N
N

N

HAL

open science

Quasistatic evolution in non-associative plasticity - The
cap model

Jean-Francois Babadjian, Gilles A. Francfort, Maria Giovanna Mora

» To cite this version:

Jean-Francois Babadjian, Gilles A. Francfort, Maria Giovanna Mora. Quasistatic evolution in non-
associative plasticity - The cap model. SIAM Journal on Mathematical Analysis, 2012, 44 (1), pp.245-

292. 10.1137/110823511 . hal-00564009v2

HAL Id: hal-00564009
https://hal.science/hal-00564009v2

Submitted on 4 Apr 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00564009v2
https://hal.archives-ouvertes.fr

QUASISTATIC EVOLUTION IN NON-ASSOCIATIVE
PLASTICITY - THE CAP MODEL

JEAN-FRANCOIS BABADJIAN, GILLES A. FRANCFORT, AND MARIA GIOVANNA MORA

ABSTRACT. Non-associative elasto-plasticity is the working model of plasticity for soil and rock
mechanics. Yet, it is usually viewed as non-variational. In this work, we prove a contrario the
existence of a variational evolution for such a model under a natural capping assumption on the
hydrostatic stresses and a less natural mollification of the stress admissibility constraint. The
obtained elasto-plastic evolution is expressed for times that are conveniently rescaled.
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In spite of its mechanical success, small strain elasto-plasticity has been relatively seldom broached
in the applied mathematics literature, at least as far as elasto-plastic evolution is concerned.
The reader is referred to the work of P.-M. Suquet [33] for the first “modern” treatment of that
evolution; see also the treatise [34]. After those works, small strain elasto-plastic evolution was
not systematically revisited until [6] which reformulated the problem within the framework of the
new variational theory of rate independent evolutions.

Traditionally, small strain elasto-plasticity is formally modeled as follows for a homogeneous
elasto-plastic material occupying a volume 2 C R™, with Hooke’s law (elasticity tensor) A. Assume

Date: October 7, 2011.
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that the body is subjected to a time-dependent loading process with, say, f(t) as body loads,
g(t) as surface loads on a part I's of 99, and w(t) as displacement loads (hard device) on the
complementary part I'y of 9. Let Eu(t) denote the infinitesimal strain at ¢, that is, the symmetric
part of the spatial gradient of the displacement field u(t) at t. Let o(t) be the Cauchy stress tensor
at time ¢, and let e(t) and p(¢) (a deviatoric symmetric matrix) be the elastic and plastic strain
at t. The classical formulation of the quasistatic evolution problem in a time interval [0, T] for the
functions wu(t), e(t), p(t), o(t) reads formally as
e Kinematic compatibility: Eu(t) = e(t) + p(t) in  and u(t) = w(t) on Ty;
e Equilibrium: dive(t) + f(t) = 0 in Q and o(t)v = ¢(t) on I's, where v denotes the outer
unit normal to 0€;
e Constitutive law: o(t) = Ae(t) in Q;
e Stress constraint: op(t) € K, where op is the deviatoric part of the Cauchy stress o, and K
is the admissible set of stresses (a convex and compact subset of deviatoric n X n matrices);
o Flow rule: p(t) = 0if op(t) € int K, while p(t) belongs to the normal cone to K at op(t)
if op (t) € 0K.
The corresponding variational evolution, as discussed in [6], formally consists in the following
four-pronged formulation, for ¢ € [0, T,
e Kinematic compatibility: Eu(t) = e(t) + p(t) in  and u(t) = w(t) on Ty;
o Global stability: The triplet (u(t),e(t),p(t)) globally minimizes

%/ﬂAn:ndm—F/ﬂH(q—p(t))dx

among all admissible triplets (v, 1, ¢), where H(p) is the support function of K, i.e., H(p) :=
sup{op :p:op € K};

o Constitutive law: o(t) = Ae(t) in Q;

e Energy balance:

0= [ o o@ae=t [ o i [ unae,

s

where

_ %/QAe(t): dm+/ /H d;vds—/f da:—/ o(t) - ut) dH

s

The existence of a variational evolution and the extent to which that evolution is “equivalent”
to the original formulation is the main focus of [6]. This has been further extended to various
elasto-plastic settings in subsequent works [7, 8]. The most relevant from our standpoint is the
investigation of Cam-Clay elasto-plastic evolutions performed in [9], and in its sequel [10]. In those
papers a model of elasto-plastic clay which exhibits hardening and/or softening is being studied.
The most striking feature of that model is that it exhibits a certain degree of non-associativity, that
is, that the time derivative of the pair (p(t),{(t)) — ((t) denotes the additional internal variable
that describes the hardening/softening behavior — does not follow a standard flow rule. That model
is usually referred to as one with a non-associative hardening rule.

This is but a specific instance of a generic response for both soils and rocks. Indeed, although
definitely exhibiting elasto-plastic behavior, those do not fall within the traditional purview of
elasto-plasticity because, on the one hand, granularity or defaults drive volume changes under
hydrostatic pressure (see, e.g., [4] where a mathematical model of plastic dilatancy is discussed
within the framework of associative plasticity), and, on the other hand, their dilatancy is much
smaller than that predicted by an associative model (one for which the flow rule applies); see, e.g.,
[25, Section 6.1]. This could be due to the impact of kinematic hardening and/or softening as in
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Cam-Clay, but, more commonly especially in soils, it is a byproduct of inter-granular friction, and
this without any kind of hardening/softening phenomenon.

In any case, non-associative elasto-plasticity is a widely used model in both soil and rock me-
chanics and it has long been thought not to be tractable from a variational standpoint (even as a
static problem).

In this paper, we show that this view is “misguided” and develop a variational formulation for
a rather generic model of non-associative elasto-plasticity. The starting point of our analysis is a
remarkable observation by P. Laborde [22, 23] which has been — rather auspiciously in our view
— completely ignored up to now. That observation is briefly described in Formulation 1.1 in the
next section. It imparts a variational structure upon non-associative elasto-plasticity and serves
as a fundational building block for our analysis.

Classical rock and soil models allow for infinitely large hydrostatic compressions. This is obvi-
ously mechanically unsound because it gives rise to unbounded sets of admissible stresses. Indeed,
for geomaterials like porous rocks, pressure-dependent models, such as Drucker-Prager or Mohr-
Coulomb models, overestimate the yield stress, and inadequately predict the volumetric strain
response. Following an original idea of [17], a cap model was proposed in [16]. It consists in clos-
ing the yield surface with a cap that crosses the hydrostatic stress axis. The possible hydrostatic
tractions are thereby bounded and this gives rise to what is referred to as a non-associative cap
model (see, e.g., [28, 29, 24, 13]). We adopt this restriction in the present work.

The obtained variational formulation cannot proceed, however, without a further “artificial”
assumption. Because Laborde’s formulation results in a set of admissible stresses that depends
on the actual stress (see (1.3)), it becomes impossible to carry the mathematical analysis through
without assuming a spatially continuous stress. But, at present, there are no stress regularity
results that extend to the closure of the whole domain, even in the simplest case of classical elasto-
plasticity. To our knowledge, the only result in that direction is [2] (revisited in [15]) where the
H} -regularity of the stress is established. Our only way out seems to be a mollification of the
dependence of the set of admissible stresses upon the actual stress. That very same issue was also
a stumbling block in [9] and resulted in a similar use of a mollification of the dependence of the
set of admissible stresses upon the actual variable {(¢).

We make every effort to postpone the mollifying process for as long as feasible and produce a
non-associative visco-plastic evolution for the cap model which is not mollified in Section 2. But
we have to surrender when letting the viscosity become vanishingly small in Section 3.

It would seem plausible to address the evolution through a time-incremental process because
that method has proved successful in the handling of classical elasto-plasticity in [6], as well as
in many other investigations of rate independent evolutions. Unfortunately, that approach soon
grinds to a halt because a lack of Lipschitz estimate in time on the plastic strain seems to impede
the proof of the lower inequality in the energy balance. The idea, borrowed from [26, 27], but whose
germ is in [18], is then to recover a Lipschitz estimate on the plastic strain through an adequate
re-parameterization of time. Unfortunately, once again the analysis grinds to a halt because the
re-parameterization involves both piecewise constant and piecewise affine interpolations of the
incremental plastic strains. But we are unable, in passing to the limit in the time discretization,
to prove that the limits of both interpolations coincide. Our only remaining avenue is then to use
viscous regularization in lieu of a time-incremental process, and then to perform a time rescaling
of the resulting visco-plastic evolution in the spirit of [18].

