a1, the rigidity of the sound state, to the value ag, the rigidity of the
damaged state, if the Cauchy stress exceeds a given threshold (see [11, 16, 23]). Here, the effective model is
consistent with another damage model, where we interpret the compliance ¢ : [0,7] — M(Q) as the internal
damage variable ((t, ), by formally setting

a(t,z) = c(t,z)" L.

Indeed, irreversibility of damage is enforced by the non-decreasing character of the material’s compliance, while
the Hooke Law vi., a Griffith’s type maximal stress constraint vii. and an Energy Balance vigi. are satisfied as
one can interpret (by formally inverting the compliance)

%a(t)Du(t) - %C(t)*lDu(tV

as the stored elastic energy density of the effective damaged medium at time ¢ € [0, T]. Also note the analogy
between the ordering condition ag < a(t,x) < ay in the model of [11] and the ordering condition satisfied by
the effective material here

afl (u+£1l_§2) <c< aal (u—i-ﬁll_Q) in M(Q;R™).

As mentioned above, according to the choice of the Dirichlet condition, the medium’s response to the loading
might differ from a perfect plastic behaviour:

Theorem 1.2. The quasi-static evolution (u,e,p) : [0,T] — BV ((0,L)) x R x M([0,L]) of Theorem 1.1 is
a quasi-static evolution of the perfect plasticity model (1.3) and (1.4) if and only if the Dirichlet boundary
condition w € AC([0,T); HY(R)) satisfies:

forall0 <s<t<T, ‘[w(t)]ﬁ’ < ‘[w(s)]g‘ = ‘[w(t)}é’ < \/ma%. (1.5)

In other words, the limit evolution of Theorem 1.1 coincides with a quasi-static evolution of perfect plasticity
if and only if

te0,7] > |[w®)]g] = lw®)(Z) - w(t)(0)

is non-decreasing after the ”first” time t§ € [0,7] at which |[w]£| strictly exceeds the threshold v/2kagL/ay
(see Rem. 5.2). Yet, the validity of the condition (1.5) roughly consists in limiting the study to a loading
phase where perfect plasticity and damage are indistinguishable, as discussed in Section 6, thus hiding the
fundamental difference between perfect plasticity and the effective model. Indeed, as illustrated in Figures 4
and 5 in a loading-unloading cycle, the limit quasi-static model obtained is of plasticity type in the loading phase
and of damage type in the unloading phase. In particular, the medium goes back into its reference configuration
without residual plastic strain.
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The present study may be seen as an illustration of non-stability issues arising when dealing with problems of
H-convergence in the L'(Q) framework where ellipticity is lost during the time process, even when working in
the simplest evolution setting and in dimension one.

1.3. Organization of the paper

In Section 2, we recall some notation and preliminary results. In Section 3, we introduce the family of
quasi-static brittle damage evolutions derived in [13], Theorem 2 associated to a linearly elastic material with
toughness /e and stiffness tensors €ag and ay, for € > 0, given a prescribed boundary datum and no volume
force load in the one-dimensional setting. Particularly, due to the explicit knowledge of the G-closure set of
all admissible homogenized composite materials in dimension one, we collect starting information of crucial
interest for the subsequent sections. In Section 4, we derive the effective quasi-static evolution when passing to
the limit € N\, 0. We first give uniform bounds in Proposition 4.1 and next analyse the behaviour and regularity
properties of the effective evolution. Section 5 adresses the question of the nature of the quasi-static evolution
and determines in Theorem 1.2 the necessary and sufficient condition ensuring the perfectly plastic behaviour
of the evolution. Finally, Section 6 discusses whether the present work could be improved in order to derive a
quasi-static evolution of perfect plasticity.

2. NOTATION AND PRELIMINARIES

Matrices. If @ and b € RY | with N € N\ {0}, we write a-b = ZZJ\LI a;b; for the Euclidean scalar product and
|a| = v/a - a for the corresponding norm. The space of symmetric N x N matrices is denoted by Mg;N and is
endowed with the Frobenius scalar product £ : n = tr(€n) and the corresponding norm [£| = /€ : &.
Measures. The Lebesgue and k-dimensional Hausdorff measures in RV are respectively denoted by £V and
HE. If X is a borel subset of RN and Y is an Euclidean space, we denote by M(X;Y) the space of Y-valued
bounded Radon measures in X which, according to the Riesz Representation Theorem, can be identified to
the dual of Co(X;Y) (the closure of C.(X;Y) for the sup-norm in X). The weak-* topology of M(X;Y) is
defined using this duality. The indication of the space Y is omitted when Y = R. For u € M(X;Y), its total
variation is denoted by |u| and we denote by pu = p®* + p° the Radon-Nikodym decomposition of p with respect
to Lebesgue, where ¢ is absolutely continuous and p® is singular with respect to the Lebesgue measure £,
Functional spaces. We use standard notation for Lebesgue and Sobolev spaces. If U is a bounded open subset
of RY we denote by L°(U; R™) the set of all £L¥-measurable functions from U to R™. We recall some properties
regarding functions with values in a Banach space and refer to [18, 24, 25] for details and proofs on this matter.
If Y is a Banach space and T > 0, we denote by AC([0,T];Y) the space of absolutely continuous functions
f:00,T] = Y. If Y is the dual of a separable Banach space X, then every function f € AC([0,T];Y) is such
that the weak-* limit

f(t) — w* lim f(t) - f(s)

s—t t—s

ey

exists for Ll-a.e. t € [0,T], f:[0,T] — Y is weakly-* measurable and t > ||f(t)||y € L([0,T]). If f : [0,T] x
R — R is a function of two variables, time and spatial derivatives will be respectively denoted by f and f’.
Functions of bounded variation. Let U C RY be an open bounded set. A function u € L'(U;R™) is a
function of bounded variation in U, and we write u € BV (U;R™), if its distributional derivative Du belongs
to M(U; M™*N). We use standard notation for that space and refer to [26] for details. We just recall that if
U has Lipschitz boundary, every function v € BV (U;R™) has an inner trace on 9U (still denoted by u and
HN~Lintegrable on U) and there exists a constant C' > 0 depending only on U such that

1 _
Iel HUHBV(U;JRm) < [Du|(U) + /BU lu AN < C ||u||BV(U;]Rm) (2.1)

according to [29], Proposition 2.4, Remark 2.5 (ii).
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Homogenization and H-convergence We refer to [14] for an exhaustive presentation of these notions and
only recall minimal results. We denote, for fixed «, 8 > 0, the subset of fourth-order symmetric tensors

Fap = {A eRV' . Aijit = Ariij = Ajirl, o 6> < Ag €< Bef forall € e MY N

sym

Let © be a bounded open set of RY. We say that A, € L>(Q; F, 5) H-converges to A € L>=(; F, ) if, for
every f € H1(Q;RY), the solutions u,, € H}(£;RY) of the equilibrium equations

—div(Ape(uy)) = f inQ
U, =0 on 9N

are such that u,, — u weakly in Hg(Q;R"Y) and Ane(uy,) — Ae(u) weakly in L?(Q; MYXN) as n 7 +o00, where
u € HE(Q;RY) is the solution of

—div(Ae(u)) = f inQ
u=0 on JN.

Given a volume fraction § € L*>°(Q;[0,1]) and A, B € L*>®(Q; F, 3) with A < B as quadratic forms on Mg,;;N,
the G-closure set

gG (A7 B)
is defined as the set of all possible H-limits of x,A + (1 — xn)B where x, € L>®(£2;{0,1}) weakly-* converges
to 6 in L°°(€;[0,1]).

Convex analysis. We recall some definition and standard results from convex analysis (see [27]). Let f : RY —
[0, 4+00] be a proper function (i.e. not identically +00). The convex conjugate of f is defined as

fr(z) = sup {z-y— f(y)}

yERN

which turns out to be convex and lower semicontinuous. If f is convex and finite, we define its recession function
as

@ = tm T e o, 1o

which is convex and positively 1-homogeneous. If f, g : RV — [0, +o00c] are proper convex functions, then their
infimal convolution is defined as

fogle) = nf {flz=y)+9u)}

which is convex as well. The indicator function of a set C C R is defined as I = 0 in C' and +oo otherwise.
The convex conjugate I of I¢ is called the support function of C.
3. FRANCFORT-GARRONI’S MODEL OF QUASI-STATIC BRITTLE DAMAGE

For all € > 0, we consider a linearly elastic material whose reference configuration is Q = (0, L), with toughness
k/e and stiffness tensors eag and ap, corresponding to its damaged and sound zones respectively. Applying
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Theorem 2 and Remark 5 of [13] to this linearly elastic material without volume force load and with a prescribed
boundary condition w € AC([0,T]; H'(R)), it ensures the following existence result for a relaxed quasi-static
damage evolution.