The paper is organized as follows. A first section is devoted to the formulation of the non-
associative cap model in a framework that will be palatable to the subsequent analysis; as men-
tioned before, it makes critical use of Laborde’s formulation. The last subsection, Subsection 1.4,
of that section addresses the precise mathematical framework needed for the analysis, paying heed
to the issues of duality that are pivotal in elasto-plasticity. Section 2 addresses the existence of
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a visco-plastic evolution through an incremental process. Section 3 implements the rescaling and
proves the main result of the paper, namely Theorem 3.1 which states an existence theorem that
sits in between a classical formulation and a variational evolution as detailed earlier. The main
technical hurdle (among many) lies in proving the differentiable character of the rescaled limit
elastic strain. This is the object of Subsection 3.6, the last subsection of Section 3 and it is a direct
consequence of the energy balance which is also proved in that subsection.

In all fairness, our analysis has been heavily influenced by that of the Cam-Clay model in [9, 10]
and parts of this paper (especially Subsection 3.6) should not be construed as much more than an
adaptation of results obtained in those references to a different context.

We also expect that one should be able to recover an evolution in real time because, in contrast
with the setting of [9] (see [5, 12]), the solution in the spatially homogeneous case has been shown
in [22, Theorem 5] to be at minimum continuous in time, at least for particular classes of sets of
admissible stresses.

Finally, we decided to limit the loading process to a hard device, that is to a displacement w(t)
acting on the entirety of the boundary 9 of our domain. This is certainly a simplifying assumption
because it alleviates the need for safe load conditions on the loads f(t) and g(¢). Those can become
at times a thorny issue in plasticity. We are confident that the analysis remains the same if general
loads were to be incorporated into the evolution. However, the added complexity would render the
paper less readable than it is now. Of course, a malicious reader might object that the paper is
already barely readable as is!

1. DESCRIPTION OF THE MODEL

In this section, we provide an overview of the proposed model with minimal concern for the
functional properties of the fields involved in that description.

1.1. The original model revisited. The context is that of small strains. Let & C R” be a
bounded open set occupied by a homogeneous elasto-plastic material. We denote by u : Q@ — R™
the displacement field and by Fu := (Du + Du’)/2 the strain tensor. As is usual in small
deformations plasticity, the strain tensor is additively decomposed as

Fu=-e+p,

where e and p respectively stand for the elastic and plastic strains. This is part of what will be
referred to as kinematic compatibility. The constitutive equation which relates the (Cauchy) stress
tensor o to the elastic part e of the linearized strain is also assumed to be linear, i.e.,

o= Ae

where A is the Hooke tensor. At equilibrium, and if no volume forces are applied to the sample,
the stress satisfies

dive =0 in Q.

It is also constrained to remain in a closed convex set K of the set M " of n X n symmetric
matrices:

ce K:={reMl": f(r) <0},

sym

where f @ MZ7 — R is the yield function. We assume that f is continuous and convex, which
implies that K is closed and convex, and that f(0) < 0, so that 0 € int K.

The behavior of the plastic strain is governed by a non-associative flow rule. Specifically, denot-

ing by p the time derivative of p,
p € Ao,
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where, according to [25], Ao = {0} if o € int K, while Ao is the normal cone at o to the level set
{reMiyy:g(r) < g(o)} of g if o € OK. Note that if o € JK is not a minimum point of g, then
we have from [30, Corollary 23.7.1]

Ao ={A:A>0and & € dg(0)}.

In the previous expression, g : Mg " — R is the plastic potential, a continuous and convex function
and dg(o) is the subdifferential of g at o. Finally, as announced in the introduction, the material
is subject to a hard loading device; in other words, a Dirichlet boundary condition u(z,t) = w(z,t)
is imposed on 0.

Our goal is to obtain a triplet (u(z,t), e(x,t), p(x,t)) such that

t
Eu(z,t) = e(z,t) + p(x, 1),
o(a.t) = Ae(x, )
dive(z,t) =0,
o(z,t) € K,
p(z,t) € Ao(x,t),
together with the Dirichlet boundary condition. Of course, we know from prior works on plasticity
that we cannot expect the boundary condition to be satisfied because plastic strains may develop
at the boundary, so that, as seen later, we will have to replace that condition by

p(xz,t) = (w —u)(z,t) © v on IN.

)

Throughout, the symbol ® stands for the symmetrized tensor product, while v denotes the outer
unit normal to 9.

When f = g the model is associative, and the plastic strain rate obeys the usual normality flow

rule (see [25])
p € NK(U)7

where Nk (o) is the normal cone to K at o € K. Elementary convex analysis points to the well-
known formal equivalence between flow rule and the principle of maximum dissipation, namely

o:p= max T : D.
From a thermodynamical standpoint, the associated materials are examples of standard generalized
materials. The associative theory seems to be vindicated, as far as the principle of maximal
dissipation is concerned, by those materials for which plasticity does not promote volumetric
changes, that is whenever the yield criterion is independent of the average pressure (see [31]).
This is for instance the case for ductile metals and for most alloys.

However, whenever significant volume variations accompany the plastic deformation, the princi-
ple of maximum plastic work is no longer valid and thus the associative flow should be abandoned
in favor of a non-associative model with f # g.

With an eye on applications, we are specifically interested in the following type of functions f
and g :

flo) = k(aP) + o™ sinp — 2ccos @, 1

g(o) ZK(UD)+UmSiD¢—QCCOS1/), (1.1)
where the parameters ¢, 1, and ¢ satisfy 0 < ¢ < ¢ < 5, ¢ >0, and & : ME™ — [0, 4+00) is a
convex, positively 1-homogeneous function on Mp*" such that «(0) = 0.

Here, M)" = {0 € M" : tro = 0}, 0¥ = o —tro/n Al € M*" and 0™ = tro € R are
respectively the deviatoric and spherical part of o so that ¢ = o” + 0™ /n 4. In particular, for
n = 3, the Drucker-Prager model corresponds to

1 1
_ D _ ;D2 D
5P —aP)r= 25 10”),

i<j
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while the Mohr-Coulomb model® corresponds to
)

#(oP) = max{oP — oP},
2y

where O',L-D , i = 1,2,3, are the ordered eigenvalues of 0”. The parameters ¢, ¢ and 1 are the
cohesion, the angle of internal friction, and the angle of dilatancy, respectively.
We now reformulate this problem variationally in the footstep of Laborde [22, 23].

Formulation 1.1. (Laborde’s formulation) Consider a continuous function h : Mg;;t — R (to
be explicited below in (1.7)) satisfying

hr)=g(r) if f(r)=
hr)>g(r) if f(r) <0, (1.2)
hr) <g(r) if f(r)>0

Sym s we further define the closed and conver set

K(o) := {7 e Mg - g(7) < h(0)}-

For every o € M

From [23, Proposition 4], 0 € K if and only if 0 € K(0), and, in this case, p € Ao if and only
ifp:(r—0) <0 for any 7 € K(o). Since K(o) is a closed and conver set in My %, that last
property can be expressed as p € Ol (5 (o).

We next define the dissipation potential H : M " x M{ " — R as the support function of
K (o), that is,

H(o, max T :p,
( p) TEK (o) p

and note that, for a fixed o, it is convex, sub-additive and positively 1-homogeneous in p. By stan-
dard convex analysis, the property p € 0l (,)(0) is equivalent to o € 02H (0, p), where 02 H (0, p)
denotes the subdifferential of H(o,-) at p. Thus, an equivalent formulation of the problem is

Bu(z,t) = e(z,t) + p(z,),

p(z,t) = (w —u)(z,t) © v(z) on 0N,

o(z,t) = Ae(z,t),

dive(z,t) =0,

o(x,t) € K(o(x,t)),

o(z,t) € 02H (o(x,t),p(x,t)).

It is by now fairly classical that the starting point of the variational method for studying an

evolution such as (1.3) consists in discretising time and in solving, at the discrete times ¢;, the
following minimization problem:

(1.3)

Find (u;, e;, p;), with o; := Ae;, that minimizes

1
*/AU”?deF/H(Uz',Q*pi—l)dI
2 /o 9]

among every triplet (v,m,q) such that Ev=n+q and ¢ = (w(t;) —v) ®@ v on 0.

Unfortunately, when attempting to carry the analysis of this model through, we grind to a halt
because of a lack of a priori bound on the admissible stresses. Indeed, the set K of all admissible
stresses is not bounded in the direction of hydrostatic stresses. This together with our choice of the
function A imply that the set K(o) is not contained in a uniform ball with respect to o € Mg 7<h,
and consequently the potential H may not be finite along some directions in the plastic strain

1 According to [25] the Mohr-Coulomb model actually corresponds to f(0) = Omaz — Omin + (Tmas +
Omin) Sin g — 2ccos ¢, and similarly for g. But one can rewrite f as f(0) = Omaz — Omin + 1/3[(Omaz —
oint) — (Cint — amm)] sin ¢ + 2/3 o™ sin o — 2ccos ¢, where gy, is the intermediate eigenvalue, so that, in
that case, k(0?) = 3/2{(¢8 — of) +sinp/3(cf — oF) —sinp/3 (65 — o)}
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space. Thus, mathematics, as well as mechanics as was explained in the introduction prompt a
modified version of the previous model where the set K of admissible stresses is replaced by

K :=Kn{(c?,o™) e MJ"xR: ¢™ > —R} (1.4)
with R > 0 sufficiently large. That model is described in the next subsection.

1.2. The cap model. In the engineering literature the terminology “cap model” usually refers
to a modification of the original model, where the yield surface is closed with a cap, the non-
associative flow rule is kept on the portion of the yield surface that coincides with K, while an
associative flow rule is considered on the remaining part. This is, for instance, the case of the
so-called Drucker-Prager cap model and Mohr-Coulomb cap model (see, e.g., [28, 29]). In the
non-associative setting, the construction of the adequate cap (usually an ellipsoid) is guided by an
attempt at keeping the direction of the flow, and this up to the intersection between the cap and
the original yield surface. This is so because the envisioned models usually include strain hardening
in the direction of the flow. But, here, we do not consider strain hardening — which would, by
the way, simplify the mathematical analysis — so that the impact of the choice of a “correct” cap
model that would keep the same flow directions everywhere on the original yield surface is minimal
in the worst case scenario. Since in turn the mathematical impact of the shape of the cap is nil,
we feel entitled to use as working model a variant of the above models, where the cap is chosen
as in (1.4) and the flow rule coincides with that described above, except on a portion of the yield
surface close to the cap.

Remark 1.2. Let f and g be the yield function and the plastic potential introduced in (1.1). Set
G:={ceMl " g(c) <0}, g¢(o):=dist(o,dq),

sym

where dist(-, G) denotes the signed distance from AG in the (o7, 0™)-plane (which is equivalent

to the usual distance in M7, because of the orthogonality of the deviatoric and spherical compo-

nents). Then g = mg on a neighborhood of K, since, in the (¢?,0™)-plane, the set K is
a cone with vertex (0, 2ccot ) and aperture arctan(sin ¢), while the 0-level set of g is a cone with
vertex (0,2ccot 1)) and aperture arctan(sin), and further 2ccot ¢ > 2ccot ¢ by the assumptions
on ¢ and 1. Therefore,

U ragle) = [ A04(0)

A>0 A>0
for every ¢ € 0K and we can replace g by ¢ without changing the problem. Analogously, if we
introduce

f(o) = dist(o, 0K),

clearly we have that K coincides with the set {c € M2X" : f(o) < 0}, so that we can replace f by

sym
f without changing the problem. Also note that the functions f and § are still convex, since the
signed distance from the boundary of a convex set is a convex function (see, e.g., [14, Chapter 7,
Theorem 10.1]). From now on we will work with f and g, and for simplicity will denote them f
and g. q

By virtue of Remark 1.2, our variant of the cap model can be concisely described in terms of
distance functions in the following way. We introduce the sets

K = Kn{(o?,o™) eMy"xR: ¢™ > —R},

G = Gn{(oeP,0™) e M}y"xR: o™ > —R},

and the functions
f = dist(-,0K), §:=dist(-,0G).
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We define as cap model the plastic eroblem with yield surface given by f and flow rule described
by g. Clearly, the set {o € M7X" : f(0) < 0} coincides with K. Moreover, dg coincides with dg

sym
on OK N 0K, except for a small region close to the cap, while is pointing in the same directions of
df on 0K NdG N {o™ = —R}.
The above considerations prompt us to propose an “abstract” setting for non-associative cap
plasticity. This is detailed in the next subsection.

1.3. Abstract setting. We denote by Kp a compact convex subset of M,*" containing 0 as an
interior point. Given a > 3> 0 and o7/ > o > 0, we consider the subsets of M given by
={(cP,0™) e MY"x[-R,6%] : o € a(c} —c™)Kp},

={(oP,0™) e My x[-R,5%]: oP € B(6% —o™)Kp}.

Q=)

0D

FIGURE 1. The sets K and G.
If we take Kp = {0 € M}p*" : k(0) < 1}, a = singp, § = siny, 6% = 2ccot p, % = 2ccotyp
and use the 1-homogeneous character of x, then, for R sufficiently large,
K=KnQr, G=GnQg,
which is precisely the cap model as detailed above (see Figure 1). Therefore, from now on
fi=dist(-,0K), g := dist(-, Q). (1.5)
We observe that for a € [min g, 0] the sublevel set
Go:={oceMg’: g(o) <a}

is given in the (0P, 0™)-plane by a cone with vertex on the ¢™-axis and aperture arctan 3, cut by
the plane ¢™ = —R — a. In particular, for R sufficiently large we have that the set

Gy) = {(OD,O'm) e MY x[-R — ¢(0),0] : oP € —Bo™Kp}

and is therefore contained in the interior of K. Hence, by continuity of g there exists § > 0 small
enough so that, setting A := ¢(0) + 24, we have

Gy CintK. (1.6)
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We now use Laborde’s formulation and we define
h(o) := min { max{g(o), A}, G } — min{f(0),0} (1.7)

for
G :=maxg+ 1. (1.8)
K

Since K is closed and bounded, the maximum of g on K exists and, using (1.6), h satisfies (1.2).
Set
K(o) :={r € M?yxw’: :9(t) < h(o)}, H(o,p):= sup T:p.
TEK (o)
As already noted, the map p — H(o,p) is convex, continuous, positively 1-homogeneous and
sub-additive (as the support function of a closed and convex set). We now state other properties
of the function H.

y y, nxn nxn
Lemma 1.3. The map H is continuous over Mg m x Mg n.

Proof. Let (ok,pr) — (o,p). We first start by proving upper semi-continuity. Since K(oy) is
compact, for each k there exists 7, € K(oy) such that H(ok,pr) = 7k : px. By the continuity of
h, there exists a constant M > 0 such that h(og) < M, k € N. But g is the distance to a compact
set, so that, for some r > 0 depending only on M,

K(op)={reMI ) :g(r) <h(op)} C{reMI":g(r) <M} CQ,.

sym ) sym *g

We can thus extract a subsequence — still denoted {7} — such that 7, — 7 for some symmetric
matrix 7. As

= 1 - < 1 =
g(r) = tim g(r) < lim h(ox) = h(o),
we deduce that 7 € K(o), and thus

limsup H (o, pr) = limsup 7y : pp =7 : p < H(o,p).
k— 400 k—-4o00

We now show the lower semi-continuity of H. We first observe that

H(o,p):= sup 7:p,
T€int K (o)
where int K (o) := {7 € M : g(1) < h(0)} denotes the interior of K (o). Assume that 7 €

int K (o), then g(r) < h(o), and thus g(7) < h(oy) for k large enough. Consequently, one has
7 € K(oy) for k large enough, hence

liminf H(og, pr) > lminf 7 : pp, = 7 : p.
k—-+oco k——+oo

Taking the supremum over all 7 € int K (o) leads to
lim inf H (0%, pr) 2 H(o, p),
which completes the proof of the lemma. (I
The following property will be instrumental for the forthcoming analysis.
Lemma 1.4. There exist 0 < ag < By < +oo such that
B(0,ay) C K(o) C B(0,8x), (1.9)

or still
anlp| < H(o,p) < Bulpl (1.10)
for every o and p € MZX"

sym *
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Proof. Lower bound: To prove the lower bound we will show that for every o € Mg " the set K(o)
contains a ball centered at 0 with a uniform radius with respect to o. In particular, by continuity
of g it is enough to show that
g(0) < inf h(o). (1.11)
oEMEyS
This follows immediately from the definition of h. Indeed, by (1.6) and (1.8) we have that G > A,
so that

h(o) > X —d > g(0)

nxn
for every o € M 0.

Upper bound. By construction (see (1.7)-(1.8)),
ho) <G —min f =:Gy for every o € ML "

sym *

nxn
Therefore, for every o € M7 we have

K(o)c{reMlX": g(t) < Go}

sym

The function g being a distance function to a compact set, the set above is bounded. This implies
the upper bound on H. (I

Finally we show that H is Lipschitz with respect to its first variable.

Lemma 1.5. There exists a constant Cg > 0, which only depends on f and g, such that

|H(o1,p) — H(o2,p)| < Crlpllor — o3|

nxn
sym *

for any 01, 09 and p e M

Proof. We assume without loss of generality that h(o2) < h(o1), so that K(o2) C K(o1) and
H(oy,p) < H(o1,p). Since K(o7) is compact, there exists 7 € K(o1) such that H(o1,p) =71 : p.
Note that, in view of the conical form of the level sets of g, the Hausdorff distance

du (0K (01),0K (02)) < c|h(o1) — h(o2)],

for some constant ¢ > 1 depending only on g.