Proposition 3.1. For all ¢ > 0, there exist a time-dependent density, a displacement and a stiffness tensor
O, :[0,7] — L>=((0,L);[0,1])
Ue : [OvT] - Hl((O,L))
1—
R EL

gag 5]

9 (3.1)
) £ 0,7 — L= ((0, L))

all weakly-* measurable, such that
Dirichlet Boundary Condition: u.(t) € w(t) + H}((0,L)) for all t € [0,T];
Initial Minimality: for all v € w(0) + H}((0,L)) and 6 € L>((0, L); [0,1]),

1 €agay

/ (a0 oF + - 0.0)) dr < / ) (Gra el + 20) do (32)

Monotonicity: for allT >t > 5> 0, a.(t) < a:(s) and O.(t) < O.(s) L'-a.e. in (0,L);
One-sided Minimality: for allt € [0,T], v € w(t) + H}((0, L)) and 6 € L>((0, L);[0,1]),

1

L L L
2 1 eapae(t) "o Ii/
— o (t )| de < = d — 00.(t) dx; .
2/0 a. (t) [ul ()] 17_2/0 G (= Oyeag Vet 2 | 00D de (3.3)

Energy Balance: for allt € [0,T], the total energy

E.(1) = %/0 ae(t) [l ()2 dx+§/o (1-6.() de

satisifes

t L
E.(t) = £.(0) + /0 /O 0. (s)u. ()i () dds. (3.4)

Remark 3.2. Note the absence of a second term in the left-hand side of the One-sided Minimality (3.3),
which means that (uc(t),a-(t),0) minimizes the total energy among all kinematically admissible displacement
and admissible damage arrangements within the body, at time ¢ € [0,T] and ¢ > 0 fixed. In other words, any

additional damage inside the sound regions of the medium a.(t) strictly increases the total energy, i.e. for all
0 € L>((0,L);[0,1]):

1 L o 2
Ee(t)§§/0 ag vy dx+g/0 (1 —0O.(t)) + 00.(t)) dz

where

( 0 . 19)—1
ag = —+—=
0 cag  ac(t)
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and vy € w(t) + HE((0, L)) is the solution of

{(agv(’,)/ =0 in (0,L),
vg = w(t) on {0, L}.

Proof. This is the direct application of [13], Theorem 2, Remark 5 together with [14], Lemma 1.3.32, Formula
(1.109) which stipulates that for all 0 < a < b and all § € L*°((0, L); [0, 1]),

6(ast) = { G172 -

In particular, one gets that u. : [0,7] — H((0, L)) is strongly measurable (in the sense of [24], Def. 2.101) as
it is continuous outside of an at most countable subset of [0,7]. One also gets that a. : [0,T] — L%((0, L)) is
strongly measurable (which is equivalent to the weak-* measurability according to Pettis’ Theorem, see [24],
Thm. 2.104), since for all ¢ € L2((0, L))

L L L
te [0,T]»—>/0 anE(t)d:c:/O max(O,qb)aE(t)da?—/O max (0, —¢p)ac(t) da

is £L1-measurable, as it is the difference between two non-increasing functions. For similar reasons, one also infers
that ©, : [0,T] — L?((0, L); [0,1]) is strongly measurable. Note that a. : [0,T] — L°*((0,L)) and O, : [0,T] —
L>((0, L);[0,1]) are (a priori) only weakly-* measurable. To see this, it suffices to take ¢ € L((0,L)) instead
of L2((0, L)) above. O

For all € > 0, a naive first use of the One-sided Minimality (3.3) entails the following properties of the stress
0. = acul : [0,T] — L*((0,L)).

Proposition 3.3. Foralle > 0 and allt € [0,T], the stress o< (t) is homogeneous in space and o € L°([0,T]; R).
Moreover,

u;:05(1766+%>. (3.5)

Ea ay
Proof. Indeed, for all v € H3((0,L)) and § > 0, applying (3.3) with § = 0 and v* = u.(t) + dv € w(t) +
H}((0,L)) ensures that

L L L L
0< / o (t)ul(t)dr < / o (t)ul(t) dz £+ 25/ o ()’ dz + 62 / ac(t)|v'|? da.
0 0 0 0

Dividing by 6 > 0 then letting § N\, 0 entails that fOL o (t)v' dz = 0, which implies the space homogeneity of 0.
Formula (3.5) is a consequence of the expression of a. and the definition of o.. O

For all e > 0 and ¢ € [0, T], we define the function

W (z,6) € (0,L) x R+ min (w + %€a0|§\2; %ae(t)(x)|§\2> )
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A second application of the One-Sided Minimality (3.3) implies that for £Ll-a.e. x € (0,L)

%as(t)(x)Iué(ﬁ)(ﬂv)l2 =C(Wi(x,) (u(t)(w)) = CW! (2, u(t)(x))

where CW! (J:, ) is the convex envelope of W!(z, ), which is explicitly known in the one-dimensional setting.

Proposition 3.4. For L'-a.e. in {x € (0,L), a.(t)(z) > eap},

1 . |U€(t)|
e t : t < Lsa
J ( u Zf \/m =
1 2Kka @ KkaoOc(t) . loe(®)] _ ac(t)
Za. (Ol (t)]? = 0 _ 0 < 3.6
2@ ( )‘U/E( )| |06 |\/ _an) G/E(t) _an ZfLE < /72}{010 — an LE? ( )
2 L ae(t) |oe(t)]
. + 26a oluL(t)] if ag L. < T

with

In particular, for all € > 0 such that
{z € (0,L), ac(t)(x) > cao} # 0,
we have
|o(t)] < V2kag L.

Remark 3.5. Note that, although the first regime of the identity (3.6) is a tautology, it actually prevents the
last two regimes to occur since they have different growths. We refer to the proof of Lemma A.1 in Appendix A
for a rigorous demonstration.

Proof. Let € > 0 and ¢t € [0,T]. As we are working in the scalar setting, symmetric quasiconvex and convex
envelopes coincide. According to [15], Lemma 3.1, we have that for all £ € R and z € (0, L)

CW:(x,€) = inf {/0 Wiz, &+ ¢'(y)dy : ¢ € H&((O,l))}

. KO (t)(z) 1 1-9 g \!
~ oelo] {59+ 2 (as(t)(x) + a) |€|2} :

The above minimization being over a strictly convex function, the minimum is indeed reached at a unique
minimizer in [0, 1]. Since

) KO (t)(x) 1 ac(t)(x)ea , 9
g+ (,0) € (0,L) x [0,1] 5 —= 9+§9a€(t)(x)+(1_09)Ea0|u8(t)(m)|

is a Carathéodory function, Aumann’s measurable selection creterion (see [28], Thm. 1.2) entails that the
(unique) minimizer 6.(t)(x) € [0,1] of g(x,-) is actually £'-measurable in (0, L), i.e. 6-(t) € L>=((0, L);[0,1])
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and for L£'-a.e. x € (0, L)

CWi(w, ul(t)(2)) = —————0(t)(x) +
Therefore, (3.3) implies that

L L
3| acOliOPa = min oG 00e) de

0€L>>((0,L);[0,1])
L L
< [ twov@)is = [ ewio o) d.
Since one simultaneously has CW! (¢)(z, ul(t)(z)) < 2a.(t)(x)|uL(t)(z)|? for all z € (0, L), we infer that
CWEt)(z,ul(t)(z)) = %as(t)(az)\u's(t)(x)|2 for L'-a.e. z € (0,L).

Therefore, (3.6) is the consequence of Lemma A.1 (see Appendix A) applied to W/(z,) at every point z in the
set {ac(t) > eag}. Note that the constant L. = 49— > 1 only depends on £ > 0 and not on z € (0, L) nor

ajl—eap

te0,7). O

4. THE LIMIT QUASI-STATIC EVOLUTION

As previously explained, the objective of this work is to derive an effective limit model by letting € tend to 0.
Since we expect a limit model of perfect plasticity type, one has to identify which quantities will play the role
of the elastic and plastic strains at the scale € > 0. Meanwhile, in order to pass to the limit along converging
subsequences in the brittle damage evolutions described in Proposition 3.1, we rely on uniform bounds computed
in Proposition 4.1 below.