We claim that if 7y is given as before, then there exists 7o € K (02) such that |7 — 72| < c|h(o1)—
h(o2)]. Indeed if 7y € K(03), then it suffices to take 75 = 71 and the property is trivial. On the other
hand, if i, € K(01)\K(02), then we simply take 75 as the minimal distance projection of 7 onto the
convex set K (o). In this case, it follows that |71 — 72| < dy (0K (01),0K (02)) < c|h(o1) — h(o2)],
and the claim is proved.

By definition of H,

H(ov,p) — H(o2,p) < (11 = 72) : p < |11 — 72|lp| < clpl|h(01) — h(o2)].

Since f and g are both 1-Lipschitz (see their definition (1.5)), h defined in (1.7) is 2-Lipschitz as
well. It follows that there exists a constant C'y > 2 such that

H(o1,p) — H(o2,p) < Crlplloy — o2

The other inequality is obtained by inverting the roles of o7 and os. (I

Remark 1.6. Since it is easily seen that, if h(02) < h(o1), then, for any 7 € M{JY, Pk (5, (T) =

Pr(02)(PK(,)(7)), we actually proved in Lemma 1.5 that if 01,09 and 7 € M, then
|PK(0—1)(T)—PK(U2)(T)| SOH|0'1—0'2|. (112)

9
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We introduce the perturbed dissipation potential H. : M{ % x Mg < — [0, 4+00) defined, for
each ¢ > 0, as

€
He(0,p) == H(,p) + 5lpl*. (1.13)
The convex conjugate HZ : Mg x Mgx" — [0, +00) of H. with respect to the second variable is
defined by
HZ(o,7):= sup {r:p—H(o,p)}.

pEMLSY
Using standard convex analysis, see [30, Theorem 16.4],
_ T = P ()P
2¢ ’

where Pg(,) denotes the minimal distance projection onto the convex set K (o). In particular H}
is differentiable in the second variable, and its partial derivative is given by
T — Pg(o)(T)

N.(o,7) = 0:H(0,7) = — (1.14)

HZ(o,7)

Note that, since 0 € K (o) (see (1.9)),

1
|Nc(o,7)] < g|7‘|, (1.15)

nxXn

and it follows that, for any o, 71 and 7 € Mg7H,

1
|He(o,m) = H (0, )| < —(Im] + |7}l — 7o
Actually, N, is Lipschitz. Indeed, we have the following result.

Lemma 1.7. Let Cy be the constant in Lemma 1.5, then
C
[Ne(o1,71) = Ne(on,72)| < = (o1 = 02| + |71 = 72])

X
for any o1, 02, T, and T2 € Mg -

Proof. By definition of N and since the projection is 1-Lipschitz,
|Nc(o,m1) — Ne(o,m2)| < §|7'1 — To|.
On the other hand, by Remark 1.6 we have
|Nc(01,7) — Ne(o2,7)| < %Wl — ool
Observing that Cy > 2 by construction, we obtain the thesis. O

As a final note, given o € L?(2;M2X"), define the set

sym

K(o):={r € L*(;M"") : 7(x) € K(o(x)) for a.e. z € Q}.

sym

Then, if 7 € LQ(Q;M?;"?),
dista (7, K(0))
INe(o )l = ————— (1.16)
where, for any closed set C C L2(£; M), disty(7,C) is the L2-distance from 7 to C.

sym
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1.4. Mathematical setting. Throughout the paper, €2 is a bounded connected open set in R™
with Lipschitz boundary. The Lebesgue measure in R and the (n — 1)-dimensional Hausdorff
measure are respectively denoted by £" and H"~!.

We use standard notation for Lebesgue and Sobolev spaces. In particular, for 1 < p < oo, the
LP-norms of the various quantities are denoted by || - ||,. The space M(Q;M2X") is that of all

et sym
My, -valued bounded Radon measures on {2, and the norm in that space is denoted by || - ||;. By
the Riesz representation Theorem, M(Q;MZ<") can be identified with the dual of C(Q;MZx").

Finally, BD(2) stands for the space of functions with bounded deformations on €2, i.e., v € BD(Q)
if u e L' (4 R") and Eu € M(Q;MZ3"), where Eu := (Du+ Du”)/2 and Du is the distributional
derivative of u. We refer to [34] for general properties of that space.

Let u € BD(Q), w € H'(€;R™), e € L2(; MZ") and p € M(Q; MZ%") be such that

Fu=e+pin Q,

p=(w—u)®vH" ! on IN.
If o € L(Q;My1) and dive € L"(€;R"), it is possible to define the “scalar product” of o and

p as the distribution [o : p] on R™ by setting

o pl(o) ::—/Qcp(u—w)-divadm—/QU:(u—w)@Vgodw—/QU:gp(e—Ew)dx,

for every ¢ € C2°(R™). It turns out that [0 : p| is independent of u, w and e, and that it defines a
bounded Radon measure on 2. We also define the global duality pairing (o, p) by setting

<m»=wﬂm=/

Q(w—u) -divod:}:—/ o:(e— Ew)dx. (1.17)

Q
It can be proved (see [20, Section 6]) that

(o, p)] < llollsc Il
Moreover, if o further belongs to C(Q; M?X™), then

sym

mm=é¢m D 1) dpl(z) (1.18)

dlp|

is the usual duality pairing between C(Q;M7%") and M (Q;M?%"). In the previous formula we

sym sym

have denoted by |p| the variation measure of p. If instead p further belongs to L2(£2;M2X"), then

sym

the duality pairing (o, p) coincides with the L? product.

The space L'(0,T;C(Q; My)ih)) is the space of all strongly measurable maps t — f(t) €
C(;M™X1) such that

sym

T
/0 Il f ()|loo dt < +o0.

From [19, Theorem 2.112], since C(Q; M X") is separable, the dual of the space L (0, T; C(Q; M)

sym sym

can be identified to the space L3y (0,T; M(€;M7x")) of all weakly* measurable maps ¢ — A(t) €

M(Q; M%) such that

sym

esssup ||[A(t)]1 < +o0,
t€[0,T]

through the duality pairing

T
oW :/o (A@), () mcammnsny,c@mnzmy dt.

sy
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Let A be a fourth order Hooke tensor satisfying the usual symmetry properties A;jrn = Ajikn =
Apnij for every 4, j, k, h € {1,...,n}, and
aalé® < A€ € < Baléf’, (1.19)

for some 0 < ay < B4 < 400 and every £ € MZ<". Then define, for any e € L?(Q;MZx"), the
elastic energy as

1
Q(e) := f/ Ae: edzx.
2 Ja
If o € L2(; M) and p € L2(;M2X") we define the functionals

sym sym

Hmm:AH@mm m@m:Am@mm

while, if o € C(Q;M2X") and p € M(2; M) the first functional is defined as

sym sym

Hiow) = [ 1 (o0 5 ) o

Remark 1.8. The following (lower semi-)continuity results hold:
L If {ox}, {pe} © LA(EMESY), ox — o strongly in L*(Q;M7x"), and pp, — p weakly in
L2(Q; MZ), then

H(o,p) < lim inf'H(Jk,pk).

Moreover if pp — p strongly in L?(Q; M7%X"), then

sym
H(O’,p) = kl{r-ir-loo H(Ukvpk)'
2. If {o},} C C(Q;M2X™), {pp} € M(Q;M2X") 54, — o uniformly in Q, and pp = p weakly*

sym sym

in M(Q;M22%"), then

sym

H(o,p) < lkirnJiran(ak,pk).

Indeed, in the first case, Lemma 1.5 implies that

[H(a,pr) — H(ow, pr)| < Cullo — oxll2|lprlls — 0,
since {px} is bounded in L?(£2;M™X"). Hence

sym

lim inf H (o, = liminf H(o, pr).
k—+oo ( k pk) k—+oo ( pk)
Now since H is convex in its second variable, we infer that

lklm_"l-nf H(U,pk) 2 H(Ua p)7

while an easy application of dominated convergence yields the convergence result in the case where
{pr} strongly converges in L?(€2; MZ").
In the second case, that same lemma implies that

[H(o, ) = Hok, pr)| < Crllo = oklloc[[prllr — 0,
since {py} is bounded in M(Q;M2%"). Hence

sym
lim inf H (o, pi) = lim inf H(0, p.).
Since (z,£) — H(o(x),€) is (lower semi-)continuous, while H(o(z),-) is convex and positively

1-homogeneous, we infer from Reshetnyak’s lower semi-continuity Theorem (see, e.g., [1, Theo-
rem 2.38]) that liminfy, H (o, px) > H(o, p). q
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When dealing with the visco-plastic approximation of the elasto-plastic problem, we will obtain
the first type of convergence on our approximating sequences, while, when letting the viscosity
parameter tend to 0, we will only obtain weak convergence in L? of the approximating o-sequence,
and convergence in the space of measures of the approximating p-sequence.