4.1. Uniform bounds and compactness

Proposition 4.1. There exists a constant C(w,T) € (0,400) such that

sup sup&(t) <C (4.1)
te[0,T] e>0
and
1
sup_sup {210.(0) ~ 151 0.0 + ()l orzy) + o=} < (4.2

te[0,7] >0

Proof. Let us first prove (4.1). Note that (3.2) applied with § = 0 and v = w(0) directly entails

L
£.(0) < 7/ ar [ (0)2 da.
2 0

As for the subsequent times ¢ € [0, T, (3.3) applied with § = 0 and v = w(t) entails

1

L L
1 al 2
3| aOOP <3 [ al@F do < G ol o
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On the other hand, since w is absolutely continuous from [0, 7] into H*(R), we infer that
W' € LN[0,T); L*(R))

is Bochner integrable. Therefore, gathering the uniform bound on the initial time energies together with Cauchy—
Schwarz inequality for the scalar-product

L
(&m) € L*((0, L)) x L*((0, L)) — /0 ac(s)éndz € R

(for all time s € [0,¢] fixed) and the Energy Balance (3.4), we get that

t L
E.(1) = £.(0) + /O /0 o ()i () dwds

¢ L 3 L 3
ggg(o)+/0 (/0 aa(s)|u;(s)|2dx> (/0 a8(8)|u'/(s)2dx> ds < C(w, T).

We next show (4.2). Let € > 0 and ¢ € [0, T]. First, as shown in [10], Lemma 2.3, Formula (2.6), there exists
a constant ¢ > 0 (only depending on ag, a; and &) such that the function

1 1
We: € € R+ min {E + ~eag|¢)?; fa1\§|2}
e 2 2
satisfies CW.(§) > c|¢| — 1 for all £ € R. Remembering the definition (3.1) of a.(t) and the fact that

-1
CW.(§) = min {%+1(0+1_9> |£|2}

oelo,1] | € 2 \eay aq

for all £ € R, we in particular get that

L
L
E:(t) = /O CW= (ul(t) dz > e Jut(t)l| 1 o0y — -

Thus, using the equivalent norm in BV ((0, L)) recalled in (2.1) leads to

lue Ol By (0, < e ®)ll 10,2y + 1w BO)] + [w(t)(L)] < C(w, T).

Finally, the homogeneity in space of the stress o.(t) € R implies that

E.(t) > 1/La OO dz > —— o (1)
€ =5 . € € = %, O¢

as well, thus concluding (4.2). O

From the uniform bounds (4.2), we obtain compactness properties.
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Proposition 4.2. There exists a subsequence (not relabeled and independent of t) and a non-negative Radon
measure p : [0, T] — M([O, L];R+), which is non-decreasing in time, such that

O.(t) = 1 strongly in L*((0, L)) for all t € [0,T] (4.3a)
pe(t) :== %G)E(t)]l(OL) — p(t)  weakly-* in M([0, L]) for all t € [0,T] (4.3b)
as €\, 0.

Remark 4.3. Henceforth, we will work along the subsequence (not relabeled) mentioned in Proposition 4.2.

Proof. One directly deduces from (4.2) that ©.(t) strongly converges to 1 in L*((0,L)) as € \, 0 for all time
t € [0,T]. Next, using the non-decreasing character (in time) of the non-negative Radon measures

1-0.()

pe it €10,T) — T, € M([O,L];R+)

together with (4.2), one can apply the generalized version of Helly’s Theorem recalled in [18], Lemma 7.2 for the
topological duals of separable Banach spaces and find a subsequence and a limit time-dependent non-negative
Radon measure i : [0,7] — M([0,L];RT) such that p.(t) — u(t) weakly-* in M([0,L]) as e tends to 0, for
all ¢t € [0,T]. Note that the monotonicity in time of u. is preserved by the pointwise weak-* convergence in

M([0,L]). O

4.2. Initial time of the evolution

We begin with a corollary of the analysis led in [10], Theorem 3.1 in the static setting, taking into account a
prescribed Dirichlet boundary datum. We refer to Appendix A for a more general statement of this proposition
and its proof.

Proposition 4.4. The functional F. : L'((0,L)) — R+ defined for all u € L*((0,L)) by

L
Folu) = / CWe(u)de  if u € w(0) + H((0,L)
+00 otherwise

I'-converges in L' as € \, 0 to the functional

/0 W) dz + /2kag | Dl ((0, L)) + \/2/{@0( |w(0)(L) —u(L)| + |w(0)(0) — u(0)] )

F(u) : if ue BV((0,L))

+o0o  otherwise

where
__ . a
W:eR— 1161]%{?1 \§—n|2+\/2/<aao\n|}.
n

In particular, we infer that
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Indeed, according to [15], Lemma 3.1 we first remark that

as(0)

5 (O

CW.(ul(0)) < =(1 —0.(0)) +

o=

hence F.(u:(0)) < £.(0). Besides, (3.2) implies that £.(0) < F.(v) for all v € w(0) + H}((0, L)), where we
exchanged the infimum and the integral thanks to Aumann’s criterion.

Therefore, we deduce from the Fundamental Theorem of I'-convergence together with the bounds (4.1) and
(4.2) that there exist a further subsequence (still not relabeled) and a displacement u(0) € BV ((0, L)) such that

u:(0) — u(0) weakly-* in BV((0,L)) and &.(0) — £(0) := F(u(0)) = min F (4.4)
when € N\ 0.

4.3. Time independence of the subsequences

We first show that, along the whole subsequence introduced in Proposition 4.2 (not relabeled and independent
of t), {o.(t)}c pointwise converges to some limit stress o(t) for all time in [0, T].

Proposition 4.5. Along the subsequence introduced in Proposition 4.2 (independent of t, not relabeled), we
have that for all time t € [0,T],

L p—
pet)(0.2) = [ =20 e 10 = e (0.2)) 2 0

and
[w®]y
oe(t) = o(t) == ﬁ (4.5)
when € \, 0, where [w(t)]OL = w(t)(L) —w(t)(0). Moreover,
o(t) € K = [—v2kKag, V2kag] for allt € [0,T). (4.6)
In particular, we infer that o € L*=([0,T]; K),
0. >0 weakly-* in L>([0,T); R) (4.7
and for all t € [0,T],
VN [w(t)]y ,
E(¥) 3 £(0) —I—/O /0 o(s)w'(s)(x) dzds = 5 Oo(t) + kl(t) =: E(t). (4.8)

Proof. We work along the subsequence introduced in Proposition 4.2. Let t € [0,T]. Note that by the weak-*
convergence of p.(t) to p(t) in M([0, L]), one gets that

Ly T
ne0(0.2) = [ =20 d )i o) (0.2]) 20
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Since u(t) € w(t) + HL((0, L)) satisfies u’(t) = o-(t)ac(t)~! and o.(t) is homogeneous in space, we infer by the
Integration by Parts Formula in H((0, L)) that

[w@ﬂg=iALun®ﬁdx=mka{AL(1_@Aﬂcw4—@4®@ﬂ)dm

gag a1
Since
/L (100t | 000wy o, 10, L,
0 gag a1 eNO0 ag aj '
we obtain
L
[w(t)]o
oe(t) 3 o(t) = W, L
ao ai

which proves (4.5) and (4.7). Next, recalling Proposition 3.4, for all € > 0 such that
{z €(0,L), a:(t)(x) > eao} # 0,
we have
jo=(8)] < V2kaoLe.

We must then distinguish two cases.
e Either limsup_. o L' ({ac(t) > €ag}) = 0, hence

Lio(t)| = lignL |oe(t)| = lim (/{ . }60,0 |ul ()| dz + |o-(t)| £ ({ac(t) > sao})> =0

€

and o(t) =0€ K.

e Or limsup_ o L' ({ac(t) > ag}) > 0. Up to another subsequence (still not relabeled), we can assume
that £! ({a.(t) > eag}) > 0 for all € > 0. In particular, it implies that {a.(t) > cag} # 0 hence |o.(t)] <
V2kaoLe for all € > 0. Taking the limit when ¢ \, 0, we obtain that |o(¢)| < v/2rag hence o(t) € K.

In any cases, we get that the stress constraint (4.6) is satisfied. Thus, by homogeneity in space of o.(t), the
Dominated Convergence Theorem entails that

/ / o(s )dxds/otas(s) (/()Lw’(s)(x >dss\*>0/ / x) dzds.