Unfortunately, Reshetnyak lower semi-continuity Theorem is false when H fails to be (lower
semi)-continuous, so that we are pretty much forced to restrict our analysis to continuous stresses;
but continuity is not preserved under L?-weak convergence, which is the best we can hope for the
various sequences of stresses that will enter the formulation. Consequently, the analysis will soon
grind to a halt for lack of lower semi-continuity of H. This is why we will propose, in the spirit of
[9], to introduce a regularization of o in the definition of (o). This will be done by introducing
a convolution kernel p and replacing (o) by K(o * p) defined below.

We fix p € C}(R") and set, for o € L?(Q; M?2X"),

sym

v €0 0w p(a) im /Q ol — y)o(y) dy.

The convolution o * p defines an element in C*(€; MZ<7).

Note that, with our definition of the convolution, if o), — o weakly in L?((; Mg,.), then, in
particular,

o1, * p — o * p uniformly on Q. (1.20)

For now, we address in the next section the visco-plastic regularization.

2. THE VISCO-PLASTIC MODEL

We propose to establish existence of the solution to the visco-plastic regularization through a time
incremental process.
Consider a boundary displacement w € H!(Q;R"). We set

sym sym

Aveg () 1= {(vm,q) € HY(Q;R™) x L2(Q; MIX™) x L2(Q; MPX") -
Ev=n+gqae. in Q, v=1wH"tae. on 69}. (2.1)

The main result of this section is the following existence result for the non-associative visco-
plastic evolution.

Theorem 2.1. Let w € H'(0,T; H' (2, R™)), let (uo, €0, o) € Areg(w(0)) be such that divog = 0
a.e. in S, where o := Aeg, and let € > 0. Then, there exists a unique triplet (uc(t),ec(t),pe(t)) €
Aveg(w(t)) with
ue € HY(0,T; H*(;R™))
e. € H'(0,T; L* (M)

pe € W (0, 75 L2(Q: M),
such that, setting o.(t) := Ae(t), the following conditions are satisfied:
Initial condition: (u.(0),e-(0),p:(0)) = (uo, eo,po);
Kinematic compatibility: For every t > 0,

Euc(t) = ec(t) + pe(t) a.e. in Q,

ue(t) = w(t) H" t-a.e. on 0%y
Equilibrium condition: For every t > 0,

divo.(t) =0 a.e. in Q;
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Regularized non-associative flow rule: For a.e. t € [0,T],
De(t) = Ne(oc(t),02(t)) for a.e. v € Q,

or equivalently,
0:(t) — epe(t) € O2H (0-(t), pe(t)) for a.e. x € Q.

In particular, €||pe(t)]|2 = dista(oe(t), K(oe(t))).
We call such a triplet a non-associative visco-plastic solution.

2.1. Preliminaries. We first prove a few preliminary results that will help us in deriving a mean-
ingful incremental process.

Proposition 2.2. Let € > 0 and 6 > 0 be such that %@ < . Ifw € H'(GR™) and p €
L2(Q; M%) then there exists a triplet (u,e,p) € Areg(W), satisfying

sym
&

Q(e) + H(o.p = ) + o5l — PlI3 < Q) + Mo — p) + o la — 513 (2:2)

for any (v,1,q) € Areg(W), with o := Ae.

Proof. Let us define (ug,ep,po) := (w0, Ew,0), and for any & > 1, consider the minimization
problem
€
i H(opr,q — P) + — —AQ}, 2.3
o min  LO) + Hlowr, 0~ 9) + y5lla I3 (2.3)

where oy_1 1= Aex_1. Let (vj,1;,¢;) € Areg(W) be a minimizing sequence, then by (1.10), (1.19)
and the Poincaré-Korn’s inequality, one has

S_lelg{llmllz +llgjllz + llvjll 72 (@irmy } < o0

J
Hence, up to a subsequence, v; — uy in H'(Q;R"), n; — e in LQ(Q;M?JW’;), and ¢; — pg in
L2(Q;M271) as j — +oo. Since v; = @ H" '-a.e. on 9, up = W H" '-a.e. on 9Q and thus

sym

(Uk, €k, Pk) € Areg(w). Then, by convexity of the functional, we get that
A~ € A . . € .
Qlew) + (01,7 = B) + o llp — Bl < timinf { Q) + Hlow-r.q; — 5) + 55 llay — I3},

from which we conclude that (ug, e, pr) is a solution of the minimization problem (2.3). By strict
convexity, we infer that this solution is actually unique.

We now prove that {ex} is a Cauchy sequence in L*(;MZz%"). Indeed, writing the Euler-
Lagrange equations of the minimization problem (2.3) (see, e.g., Proposition 2.3 below), we get

that
diver =0 a.e. in ),

and also, by (1.13), and the homogeneity of degree 0 of the multifunction p — 92 H (o, p), that

o € OoH, <0k—1, Pk(sp) a.e. in €.

Now, convex duality and (1.14) imply that the latter is equivalent to py — p = 6N (0k—1,0%) a.e.
in Q. Since Euy, = e + p,

er — ek—1 = Bup — Bup—y — 6 (Ne(op—1,0%) — Ne(0k—2,0%-1)) -
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Taking the L?-scalar product with o3 — o_1, using (1.19) and the fact that, by Lemma 1.7, N is
Lipschitz continuous (with a Lipschitz constant of order 1/¢), we deduce that

aaller —ex—1]3 < /(Uk —0g-1) : (ex — ex—1)dx
Q

< /(ak —0ok—1) : (Fur — Fug_1) dx
Q

Cygd
+ ?Hnak —op1ll2 (low — ou_1ll2 + [lok—1 — Tr_2ll2) -

But since divoy = divog_1 = 0 a.e. in Q and up —u,—1 € H(2;R™), we deduce that the integral
in the right hand side of the previous inequality vanishes, hence

Cu s
QAE

llex —ex—1ll2 < (llex — ex—1ll2 + [lex—1 — ex—2]l2) -

Cupis

Hence, if
aAE

1
< 3, then

1 1
lex —ex—1ll2 < 5 llexk—1 — ex—2(l2 < FHQ — o2,

which shows that {e;} is a Cauchy sequence in L?(Q;M7?X"). As a consequence, there exists

sym
e € L2(;MZ") such that ep — e strongly in L*(Q;M7<"), and in particular o, — o := Ae
strongly in L*(€; M7x"). Moreover, as above,

sup{||pxll2 + llukl 1 (q;rny } < +o0,
keN

and thus, up to the possible extraction of a subsequence, uy — u weakly in H'(Q;R") and p, — p
weakly in L?(Q; MZ<"), where (u,e,p) € Areg(). We next use the first item in Remark 1.8 to
obtain that

R € R . . € R
Q(e) + H(0,p— ) + 55 lp = plI3 < liminf { Q(ex) + H(ow1,p — ) + 55llpx — BI3 -
Thanks to the dominated convergence Theorem, for any (v,7,q) € Areg (), we have

: o TP o E A2
Jim {0+ Howr.a =)+ 55l =513} = Q) + Hlonq = p) + 55lla — il

The proof is complete. O

We now derive the Euler-Lagrange equation satisfied by the solution of the minimization prob-
lem (2.2).

apAE

pe L*(M2y). The following statements are equivalent:

(f1) (u,e,p) € Areg(W) is a solution of (2.2) with o := Ae;
(fZ) fO’/‘ any (07777(]) € Areg(o),

Proposition 2.3. Let ¢ > 0 and § > 0 be such that CHT?QA(; < &. Let w € H'(;R™) and

H(o,q+p—p)—H(o,p—p) > —/

£ A
a:nda:—g/(p—p)quﬂﬁ
Q Q

(f3) dive =0 and o — 5(p—p) € oH(o,p —p) a.e. in Q.
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Proof. We first prove that (f1) implies (f2). Let (v,7,q) € Ayeg(0), then (u + sv,e+ sn,p+sq) €
Aseg (W) is an admissible triplet for (2.2) for every 0 < s < 1. Hence

“ 3 “
Q(e) + H(o,p = p) + o5 Ip — I3
“ 3 “
< Qe+ sn) +Hlop+sq—p) + 55llp+ s -3

= Q(e)+s/a:ndaz—l—sQQ(n)—l—H(U,p—&—sq—ﬁ)
Q

£ A2 € N 2 € 2
“lp— = — %) :qd = _llql2.
+25Hp p||2+85/ﬂ(p p):qdr+s 25||61||2

Using the convexity of H, we deduce that ¢(s) := H(o,p + sq — p) is convex as well, and thus
P(s) —¥(0) < s(v(1) —¥(0)). Dividing the previous inequality by s, and letting s tend to zero
implies that

A~ . € N
[ oinde o rr—i)=Hep-0)+5 [0-padn>o0

which is (f2).