Therefore, using the convergence of the energies at the initial time (4.4) together with the Energy Balance (3.4),
one gets that

(1) — (0 // 2)dads = £(t) € R
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By homogeneity in space of o.(t) again, since

L
1 L L 1— . t
(t) = —o.(t w' (t)(x)dx + & ——dx — w()}oat—l—/@lt

2 0 0 € E\O 2

we deduce that
L
t
E(t) = [w(2)]0 o(t) + Ki(t)

which completes the proof of (4.8) and Proposition 4.5. O

We now define what will play the role of the elastic and plastic strains at the scale € > 0, by setting

O

ec=0c— € L*((0,L)) (4.9a)
1
o 1-0
Pe=—p.=o0. “10,1) € L*((0,1L)) (4.9b)
an gagp

which, by (3.5), satisfy the additive decomposition u. = e. + p. at all time. Using Proposition 4.2 together with
the homogeneity in space of o, and o, we infer that for all ¢ € [0, 7]

ec(t) = e(t) :== %f) strongly in L?((0, L)) (4.10a)
pe(t) — p(t) == %;),u(t) weakly-* in M ([0, L]) (4.10b)
ul(t) — o(t) (M(t)tiio’[/) + i) =p(t)L(0, L) +e(t)L*  weakly-* in M((0, L)) (4.10¢)
when € N\, 0. Let us recall that
p()([0, L)) = I(t) and  p(t)([0, L]) = %?l(t)- (4.11)

The uniform bound (4.2) ensures that for all ¢ € [0,T], there exist a further subsequence (depending on ¢,
not relabeled) and a displacement u(t) € BV ((0, L)) such that

ue(t) = u(t) weakly-* in BV ((0, L))
when ¢ N\, 0. In particular, we deduce from (4.10¢) that
Du(t) = p(t)L(0, L) +e(t)L* in M((0,L);R)
is independent of the subsequence defining u(t). Moreover, one can check that

p(t)L{0, L} = (w(t) — u(t)) (6L — o). (4.12)
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Indeed, extending the problem on a larger open interval [0, L] C ' and setting

Ue(t) = uc(t) Lo,y + w(t)Lan(o,L)
P.(t) = pe(t) 1o, 1)
e(t) = e ()1 ) + w'(t)Lan (0,1)
one can check that
ﬂg(t> — U(t)]l(mL) —+ w(t)]lgf\(07L) Weakly—* in BV(Q/)
Put) = B(t) = p(t)L .y weakly-* in M(®)
e.-(t) —~e(t) :==e(t)lo,z) + W (t)Llan(o,z) weakly in L*(€)

when e N\ 0. Therefore, using [29], Remark 2.3 (i), we get that
DEL(t) = (1) + Pu(t) — (1) + B(t) = Dut) L) + 0 ()l o0y L1 + (w(t) — u(t)) (52 — do)

which implies (4.12). In particular, we infer that the limit displacement u(t) is actually independent of the
subsequence. Indeed, let u (¢) and us(t) € BV ((0, L)) be two weak limits of {u(¢) }e>o in BV((0, L)). On the one
hand, (4.10c) entails that D(u1(t) — u2(t)) =0 in M((0, L)) hence uy(t) — uz(t) = C(t) € R is homogeneous
in space. On the other hand, the internal traces of uy(t) and us(t) being prescribed on {0, L} by (4.12), we
infer that C(t) = (u1(t) — u2(t)) (L) = 0 hence uy (t) = ua(t) in BV((0, L)). Therefore, we infer that the whole
sequence converges and there exists

w:[0,T] — BV((0,L))
such that
ue(t) = u(t) weakly-* in BV((0,L)) when € \, 0, for all ¢t € [0,T]. (4.13)

Note that u(0) € BV((0,L)) was already given by (4.4) and the static analysis led in [10], entailing the
following Constitutive Equation at the initial time.

Proposition 4.6.

£(0) = T21e(0)” + Varag p(0)] ([0, 1) (4.14)
and
(2kag — 0(0)?) 1(0) = 0. (4.15)

Proof. Gathering (4.10c) and (4.12), we can identify the absolutely continuous and singular parts (with respect
to £1) in the Radon-Nikodym decompositions of Du(0) and p(0):

{D“u(O) =e(0)L! + p(0)®
p(0)* = D*u(0)1(o,z) + (w(0) — u(0)) (62 — do) -

By definition of the inf-convolution and (4.4), we get that W(D*u(0)) < %-¢(0)? +v/2kaq [p(0)?| L -a.e. in (0, L)
and £(0) = F(u(0)) < £21€(0)? + v/2rag |p(0)| (0, L]), where we identified absolutely continuous measures with
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their densities. Besides, combining (4.8), (4.5) and (4.11), we also have that

o(0)2
£(0) = (g) (% + a%) + K(0)
La1 2 l(O)
=—¢(0 )2+ v/2raq [p(0)] ([0, L]) + (V2rao — [o(0)]) 2
> %e( 2+ v/3mas [p(0)] ([0, Z).
Therefore, we obtain that £(0) = £21e(0)2 + v/2kaq [p(0)| ([0, L]) and (2kag — o(0)?) 1(0) = 0. O

4.4. Regularity of the evolution
Looking at the proof of Proposition 4.5 and defining, for all time ¢ € [0, T], the function

[w(®))

)

A = (S04 <L) 2

ag 251

ao

one can check that

A(t):(w—m)z(l(t)JrL)zzo and l(t)=@<@—@+ A(t)).

2ay ag ai 2k \ ag ai

On the one hand, since

// sa:dxds

and
S / (s,z)dx is integrable on [0, T,

we infer that & € AC([0,T]; R). On the other hand, since w € AC([0,T]; C°([0, L])) and the product of abso-
lutely continuous functions remains absolutely continuous, we infer that A € AC([0,T];R). In particular, we
deduce that [, o, e and p are continuous on the whole interval [0, T]. By non-negativity and monotonicity in
time of p, we also infer that p is continuous from [0, 7] to M([0, L]).

Using the Energy Balance in Proposition 3.1 together with the non-decreasing character of I, (4.8) and (4.5),
we can actually show that o € AC([0,T];R). From this, we will deduce that I, u, p and g inherit the same
regularity. This is a strong result because it is usually obtained a posteriori, once an Energy Balance of the type
(4.19) is proved to be satisfied (see [18]). Remarkably, here we do not rest on such an Energy Balance in order
to prove the regularity of the quasi-static evolution. This is the content of the following proposition.

Proposition 4.7. The mapping (o, e,l, p,p,u) : [0,7] = K x R x Rt x M([0, L]) x M([0, L]) x BV((0,L)) 1is
absolutely continuous.

Proof. One can check that forall 0 < s <t < T,
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Indeed, the convergences in Proposition 4.5 together with the homogeneity in space of o and o, imply that

o (ott) — o(s))? = 1 (T2 TRy ey — (o)
P (oe(Des(t)  oc(s)ec(s)
=i [ (PO ) ) et
Using (4.10a), (4.9a), (4.9b) and writing [, := OL 1=9: 4z, we get that

L (o) = ()2 = 1im <5€(t) - /0 7e®P®) 4 () — £.(5) + /0 9=(IP(5) 4 1t (s)

2a1 eN\0 2

2a0

so that (4.8) entails (4.16). In particular, since 2xkag > o(s)?, we obtain

Lo /|a ) — o |\ }j]dr:;vs(t). (4.17)

2&1

Applying a Gronwall type Lemma (in the spirit of [18], Lem. 5.3), we infer that o is absolutely continuous on
[0, T]. Indeed, fixing T' > s > 0 momentarily, one can remark that V, € AC([s,T];R) and

Vi) = lo(t) — o(5)] | [i(0)] | </ 22at) + | [i)] ¢

2
for Ll-a.e. t € [s,T] and any 1 > 0. As /- is locally lipschitz on [, +00), we infer that 1/ %Vs + 7 is absolutely

continuous on [s,T] and

d 2a; ay [/.s(t) ap |- . L 1
—(VZEv, + a3 -a.e. .
T ( 7 r]) (t) = T ) T ‘[w(t)}ol for L -a.e. t € [s,T]

Thus, integrating between s and ¢ for any T' >t > s > 0 entails that

Vi)

After taking the limit 7 N\, 0, (4.17) yields that

t [w(r)]OL‘ dr.

2(11

lo(t) —o(s)] < —V dr forall 0<s<t<T,




PERFECT PLASTICITY VERSUS DAMAGE 23

thus proving the absolute continuity of o and e = ca;! from [0, 7] to R. In particular, (4.8) entails that

1= (e~ 2[wly) € AC(0, T} ).

K

Since p : [0,T] — M([0, L]; RT) is non-decreasing in time, (4.11) implies

0 < (ult) — u(s)) (0, L]) = 1(t) — 1(s)

forall 0 < s <t <T, so that
pe AC([0, T M(0.L])) and p=—p € AC([0,T]; M([0, L])).
0

Finally, the Trace Theorem in BV ((0, L)), (4.13) and (4.12) imply that for all 0 < s <¢ < T,
[u(®) = uw($)ll pv 0,2y < Lle(t) —e(s)| + [p(t) — p(s)| ([0, L]) + |w(t) — w(s)[ (L) + |w(t) — w(s)| (0),

thus proving the absolute continuity of u from [0,7] to BV((0,L)) as well. O

At this point, we have identified good candidates for the limit evolution:
(.9, 0, 4) : [0.T] — BV((0,L)) x R x M([0, L]) x K x M([0, L],

which are all absolutely continuous on [0, 7] and satisfy the following assertions for all ¢ € [0, T:
i. Additive Decomposition: — Du(t) = e(t)L'L(0, L) + p(¢)L(0, L) in M((0, L))
ii. Relaxed Dirichlet Condition:  p(t)L{0, L} = (w(t) — u(t)) (6 — dp) in M ({0, L})
ili. Constitutive Equation:  o(t) = aje(?)
iv. Equilibrium Equation: ¢/(t) =0 in H~1((0, L))
v. Stress Constraint: o(t) € K.

The absolute continuity of (u, o, p, u,l) guarantees that (u, o) describes a quasi-static damage evolution, whose
internal variable is the effective compliance (inverse effective rigidity)

c:tel0,T]— plt) 1 L(0,L) € M([0, L}; RT)
ao ay

satisfying the Constitutive Equation vi., the Griffith Evolution Law vii. and the Energy Balance viii. stated in
Theorem 1.1.

Proof of Theorem 1.1: Using (4.8) and (4.5), one can check that for £Ll-a.e. t € [0,T] the following quantities
are well defined and satisfy

and
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Hence

entailing that

Besides, using that u is non-decreasing in time together with [18], Theorem 7.1, Formula (7.4) and (4.11) ensures
that

| o+ m(0.L) — p(0.L) W) -l

j(0)([0.1]) = Jimy / = i L= (4.18)

for L1-a.e. t € [0,T]. Thus, by non-negativity of the Radon measure fi(t), we infer that
f1(t) (26a0 — o(t)?) =0 in M([0,L];RY) for L'-ae. t €[0,T],

which proves the validity of vii. of Theorem 1.1.
Moreover, recalling that

Q(t) = 5o () Du(t) (0, 1)) = 5o(0)%e(#) ((0,1)

(4.8) entails that

£(t) = (1) + 5o (1e(t) ({0, L)) + raoc(t) (0, 1]

L

=9(0) + 30(0)20(0) ({0, L}) + kapc(0)([0, L]) +/0 a(s) [u')(s)]o ds

hence
b d 2 0,L t
Q(t)+/ u (J(S) c(sQ)({ 1)) +moc(s)([o,L])) ds = Q(0) +/ o (s)[w(s)]y ds.
0 0
This proves the Energy Balance viii. and concludes the demonstration of Theorem 1.1. O

Remark 4.8. The effective limit model obtained here is a different type of damage model where the dissipative
phenomena is described by means of an internal variable, the effective compliance ¢ : [0,7] — M([0, L]; R™T),
whose non-decreasing character in time accounts for the irreversibility of damage. This is a threshold stress
model, based on the conjecture that damage propagates if and only if the stress saturates the constraint.

e Formally inverting the compliance c(t), the Constitutive Equation vi. allows us to interpret 1o (t)Du(t) =
1c(t)"'Du(t)? as the stored (elastic) energy density of the effective damaged medium at time ¢ € [0, T].
In other words, one can interpret the left hand side of the Energy Balance viii. as the sum of the elastic
energy stored at time ¢

o(t)® (:u(t)((OvL)) n L)

2 ap aq

Q1) = 5o (O Du(B((0,1) =

and the dissipative cost due to damage cumulated during the time interval [0, ¢].
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e As explained above, the Griffith type Evolution Law states that damage can only grow when the stress
o saturates the constraint. This threshold condition generalizes the Initial Constitutive Law (4.15) to
the quasi-static setting. As will be explained in the Section 5, this Constitutive Law (4.15) a priori
does not propagate to subsequent times through the evolution process, unless the prescribed boundary
condition satisfies (1.5), corresponding to the case of perfect plasticity. In this case, one can check that
(2kag — o (t)?)1(t) = 0 for all ¢ € [0,T].

Motivated by the static analysis led in [10] where the authors have shown how brittle damage can lead to
Hencky perfect plasticity, it is natural to extend this analysis to quasi-static evolutions and inquire whether
(u,e,p,0) is of perfect plasticity type or not. Following [18], Definition 4.2, Theorem 3.6, in order for this
quasi-static evolution to be of perfect plasticity type, it only remains to prove the Energy Balance:

L

SLe(t)? + Va0 /0 15(s)] (0, L]) ds = / / () dwds (4.19)

for all time t € [0, 7], where we used that fot [p(s)] ([0, L])ds = V(p;0,t) according to [18], Theorem 7.1. As u,
o, p, i and [ are all absolutely continuous on [0, T], we have the following Proposition:

Proposition 4.9. For allt € [0,T],

%e(t)2 —l—/o a(s)p(s)([0, L])ds = 76(0)2 —I—/O o(s) [w(s)]gds. (4.20)

Proof. Indeed, for all t € [0,T], (4.8) and (4.5) entail that

e = Ze? + 1) <ﬂ+n) = He? + 100) ("2(232%) + /Otfs(z(‘#m))( ) ds.

2@() 2&0

Using that lo? = 6? + 2lo6 together with (4.15) and wvii. of Theorem 1.1, we infer that

La1

E(t) = e(t)? +V2rag |o(0)] —~ (0) /0 (;0\/2&@0 lo] + le) ds

Thus (4.11), Theorem 1.1 and (4.18) entail that

() = Te(0 + VERaa p(0)| (0.L) + [ o (l"jo”’) as
— St + VEra p(0)] (0, 21) + | o(s)i(s)(0. L)) ds.
0
Then, (4.8), (4.4) and (4.15) complete the proof of (4.20). O

Therefore, due to the homogeneity in space of o together with the stress constraint, (4.20) ensures that the
upper bound inequality of (4.19) is always satisfied:
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Proposition 4.10. For all t € [0,T],

Lo 2 +¢f/ 5(:)] ([0, L)) ds > T2 e(0) // (2) dads.

Having all the previous results in mind, one would naturally be tempted to intuit the validity of the Energy
Balance (4.19), hence proving that the quasi-static damage evolution (u, e, p, o) is indeed one of perfect plasticity.
Surprisingly, the interplay between relaxation and irreversibility of the damage is not stable through time evo-
lutions. Indeed, depending on the choice of the prescribed Dirichlet boundary condition w € AC([0, T]; H*(R)),
the effective quasi-static damage evolution may not be of perfect plasticity type, as illustrated in the example
of Figure 3. Understanding on which condition the effective quasi-static evolution is of perfect plasticity type is
the content of the next section.

5. ENERGY BALANCE

We can prove that the Energy Balance (4.19) is satisfied if and only if o saturates the constraint once [ is
non-zero, until the end of the process (see Fig. 2).

Lemma 5.1. Let to =sup {t € [0,T] : u(t)([0,L]) = 0}. The Energy Balance (4.19) is satisfied if and only if
o saturates the constraint during the whole time interval [to,T] , i.e.

lo(t)| = V2kao  for all t € [to, T). (5.1)

Proof. Let us heuristically explain the argument. On the one hand, let us assume that (5.1) holds. Since
p(t) =0 =p(t) in M([0,L]) for all ¢ € [0, o] and |o(t)| = v/2Kag for all ¢ € [to, T], the Flow-Rule holds:

o(t)p(t)([O,L]) = V2kag |p(t)| ([O,LD for L'-a.e. t € [0,T]. (5.2)

This is immediate during the time interval [0, t5], while during the time interval [to,T], by continuity we infer
that o is constant and either ¢ = \/2kag or 0 = —+/2kag. Especially, since p = % w and p is non-decreasing
in time, we infer that p is either non-decreasing or non-increasing in time on [tg, T, according to the sign of
o. Hence, op = —,u V2kag [p| in M([0, L]; RT). Therefore, the validity of the Energy Balance (4.19) follows
from (4. 20) and (5 2).