We now deduce (f3) from (f2). Taking first £(p, Ep,0) € Aue(0), for any ¢ € CZ(;R™),
as test in (f2), we get that an : Fodr = 0 and thus dive = 0 a.e. in . Then choosing
(0,—q+p—p,q—p+D) € Areg(0), for any g € L2(Q;M2X"), as test in (f2), we deduce that

M) = o=+ [ (7= 50-5): (0= - v

which, by definition of the subdifferential, implies that o — £(p—p) € O2’H(o,p—p). By a standard
result on convex integrands this is equivalent to (f3).

Finally, we show that (f3) implies (f1). Indeed, consider (v,7,q) € Ayeg(w), then from the
subdifferential condition in (f3), we get that

H(o,q —p) ZH(U,p—ﬁ)Jr/Q (0—§(p—15)) :((g—p) — (p—p))dz

=Hep=)+ [ o (Bo=Pide= [ o:i-ede=5 [ 0-0): (a=5) = 0= ).
Since divo =0 a.e. in Q and u — v € Hi(Q;R"),
/a:(Ev—Eu)dsz.
On the other hand, ;
~ [0 (=) s = Q) + Qe — ) - Q)
and similarly
- /Q(p —p):((g=p) = (p—p)) de = %(Ilp —Bll3 + lp = all3 = lla — plI3)-
Gathering everything yields
Qn) +H(o.q — ) + 55lla — bll
> Q) +H(0.p = B) + o5 Ip = 3 + Qe =)+ 55lp — al}

N .
> Q(e) + H(o,p =) + 55p — |3,
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hence (f1). O

We now detail the incremental problem. In all that follows, the boundary datum w is the trace
on 99 of a function, still denoted by w, which lies in H*(0,T; H'(£2;R™)). The initial conditions
on the triplet (u,e,p) are (uo, €0, o) € Areg(w(0)) (see (2.1)) such that divey = 0 a.e. in §, where
og := Aeg.

2.2. The incremental problem. Let 7' > 0, and consider a sequence of nested subdivisions
(t;@)OSiSN(k) of the time interval [0, 7], with the following properties:

0=1t) <th<...<tp® <™ 7
te—t;7 =6, L0 with k /" o0
N(k)§y =T

{ti:i=1,...,Nk)}cC{ti:i=1,...,ND} k<l
Let € > 0. We assume that k is large enough so that
Cu %0k

1
< -. 2.4
QAE 3 ( )

For every i € {1,...,N(k)}, we set w!, := w(t}), and we define (ul,el,pi) by induction. We first
set (uP,e?,p?) := (uo,e€o,po) the initial datum which belongs by assumption to Ayeg(w(0)). For
i€{l,...,N(k)}, we define (uf,et,pl) € Areg(w?) as a solution to the minimization problem
i i i—1 € i i—1)2 i i—1 € i—1)12

Qey,) + H(op,ph — 1y )+ E”pk —py Iz < Q) +H(ok.q—p; )+ E”q -pp 2, (25)
for any (v,1,q) € Aveg(w}), where o, = Ael. By (2.4) and Proposition 2.2 such a solution exists.

Also, as a consequence of Proposition 2.3,

divel =0 a.e. in Q (2.6)
o — £ (i —py ") € OH(ok, Pl — Py ).
Now, by (1.13) and the homogeneity of degree 0 of d2’H in the second variable, (2.7) also reads as
i i1
oy, € OoH, <JIZ€, M) ,
Ok

and, by convex duality and (1.14), this is equivalent to

i i—1
Pi, — P

5 = N.(o},0%) a.e. in Q. (2.8)
k

We next define, for ¢t € [tz, t?jl), the piecewise constant interpolations
up(t) ;== ul, en(t):=eh, op(t) = Aeh, pip(t) :=ph, wi(t) = wk,

and the piecewise affine interpolations

. Cot—t A . . . Cot—th <
en(t) ==+ ——(e —ep), on(t) = A(t), Pr(t) = ph + —— (0" — k),

and derive a discrete energy inequality between two arbitrary times.
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Lemma 2.4. There erists a sequence wy — 0T such that for every k € N and every 0 <t; <ty; < T
with t € [t ) 71) and ty € [t2,7211),
ti’z c tiQ
Qer(ta)) + [ Hlon(s)in(e)ds+5 [ lin(o)l3ds
1 2 1
t]2

Q(ek tl / /Uk Ew( )dxds—i—wk (2 9)
t]l

Proof. Tn (2.5), we take as competitor (u} ' +wi —wi ' el ' + Ewl — Bwl ', pi ') € Apeg(w}).

Then
i i i— € i i—
Qe},) + H(ap,pi — vy ) + Ellpk T < Qe + Bu — Bwy )
= Q(ei M) + Q(Ew), — Ewi ™) +/ oi b (Bwj — Bwi ) de.  (2.10)
Q

Since Fw is absolutely continuous in time with values in L?(Q; M7%"), then

sym
. , t,
Euwj — Ew; ' = [ E(s)ds.
it
By (1.19)
i 2
. k

Q(Bw}, — Ew! 1)3%“  Eu(s)ds
tiot 9

k

2 i
ﬂQA (/t | Bai(s )||2ds> < %’“w(ék)/t_l [Ei(s)]|2ds, (2.11)

where w : [0, +00) — [0,400) is an infinitesimal function in 0. In view of (2.10) and (2.11),
i i i i—1 € i i—1)12 i—1 5 t .
Q(ek) + Mok pk = ph ) + g5k = ph iz < Qo) + 5rw(on) / [Ew(s)|2 ds

//ak . Bi(s) da ds.

Let 0 <3 <ty < T, then there exist unique j1, j2 € {1,..., N(k)} such that t; € [tiﬂtf“) and
to € [t2,t22T). Summing up for i = j; + 1 to ja, and using the 1-homogeneity of H in its second
variable leads to

O(ex(ta)) Z 5,31( p‘f ) Z o

i=j1+1 i=j1+1

2

2
Ba ) B .
—w(d E d o FE dx ds,
< Q(ex(t1)) + 2 w( k)/o [ Evi(s) |2 ds + " /Q k(s) : Eni(s) dx ds

which implies (2.9) with wy, := Z2w(J) foT | Ew(s)]|2 ds. O
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With the help of the previously derived energy inequality, we deduce bounds on the triplet
(ur(t), ex(t), px(t)) in suitable energy spaces, namely, that there exists a constant Cp > 0 (inde-
pendent of k and ) such that

sup |lex(t)]l2 < Cr, (2.12)
t€[0,T]
T
R C
| éntsgas < <. (2.13)
0 e
and .
: C
| il ds < == (2.14)

Indeed, apply Lemma 2.4 with ¢; = 0 and ¢t = ¢t. Coercivity and boundedness of A (see (1.19))
implies

T

aa sup [lex(t)]l3 < Balleoll3 + 284 sup ||€k(t)||2/ | Ew(s)|2 ds + 2wk,
te[0,T] te(0,T] 0

hence that

sup |lex(t)l2 < Cr,
t€[0,T]

for some constant Cp > 0 independent of k and €. Thanks again to Lemma 2.4 with ¢t; = 0 and

to :T7
T
. CT
/ lhe(s)2ds < &2
0 I

By kinematic compatibility,
e —e _ By —Eu p" —pp
Ok Ok Ok

Taking the L2-scalar product with O’l+1 — 0};7 and using the fact that diva,i:rl = diva,if =0 a.e. in
Q and u?‘l —ub = uﬁk+1 —wy, H"™ 1—a.e. on 012,

eitl el , , Ew't — B! L i , ‘
/Qik 5 k :(02+10}€)dx/§2< k 5 ko Pk 5 P :(J,lc"'lfafc) dx.

In view of (1.19), this yields

pitl

'L+1
cu/'“ (s ||2ds</ /Ew () < G (s) dla s
t'L

and thanks to the Cauchy-Schwartz and the triangle inequality, we then get, using (1.19) again,

/M/ Bi(s) — pils)) : Gx(s) duds

ti+l 1/2 t;‘jl 1/2
(IIEw(S)I2+ﬁk(S)Ila)2dS> </t IIék(8)||3d8> :

<5A</tilc k

k
Using both previous relations, summing from ¢ = 0 to ¢ = N (k) — 1 and applying Cauchy-Schwartz
inequality once more, we finally obtain,

/ ||ék<>||2ds<5f‘ / (B3 + [5(s)]3) ds
0

The bound (2.13) is then a direct consequence of (2.14).
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Remark 2.5. Note that, in lieu of the constant Cr, the bounds (2.12), (2.13) and (2.14) can be

restated in terms of an expression of the form a( fOT |Ew(s)||2 ds+Tw(dk)), with a > 0 continuous
and non decreasing. In particular, that will imply that the bounds in Remark 2.9 below are given
in terms of a constant C7 whose dependence on T is of the form a(foT | E1ir(s)||3 ds). q

In order to pass to the limit in the discrete flow rule (2.7) we need to get strong compactness on
the sequence of stresses {0} }. To that aim, we next prove that {ex} satisfies the Cauchy condition
in L>°(0,T; LQ(Q;M;L;T:)).