On the other hand, (5.1) is also a necessary condition. Let us assume that the Energy Balance (4.19) is
satisfied. From (4.20), we infer that

/ U(s)p(s)([(), LD ds = \/2/-£a0/ Ip(s)] ([O, L]) ds
0 0

for all ¢t € [0,T]. As op([0, L]) < v/2kaq |p| ([0, L]) always holds, we deduce that equality (5.2) is satisfied £!-a.c.
on [0, T]. In particular, (5.1) must hold, otherwise the Flow-Rule will not be satisfied during a non £!-negligible
set of times in [to,T]. Indeed, if |o(t)| < v2kag for some t € (to,T'), considering the maximal time interval
I C (tg,T], containing ¢, during which o never saturates the constraint, we get by continuity of o and wii. of
Theorem 1.1 that Int(I) is a non empty interval and p is a constant non-zero measure on I. Moreover, there
exists £ C I such that £(E) > 0 and & # 0 on E. If such was not the case, o would be constant on I, which is
impossible by maximality of the interval. Thus, one simultaneously has p([0, L]) = &/aol # 0 and |o| < v/ 2/1(10
on E, so that |o||d/ao|l < v/2kag |6 /ag|l which is in contradiction with the Flow-Rule (5.2).

Yet, this sufficient and necessary condition (5.1) relies on the definition of the time tg. It remains to find
an equivalent condition which can be expressed only in terms of the data of the setting. This is the content of
Theorem 1.2, illustrated in Figure 1.
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F1cUre 1. Sufficient and necessary condition for perfect plasticity.

Proof of Theorem 1.2: Necessary condition. Assume that the Energy Balance (4.19) is satisfied at all time
€ [0,7]. Then, Theorem 5.2 and Theorem 6.1 of [18] ensure that (u,e,p,0) € AC([0,T]; BV((0,L)) x R x
M([0, L]) x K) satisfies the Flow Rule:

o(t)p(t) ([0, L]) = v2kaq |p(t)| ([0,L]) for L'-ae. t €[0,T]. (5.3)

On the one hand, (4.5) together with the trace theorem in BV ((0, L)) entail that, at all time, Du((0,L)) =
[u]y = Le +p((0,1)) = [w]y — 2 +p((0, L)) so that

ol _ op(l0, L))

ao ao

p([0,L]) = p((0,L)) + [w — u]g _

On the other hand, by (4.18) we infer that for £!-a.e. time in [0, 7], the following time derivatives exist and
satisfy

5l op([0.L) ol ——
”+—mMa1>Mmpmﬂﬁfﬂfﬂ—ﬁ:i:mmm (5.4)
ap  ag ag ag ag

Let to :=sup{t € [0,T] : I(t) = 0}, with the convention to = 0 if I(0) > 0 (see Fig. 2). As [ is non-decreasing
on [0,T7], if to = T then I = 0 at all time and (4.5) entails that [w]g = oa% at all time as well, so that (1.5) is
always true since 0 € K. We can thus assume that ¢5 < T. Suppose that 0 < a < b < T are such that

[w®)]y] < [[u@];]-
We have to prove that

“w(b)]g‘ < Qfm()a—l;. (5.5)
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FIGURE 2. Stress constraint saturated after time ¢g.

Using again the non-decreasing character of [ and (4.5), since

fulg] = 1ol (5 + ).

ai

we necessarily have |o(b)| < |o(a)| < /2kag hence |o(b)| < v/2kag in particular. By continuity of ¢ and because
0 < b <T, there exists 7 > 0 such that for all s € [b —n,b] C [0,T], |o(s)| < v/2rag. Let us consider

so:=1inf{s < b : |o(t)| < vV2kao forall s <t <b}
and
I :=(s0,b].

Recalling vii. of Theorem 1.1, by continuity we know that [ is constant on the whole segment

I :=[s0,b].

Let us prove that [ =0 onz (hence on [0,b]), which will prove (5.5) due to (4.5) once more. By contradiction,
assume that [ = ¢ > 0 on I. Since o does not saturate the constraint during all the time interval (sg,b], the
Flow Rule (5.3) implies that p(s)([0, L]) = %Z)l =0 for L'-a.e. s € (sg,b]. Therefore, o is constant during the

whole time interval I and in particular

lo(s0)] < V2kao.

Next, let us show that sg > 0. Indeed,

e either 1(0) = 0. Hence, one can check that I(¢y) = 0 by definition of ¢y and continuity of {. This implies
that sg > to since I(sg) = ¢ > 0.
e or [(0) > 0 thus tg = 0. Then, (4.15) entails that |o(0)] = v/2kag so that sp > 0 since |o(sg)| < v/2kag.
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Thus, since sg > 0, |o(s0)| < v/2kao and o is continuous on [0, 7], there exists 7 > 0 small enough such that
lo(s)| < v2kag for all s € (sg —n,b] C [0,T], which is impossible by definition of I.

Sufficient condition. Assume (1.5). Let us show that the Energy Balance (4.19) is satisfied. As before, we
consider the time to := sup {t € [0,7] : I(¢) = 0}, with the convention t, = 0 if I(0) > 0. If tc =T then [ =0
at all time and (4.11) entails that 4 =0 = p in M([0,L]) at all time as well. Hence, the Energy Balance is
obviously satisfied as it simply states that

a(t)’L
2@1

)

£(t) = £(0) +/Ot /OL o dzds =

which is true thanks to (4.8) and (4.5). Therefore, we can assume that to < 7.
Let us first note that we always have

lo(to)] = V2kag. (5.6)

Indeed,

e cither to > 0. In this case, by continuity of I and definition of ¢y, we must have I(ty) = 0. By contradiction,
assume that |o(tg)| < v/2kag. Then, by continuity of o and [ again, there exists n > 0 small enough such
that |o(s)| < v/2kag for all s € (tg —n,to +n) C [0,T]. Once more, vii. of Theorem 1.1 entails that I is
constant on the whole segment [to — 7, to + 7. In particular, 0 = I(to) = I(to + 1) which is impossible by
definition of #g.

e Or ty = 0. We must again consider two cases.

o Either [(0) = 0. By contradiction, assume that |0(0)| < v/2kag. By continuity of | and o, as before
there exists n > 0 small enough such that |o(s)| < v/2kag for all s € [0,7) C [0,T], entailing that
0 =1(0) = I(n) which is again impossible by definition of .

o Or {(0) > 0 and (4.15) ensures that |o(0)] = v/2kap.

Next, let us show that, as illustrated in Figure 2,
lo(t)| = V2kao for all subsequent time ¢ € [to, T). (5.7)

By contradiction, assume there exists to < ¢ < T such that |o(t)] < v/2kag and consider the maximal time
interval where o does not saturate the constraint, by defining:

t1 = inf{s € [0,¢] : |o] < V/2kag for all time in (s, ]}
and

to =sup{s € [t,T] : |o| < vV2kaq for all time in [t, s)}.
By continuity of ¢ and (5.6), we have that to < t; <t <ty <T and |o(s)| < V2kao for all s € (t1,%2). Since
t1 > to, we infer that [ = I(t1) > 0 is a positive constant on the whole segment [¢1, t3] by vii. of Theorem 1.1.
One can also check that |o(t1)] = v/2kag. Indeed, either ¢; = ¢y and (5.6) concludes, or t; > to. In particular

t; > 0 and the continuity of o together with the definition of ¢; imply that |o(t1)| = v/2kag. Therefore, (4.5)
yields that for all s € (1, t2)
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L
By (1.5), we get that ‘[w(s)]g‘ < +/2kap— for all s € (t1,t2). The continuity of [w]g and (4.5) imply that
ai

wte]}| = varm (L + L) < vaa L

0 a1 ai

which is impossible by positivity of I > 0. We have thus proven the validity of (5.7).
Therefore, we are in the configuration of Figure 2. Whether [(0) > 0 or not, one can check that

p(t) = o p(t) and  (V2kag — |c7(t)|)2 % =0 forallte[0,T]. (5.8)

Indeed, either I(tp) > 0 hence ¢y = 0 and o = 0(0) = £+/2kag is constant on the whole segment [0,7]. Or
I(to) = 0, so that u(t) =0 = p(t) for all t € [0,%p] and o = o(to) = £+/2Kag is constant on the whole segment
[to, T]. In particular (5.8) is satisfied. Consequently, the monotonicity of x entails that

o(to)