Lemma 2.6. The sequences {ex} and {p} satisfy the Cauchy condition in L>(0,T; L*(Q; MZx")),
and {uy} is a Cauchy sequence in L>(0,T; H'(Q;R™)).
Proof. From (2.8),
pi: _p;g_l = 5kNE(O'IZq;70]Zc)7

and since Eul = e} +pi, and Buj ' = e ' +pi ",

el —ei = Bul, — Ful! — 8, N.(o}, 0}).
Summation for i = 1 to j leads to

J
e, —eo = Buj, — Fug — ZékNg(ali, ob).
i=1

Consequently, if ¢ € [t], /™), then, in view of (1.15), (1.19), (2.12), and the fact that |t —¢] 7" < &,
and |t}| < O,

ex(t) — eo = Bun(t) — Eug — /O N. (04 (s), o(s)) ds + Ru(t)
with

4
sup |[[Ry(t)ll2 < —Ba0xCr. (2.15)
te[0,T] €

Then, by difference,

ek(t) — el(t) = Euk(t) — Eul(t) — /0 (NE(Jk(S),Uk(S)) — NE(JZ(S),CTI(S))) ds + Rk(t) - Rl(t).

Taking the scalar product in L? with o%(t) — 0;(¢), Cauchy-Schwartz inequality, (2.15) and
Lemma 1.7, imply that

aallentt) = < [ (10 = a®): (en(t) — (1) da
< /Q (ox(t) = a1()) : (Bun(t) — Bui(t)) do

T Baler(t) — en(®)] (MACT (48 + 225 [y - 61(5)|2d5) |

9 9

But, since divo(t) = divoy(t) = 0 a.e. in Q and uy(t) — w(t) = wi(t) — w(t) H* t-a.e. on 99,

/Q (ok(t) — ou(®)) : (Bus(t) — Bus(t)) dz = / (ox(t) — ou(t)) : (Buwx(t) — Ewn(t)) da,

Q
so that the Cauchy-Schwartz inequality leads to

lea(t) — )] < C- (ak + o4 [Bunlt) - Bunle + [ llen(s) — (o)l ds) ,

for some constant C. independent of k, [ and t¢.
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Since Ew € HY(0,T; L?(£;M2X")), then it is Holder continuous with values in L2(€2; M2X").

sym sym

Hence { Ewy} is a Cauchy sequence in L (0, T'; L?(Q; M2X1)), thus || Bwg (t)—Ew;(t) |2 < w(k, 1) \,

sym

0as k,l /" +oo. Application of Gronwall’s inequality yields in turn
llex(t) = ex(®)l2 < Ce (0 + 0 +w(k, 1)) T

and this completes the proof that {e }, hence {0} }, are Cauchy sequences in L>°(0, T; L*(€2; M2 %1)).
Now, similarly we would get

pk(t)—Pl(t)Z/o (Ne(ok(s),0%(s)) = Ne(ou(s), 01(s))) ds + Ry (t) — Ru(2),

from which we would deduce that {py} is also a Cauchy sequence in L>(0,T; L*(£2; M2x1)).

sym
From the kinematic compatibility, it follows that {Euy} is Cauchy in L>°(0,T; L*(€; M7 ")) as
well. Thanks to the Poincaré-Korn’s inequality we deduce that {uj} is a Cauchy sequence in
L*°(0,T; HY(Q; R™)). O

We are now in a position to show the existence of a non-associative visco-plastic evolution.

2.3. Proof of Theorem 2.1. At the possible expense of extracting a subsequence, we conclude,
thanks to (2.13), (2.14), Lemma 2.6 and because ug(0) = ug, Pr(0) = po, to the existence of a
quintuplet (ue, ec, éc, pe, Pe) such that

uy, — u. strongly in L>(0,T; H(;R™)),
)
)

)

er, — e strongly in L>°(0,T; L*(Q s ME)
pr — pe strongly in L (0, T; L*(Q; MZx1)), (2.16)

Pr — pe weakly in H'(0,T; L*(Q; MZ57)),

ér — é. weakly in H'(0,T; L*(; MZ")).

Consider the quintuplet (u.(t),ec(t), é-(t),pe(t),Pe(t)) obtained through the convergences in
(2.16) and remark first that the kinematic compatibility relation passes to the limit, i.e., Eu.(t) =
e(t) + pe(t) ae. in Q and u.(t) = w(t) H" -a.e. on Q. Now, since

¢

eu(t) = ex(t) + / éu(s) ds.

th

if t € [ti,¢:""), then, from bound (2.13),
sup ||éx(t) — exn(t)||2 < CovV/ép — 0,

te[0,T]
as k — 4o0o, which implies that é.(t) = e.(t). The same argument shows that p.(t) = p.(t)
and thus, e. and p. € H(0,T; L*(%; M%), Moreover, the Poincaré-Korn’s inequality yields
ue € HY(0,T; HY(Q; R™)).
By (2.6), divog(t) =0 a.e. in Q, so that diveo.(t) = 0 a.e. in Q.
In view of (2.8), we have, for t € [t};,t?‘l),

Pe(t) = Ne(on(t) + o™ —ofon(t) + o' — o)

Ne(ow(t), ou(t)) + Ri(t),

where, thanks to Lemma 1.7, (1.19) and (2.13), ||[Ri(t)]l2 < Ccv/d%. As a consequence, Ry — 0
strongly in L*(0,T; L?(;M2X")). On the other hand, since, by (2.16), or = Aex — 0. =

sym
Ae. strongly in L>(0,T; L*(Q;M2X")), we conclude that N.(oy,0r) — N:(o.,0.) strongly in

sym

L>°(0,T; L2 (Q; M2")). This implies that, in particular,
Pe(t) = Ne(0e(t), 0-(1))
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for a.e. t € [0,T] and a.e. € Q, and that actually p. € W>°(0,T; L?(Q; Mz ")). The remaining
relations are obtained by convex duality and thanks to (1.16). The proof of the existence of the
announced triplet is complete.

Now, let us prove uniqueness. Let (ui(t),e1(t),p1(t)) and (ua(t),ea(t), p2(t)) be two non-
associative visco-plastic solutions with boundary datum w and initial condition (ug,eg,pg). For
i =1, 2, set 0;(t) := Ae;(t). Thanks to the regularized flow rule, p;(t) = N.(0;(t),0:(t)) for a.e.
t € [0,T] and a.e. z € §, and, using kinematic compatibility, we get é;(t) = Et;(t)—N:(0:(t), 04(t)).
Hence

éa(t) — é1(t) = Eig(t) — Bt (t) — (Nz(02(t), 02(t)) — Ne(o1(t), 01(t))) -
Taking the L2-scalar product with oo(t) — o1 (t), using the fact that div oy (t) = divoa(t) = 0 a.e.
in Q and 4y (t) — u1(t) € HF(Q;R™), we get that

%Q(ez(t) —e1(t)) < Cellea(t) — er(t)|[3 < CLQ(ea(t) — ex(t)),

where we used the Lipschitz continuous character of N, (see Lemma 1.7) and (1.19). By the initial
condition, we have e2(0) — e1(0) = 0, hence from Gronwall’s Lemma, we deduce that Q(ea(t) —
e1(t)) = 0, and by (1.19) that e;(t) = e2(t). Consequently, o1(t) = o02(t) and the regularized
flow rule, together with the fact that p;(0) = p2(0) = po, implies that p;(t) = p2(¢). Finally, from
kinematic compatibility, us(t) —u1(t) € Hg (2;R™) and FEuy(t) = Eus(t), and consequently, Korn’s
inequality leads to uq(t) = ua(t).

The proof of Theorem 2.1 is now complete.

Remark 2.7. Note that the same theorem applies with N.(o.(t),0.(t)) replaced by N.(o:(t) *
p,0:(t)) (and 0o H (o(t), pe(t)) replaced by 02 H (o (t) * p, pe(t))), where p is a convolution kernel.
We then call a solution triplet a non-associative p-visco-plastic solution, and in that case,

ellpe(t)ll2 = dista (o2 (t), K(oe(t) * p)).
Remark 2.8 below also applies to that case. q

We end this subsection with a remark whose proof is very close to that of [9, Theorem 3.4]; we
omit the proof here.

Remark 2.8. The regularized non-associative flow rule in Theorem 2.1 can be equivalently re-
placed by

1. Modified Stress Constraint: o.(t) — ep.(t) € K(o.(t)), for a.e. t € [0,T], or equivalently,
since, as is classical in convex analysis, K (o) = 0:H(c,0),

oe(t) — epe(t) € D2H (0:(t),0) for a.e. (z,t) € Q x [0,T7;

2. Energy equality: (u.(t),ec(t),p(t)) satisfies the following energy equality, for every t €
[0,T7:

Q@ﬁD+AHw&mm®M&MAMM@@®=Q®ﬁ+AAf&wEM$M%,

or still

Q@W+AMM%MW¢+LM&W®M@&MH$W
= Q(eo) —|—/O /QUE(S) : Bw(s) dxds.