V(p; 0,t) = o

(,u(t)([o, L]) - M(O)([Ovl’])) = |p(t)| ([OvL]) - |p(0)‘ ([07 L])
for all ¢ € [0,T]. Using (4.4), (4.14), (4.15) and (4.8), we infer that

La1

E(t) = =—e(0)* + v2raq |p(0)| ([0, L]) // o’ dzds

L;“ (07 + vBraa (o) (10,) + (a0 — o 1)) 5
= L0y + vawag (o) (0. 2)

for all ¢ € [0, T], which concludes the proof of the Energy Balance (4.19) since

e / / i dads = Toe(t)? + v/3ran [p(0)] (0. 1]) ~ Va0 [p(0)] (0, L]
= B0 + VIRV (p:0,1)
O
Remark 5.2. Condition (1.5) is equivalent to the non-decreasing character of ‘ ‘ during the time interval

[ts, T] where
t = inf {t €0,7] : ) ‘ > \/ML/al}

with the convention ¢§ =T if Hw}g’ remains smaller or equal to v/2kagL/a; during the whole time interval
[0, T7]. Note that

th = to. (5.9)
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FIGURE 3. An example of boundary condition preventing a perfectly plastic response.

Indeed, on the one hand, either to = 0 < ¢§, or ¢y > 0. In this case, we infer that

L L
=lo(t)| — < V2kag—
aq a1

for all previous time 0 < t < ¢y according to (4.5), Proposition 4.2 and the fact that [(¢) = 0. Therefore, ¢t < ¢
which leads to tp < ¢§ when ¢ tends to ¢g. On the other hand, assume by contradiction that ¢j > ¢o. By definition
of to and t§, we deduce that for all ¢ € (¢o,t5),

] =t (12 + 2) < vara a1 >0,

In particular, we infer that |o(t)| < v/2kaq for all t € (to,t}), entailing that [ = I(t§) > 0 on [tg, ] by wii. of
Theorem (1.1) and continuity of I. Then, (5.6) implies that

|[w(to)]y | = v2ag (M + £) e

ag a1 aq

which is impossible.

6. CONCLUDING REMARKS

In spite of the conjecture motivated by the static analysis of [10], Theorem 1.2 determines the exact conditions
on which the quasi-static evolution (u,e,p,o) is of perfect plasticity type or not. In particular, when the
prescribed boundary datum w € AC([0,7]; H'(R)) is such that |[w]}| is decreasing and remains larger than
\/2/1a0£, the Energy Balance (4.19) is never satisfied (see Fig. 3).

This suggests to interpret (u,c) rather as a quasi-static evolution of damage as stated in Theorem 1.1, even
when the prescribed boundary datum satisfies (1.5). In this case, the very specific nature of the plastic evolution
illustrated in Figure 2 seems to confirm the interpretation of the evolution as one of damage. Indeed, the only
configuration of perfect plasticity we obtain is very restrictive as the evolution remains purely elastic until a
threshold time ty, after which the stress o always saturates the constraint and the damage keeps on increasing,
so that the elastic strain remains constant until the end of the process which is rather specific to damage than
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FIGURE 4. Effective stress evolution in a loading-unloading cycle.

plasticity. Besides, when choosing T' > 21/2kag/a; and applying a loading-unloading Dirichlet condition
w: (t,z) € [0,T] % [0,L] = « (t]l[o,%](t) (T - t)]l(%T)(t)) :

the response of the limit model is indeed typical of damage, as illustrated in Figure 4.
Using (5.9), one can check that ¢y = v/2kag/a; > 0, hence

p=0 and aE%[w]gZO on [0, to].

By (5.6), vii. of Theorem (1.1) and the increasing character of [w]OL during the time interval [to, %], we infer
that

T
o =+/2kag on t0,§7

which corresponds to the hardening phase. Then, since ! is non-decreasing and [w]OL is decreasing during the
unloading phase, (4.8) entails that o decreases during the time interval [Z, T]. In particular, 0 < o(t) < \/2kaqg
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FiGURE 5. Loading-unloading cycle.

for all t € (%, T], so that u=p (%) is constant during the unloading phase and

[w(t)] T—t

(z) , o

aop al

= 2\/ 2:‘4,0,()

o(t) = for all ¢t € {%,T} .

—

In particular, at the end of the loading-unloading process, the medium goes back to its reference configuration,
whereas in perfect plasticity one expects a residual plastic strain (see Fig. 5). On the other hand, interpreting
the evolution as one of damage also fails to be completely satisfactory, as |o| never exceeds the damage yield
threshold /2kag, including during the hardening phase, which is specific to perfect plasticity and therefore
consists in a painful lack of generality for the description of a damage evolution as well (see Fig. 5). One could
wonder if the effective model we obtained lies somehow in between damage and plasticity. Without being able
to answer completely this question, let us remark that the effective evolution obtained here does not fit in the
large class of elastoplasticity-damage models introduced in [19-21] where we expect the Energy Balance to hold
and the plastic yield surface to shrink as damage increases, whereas here (4.19) is not always satisfied and
OK = {++/2krap} is fixed.

Let us also remark that, unlike what happens in the models considered in [30], Theorem 6.3 and Remark 6.4
in the one-dimensional setting, the effective model doesn’t imply u(t) € SBV((0, L)) if the stress |o(t)] < v/2kag
is subcritical. To see this, given any non-negative Radon measure v € M((0, L))" supported in (0, L) such that
v((0,L)) =1, let us introduce the following quantities:

eitel0,T]— 1, | L2, ) e M, L)),
ap aq

and 4 :t € [0,T] — 4(t) € BV((0, L)) the solution of

{Dﬁ(t) —G()e(t)  in M((0, L)),
a(t) = w(t) on {0, L}.
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One can check that (4, 45,¢) : [0,T] — BV((0,L)) x R x M((0, L)) is absolutely continuous and satisfies for all
te[0,T7:

=o(t),

{t) =it~ in M((0,L))*

ao

and ¢ is non-decreasing in time. In particular, we get that (4, ¢, o) is a solution of the effective damage model,
since it satisfies the Constitutive Equation vi., the Griffith Evolution Law vii. (using (4.18)) and the Energy
Balance vigi.. Indeed, for all ¢ € [0,T7, since ¢é(¢)({0, L}) = 0 we get

57ODADO.0) + [ 5 (raac(s) (0. 1)) ds
= %o(t)2 (@ - £) +/O ki(s)ds = E(t) — Kl(0)

ag ai

= Jo(O)Da(0)(0,1)) + /O o(s) ()] ds

where we used (4.8). In particular for the loading-unloading cycle discussed above, since [(0) = 0, we infer
that the effective evolution (u,c,0) and (4, ¢, 0) are both solutions of the damage model and they have the
same energies at all time ¢ € [0,7]. In particular, if the measure v has a Cantor part v°, we never have
a(t) € SBV((0, L)) since D°u(t) = %f)l/c, even in the unloading phase whereas o (t) is subcritical. This departure
with the models of [30] may be explained by the irreversibility of damage which, in the effective model, results
in an unilateral minimality property which ensures that at all time, any additional damage in the medium will
strictly increase the total energy (note the analogy with the One-Sided minimality of [13]). Indeed, one can
check that any solution (u.,cs,0.) : [0,7] — BV ((0,L)) x M([0,L])" x R of the effective damage model is
uniquely determined by c,, hence we directly write the total energy only in terms of the compliance:

)y |

1
£t e) = 3 . 1]

+ kapc.(t)([0, L]).
Then, for all ¢ € [0,T] and all ¢* € M([0, L])™ such that ¢*([0, L]) > c.(t)([0, L]),

wt)-]
Elt, ) < ;w + raoe* ([0, I)).

Indeed, since |04 (t)| < v/2kag, we have
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Looking at the constructive proof of [13], Theorem 2, one could argue that passing to the limit € \, 0 in the
time-continuous quasi-static evolutions might not have been the right approach, as some incremental information
(see the minimality formulae and track of the history of damage [13], Formulae (15), (16), (21)) available at
the stage of time discretizations is lost once the time step has been sent to 0 (see [3] for a related case study of
non-commutability). Indeed, let us fix a time subdivision Ty = {0 = tJ', ...t} = T} of [0, T] with

Oy := sup }tﬁl — tfv‘ .
ie[0,N—1]

Following minor adaptations of the present work and passing first to the limit £ \, 0, we infer the existence of
a piecewise constant in time evolution

(un,en,pn,on, ) 2 [0,T] = BV((0, L)) x L*((0, L)) x M([0, L]) x R x M([0, L])
with uniformly bounded variation in N such that

oy € L>([0,T]; K) is homogeneous in space,

IN N ]k <“N([O’L])+L>’

PN =—"HUN, €N = 0o —ON
ao ai

ag al ’

and for all 7 € [0, N]

(uly, ey, ply) € Aw(t))),

i o [w(tfv)}g i & 1L

Ey = — + ﬁ#N([O,LD =£(0) +/0 oN [w]o ds + 05,~0(1), (6.1)
i _ @ EZIV _ wL i )

:uN([OaLD - 2% (ao ar + A]\/' )

where

; 2
. Ex /<;L> 2K N L‘Q
N 0 S >0
N <a0 + ay agp [w( ¢ )]0 -

and (v,7,q) € A(w(t))) means that v € BV((0,L)), n € L*((0,L)), ¢ € M([0,L]), Dv = n+ ¢L(0,L) and
qL{0,L} = (w(t)) — v)(6 — o). Moreover, as we pass to the limit ¢ \, 0 in the incremental minimality [13],
Formulae (15) and (16)

L
(uye 1 — O aly.) € argmin {/ (ia |u/|2 + EG@R;) dx}
wew(*N)+HL((0,L)) 0 y
0L ((0,L);[0,1])

a€Ge(eao,aly 1)

of the discrete evolution of [13], one could hope that (uy,en,pn) satisfies a stronger incremental minimality as
in [18], Formula (4.12):

L
S 1 ,
(uly, ey, Py) € argmin {/ —a1e? dz + v2kao [p — piv | ([0, L])} . (6.2)
0

(u,e,p)EA(w(tN)) 2
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Assume that (6.2) holds. Then, following exactly the proof of [18], Theorem 4.5 ensures the existence of a
subsequence (independent of ¢, not relabeled) and a quasi-static evolution of perfect plasticity

(u,e,p) : [0,T] — BV((0,L)) x L*((0, L)) x M([0, L])

satisfying (1.3) and (1.4), such that for all ¢ € [0, T]

UN(t)
en(t)
p(t)

u(t) weakly-* in BV ((0, L)),
e(t) weakly in L2((0,L)),
p(t) weakly-* in M([0, L]),

LLL

when passing to the limit jy — 0. In particular, all the above quantities in (6.1) pass to the limit as dy — 0.
Therefore, Theorem 1.2 holds true for the quasi-static evolution (u, e, p) as well. Consequently, for any prescribed
boundary datum w € AC([0,T]; H'(R)) not satisfying (1.5), we come to a contradiction. It unfortunately proves
that commuting the limits in € and N leads to no better statement.

One could then argue that the One-sided Minimality of [13], Theorem 2 might be too weak and that it
might have been preferable to pass to the limit ¢ \, 0 in the time-continuous quasi-static evolution of [31],
Theorem 7 instead, since the Minimality condition considered in [31], Definition 3 is stronger as stated in
[31], Remark 4. Unfortunately again, as we are working in the one-dimensional setting, the two minimality
conditions are equivalent. Indeed, let us fix e = 1 for the present discussion. By optimality of the evolution [13],
Proposition 1, there exists x, : [0,7] — L*°((0, L);{0,1}) non-decreasing in time such that x,(t) = 1 — ©(¢t)
weakly-* in L°°((0, L)) for all time ¢ € [0,7T]. Setting D,, := {x» = 1}, we have that for all (4, 6) such that
A€ Goy({Dn(t)},a0,a1) = Golao, a1), A € Gy(ao, a(t)) with

~ - (1-0()

0= Tﬂ{Q(t)>O} € L*=((0,L); [0, 1]).

Therefore, A is an admissible competitor for the One-sided minimality of [13], Theorem 2 too.

Eventually, we conclude with a general remark by noticing that this one-dimensional analysis seems to raise
the question whether Hencky perfect plasticity is distinguishable from damage or not in a static setting, as
mentioned in the recent survey [32], Section 1, p. 10.

APPENDIX A
Lemma A.1. Let a,b,K >0 witha < b and f : £ € R — min {K + al¢|*;b|¢|*}. Then, for all € € R,

b‘€|2 Zf|§| < \V b(b a)
Cf g = |§| 4abK B — Zf \ b ZKa) < |£ < g\/ b(b a)

K+a|§|2 if €] > g b(Zfay

In particular, for all £ € R,

aK
C =blé? = €] < ) —m—.
1) = el > lel <\ = o
Proof. We do not detail the calculations and refer to Figure A.1 for the demonstration. The key point for the

last assertion is that for all £ € R such that |£| > 17((;75((1)7
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y=[¢] /P — jon

FiGURE A.1. Convex envelope.

2
o cither [¢] < 2\ /3 EE S and b2 > CF(€) = [¢]/ 2K — £ since (bl¢] — /) >0,

o orf¢] > &y /58K = /B [ hence blE[? > CF(€) = alé]? + K since /% > 1.

Proposition A.2. Let Q C RY be an open bounded set with Lipschitz boundary and Ay and A, be two symmetric
fourth order isotropic tensors, i.e.

for all £ € Mgan where A\1 > Ao > 0 and p1 > po > 0 are the Lamé coefficients. For a fived toughness k > 0,
we consider the closed convex set

K={reMNxN . G(r) < 2x}

sym

with G defined by (1.1) in the Introduction. We define
= | .
W(¢) = (§A11d : 1d) ol (&)
and

W.(€) = min {g + %ngg 3 %Alg : g}
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for all ¢ > 0 and all £ € MNXN. Then, given a boundary datum w € H'(RN;RY), the functional F. :

sym

LY RYN) = RY defined for allu € L*(;RN) by

/ SQW.(e(u)) dx if u € w+ HLH(QRY)
Q

otherwise

[-converges in L*(Q;RY) as e \, 0 to the functional

* dEsu s * N—
/W dx+/IK<d|Esu|>d|Eu|+/mIK((w—u)@y)d’H 1
Flu) = if u € BD(Q)

+00  otherwise.

Proof. The proof of the I'-lim inf inequality presents no particular difficulty and we do not give the details of its
proof. The key point is to extend approximating sequences uy — 4 by w in a larger open bounded set Q CC
and rely on [10], Theorem 3.1 in € to conclude.

The proof of the I'-lim sup inequality relies on the approximation result [17], Theorem 3.5 in BD, which
allows us to reduce to the case where u € w + C°(€; RY). Indeed, let u € BD(2). Using the Radon-Nikodym
decomposition of Fu with respect to Lebesgue and owing to a measurable selection criterion together with the
definition of the inf-convolution, there exist e and p® in L?((; MSA;EIN ) such that

Bu=e(u)LNLQ+ Fu, e(u)=e+p”

— 1
and  Wi(e(u)) = §A16 ce+In(p*) LN-ae. in Q.

We define p = E*ulq + p*LVLQ + (w — u) © vHN 1L € M(Q;MYN). Following the proof of [17],
Theorem 3.5 with minor adaptations, one can find a sequence

(ug, ex, pr) € LD(Q) x L2(; MNXN) 5 L1 (Q; MYV *N)

sym sym
such that
e(uy) =ep +pi forall k €N,
(ue — w, e — e(w), pr) € CE(URY) x C2(MNIN) x O (MY Y)
and

up — u  strongly in L'(Q;RY), ex — e strongly in L?(Q; MY *N),

sym

pr —p weakly-* in M(Q Mg,élN) and /Q pe| dz — [p| ()

when k 7 co. By Reshetnyak’s Continuity Theorem (see [26], Thm. 2.39), we get that

[t~ [ 1 (52) i

dE?
:/I}}(pa)dxwL/I}’} (J) d\ESu\wL/ I (0w —u) ©v) dHN
Q Q d|Esul o0
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when k * co. Therefore, by definition of the inf-convolution and by lower semi-continuity of the I'-upper limit,
denoted by F”, if F"(uy) < F(uy) we would get that

dESu

lim sup

— 1
W (e(u dajg/fAe:edx—l—/I* “dx—&—/[*(i)dEsu
k /oo /Q (elur)) 02! Q K(p") o “\d|Esuyl | |

+/8911*(((w—u)®u) dHN 1 = F(u).

Therefore, we can assume without loss of generality that u € w + C°(Q; RY) and conclude the proof of the
upper bound arguing as in [10], Proposition 3.3. O
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