The same applies to the non-associative p-visco-plastic evolution defined in Remark 2.7 above. q
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Remark 2.9. In view of the energy equality in Remark 2.8, of (1.19), (1.10), and of bound (2.12),
which is independent of €, we have

T
le<(t)ll2 < Cr. lo=(®)]l2 < Cr / 62(5)nds < Cr.,
0

where Cr is an e-independent constant. Actually, in view of Remark 2.5, the dependence of Cr in
T is of the form a( fOT | Exi(s)||3 ds), with a > 0 continuous and non decreasing.

Once again, the same applies to the non-associative p-visco-plastic evolution defined in Re-
mark 2.7 above. q

3. TIME RESCALING

In this section, we propose a rescaling of time which will permit to pass to the vanishing viscosity
limit in the non-associative p-visco-plastic evolution. Such an idea was first put forth in [18], then,
in a setting close to the present one, that of Cam-Clay plasticity, in [9].

Because of the bounds established in Remark 2.9, we can only guarantee that the limit plastic
strain will be a function of bounded variation with respect to time when passing to the 0-viscosity
limit. But, because of the dependence of the dissipation potential upon the (mollified) stress, this
will prevent us from proving the lower semi-continuity of the dissipated energy, a must if one is to
hope for some kind of energy balance. This is remedied through a rescaling of the time variable
which results in a limit plastic strain with Lipschitz regularity in (rescaled time). In turn, this
allows us to derive a limiting energy equality, that includes the limit of the viscous dissipation (see
(3.28)—(3.43) below) and can be written in an equivalent differential form (the maximum plastic
work condition in Theorem 3.1).

Jumps in the original time correspond to intervals where the mapping from the rescaled time
to the original one remains constant. In those intervals the stress constraint may not be satisfied
(see the partial stress constraint condition in Theorem 3.1 below). This is also reflected in the
expression for the maximum plastic work.

By default, each result stated in this section will be assumed to apply solely to the non-associative
p-visco-plastic evolution, where p € CL(R™), unless otherwise stated.

Because of the bounds in Remark 2.9, we cannot expect to keep the L2-regularity of the fields
Eu and p when passing to the 0-viscosity limit and we thus have to redefine A,cg(w) from (2.1) as

A(w) := {(v,n,q) € BD(Q) x LQ(Q;M"X”) . M M) -

sym sym

Ev=n+4+qinQ, ¢= (v —v) @ vH" ! onaﬂ}

with @ € H'(Q;R"). The interpretation of the boundary condition is that, if the displacement u
does not match the prescribed boundary displacement w, then the loaded boundary can experience
plastic slips.

We still keep a boundary datum w € H(0,T; H!(€;R™)). Without loss of generality, we extend
w by w(T) for t > T.

The main result of the paper is the following existence result for a rescaled quasistatic evolution
model in non-associative plasticity.

Theorem 3.1. Let w € HY(0,T; H*(;R™)) and let (ug, eo,po) € A(w(0)) be such that

diveg =0 a.e. in Q and o¢ € K(og * p),
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where og 1= Aeg. Then, there exist T and a mapping [0,T] > s — (u°(s),e°(s),p°(s),t°(s)) such
that

u® : [0, T] — BD(R) is strongly continuous and a.e. weakly* differentiable;
e®: 0,T] — L*(S M7 is strongly continuous and a.e. differentiable;
p° [0, T] — M(Q; M) s 1-Lipschitz;

t°:[0,T] — [0,400) is nondecreasing and 1-Lipschitz, with t°(T) > T.
Further, setting o° := Ae®, the following properties are satisfied:

Initial condition: (u°(0),€°(0),p°(0),t°(0)) = (uo, €0, Po,0);

Kinematic compatibility: For every s € [0,T],
Eu®(s) = e°(s) + p°(s) in Q,
p°(s) = (w(t°(s)) —u°(s)) © vH" ! on O

Equilibrium condition: For every s € [0,T],

dive®(s) =0 a.e. in §;

Partial stress constraint: For every s € [0,T]\ U°®,
o°(s) € K(o°(s) * p),
where U° := {s € (0,T) : t° is constant in a neighborhood of s};
Maximum plastic work: For a.e. s € [0,T] with 0°(s) ¢ K(0°(s) * p) we have p°(s) € L*(; Mz ")
and for a.e. s € [0,T],

(0°(8) = Pic(oo(s)2p) (0°(5)),0°(5)) + H(0"(s) * p, p°(5)) = (0°(8),°(5))-
The proof is given in Subsections 3.1 to 3.6.

Remark 3.2. The extent to which one could recover a (rescaled) flow rule from Theorem 3.1 will
not be detailed here. The interested reader is directed to [10, Theorems 3.8, 3.10] which would
equally apply in the current framework. It would then remain to interpret the evolution in terms
of the original time variable, a task which is performed in the setting of Cam-Clay plasticity in
[10, Section 5], but that will not be undertaken here. q

The next proposition guarantees the existence of initial data such as in Theorem 3.1.
Proposition 3.3. There exists a triplet (ug, eg,po) € A(w(0)) such that, setting o := Aeq, then
divag =0 a.e. in Q and o € K(og * p).

Proof. Define Ko := [, ¢ynxn K (7). We proved in Lemma 1.4 that each K(7) contain a uniform

ball with respect to 7. Consequently, K is a non empty closed and convex subset of MX". Let

sym *
us denote by

nxn
sym >

Hy(q) := beuII{) T:q, q€eM
T 0

its support function, and
dp re) nxn
HO(p) = 7H0 TR d‘p|7 p S M(QaMsym)
Q dlp|
By Lemma 1.4, Hy satisfies the following growth and coercivity properties:

apglg| < Ho(q) < Bulg| for all ¢ € MZX" (3.1)

sym *
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Let us define (vg, 70, qo) := (w(0), Ew(0),0), and by induction, for any k > 1, let (vi,nk, qx) €
A(w(0)) be a solution of

min o) +Ho(qg — qr_i)} .
(v,1,9)EA(w(0)) () 0(q — qe-1)}

The direct method in the calculus of variations, the Poincaré-Korn inequality in BD(€2) — see
[34, Chapter II, Remark 2.5 (ii)]; referred to henceforth as Poincaré-Korn’s inequality — and the
convexity of @ and Hy ensure the existence of such a solution. Taking (v,7,q) = (Vk—1,Mk—1,qk—1)
as test function in the previous minimization problem, and summing up leads to

k
el + llaell < lmkllz + > lla = ai-alh < G,

1=1
for some constant C' > 0 independent of k, where we used (1.19) and (3.1). Using again the
Poincaré-Korn inequality in BD(f2), we can assume that, up to a subsequence, vy, — ug weakly* in
BD(), i, = eq weakly in L*(Q; MZ"), and g, — po weakly* in M(Q; MZx"), with (uq, €, po) €
A(w(0)) (see [6, Lemma 2.1]).

Using the triangle inequality satisfied by Hy, we deduce that

Qnk) < Qn) + Holq — ax) (3.2)

for any (v,n,q) € A(w(0)). Taking (v,n,q) := (vg + to, Nk + tEp, qr) as test function in (3.2),
where t € R and ¢ € C°(Q;M7x"), and letting ¢ — 0% yiclds div(Ang) = 0 a.c. in Q. Passing to
the limit as k — oo in the distributional sense leads to diveg = 0 a.e. in €, where o( := Aeg.
Finally, taking (v,n,q) = (vk,mx — tn,qx + tn) as test function in (3.2), where ¢ > 0 and
n € L2(; M7, and letting again ¢ — 07 leads to Ang € 9Ho(0). Since dH(0) is a sequentially
weakly closed subset of L2(Q;M?yxn?), it follows by passing to the limit as k — +oo that oy =
Aeg € OHp(0). By a standard localization argument, we obtain that og(xz) € 0Hy(0) = K for
a.e. = € Q. In particular, we get that oo(z) € K([og * p](z)) which completes the proof of the

proposition. U

We are now in a position to prove Theorem 3.1. For the reader’s convenience the proof is split
into the following six subsections.

3.1. The rescaled non-associative visco-plastic evolution. Let w € H'(0,T; H'(£;R"))
(extended by w(T') for t > T') and let (ug, e, po) € A(w(0)) be such that

divog = 0 a.e. in Q and o € K(og * p),

where o¢ := Aeg. According to [9, Lemma 5.1], there exists a sequence {u§} C H'(Q;R") such
that u§ = w(0) H" l-a.e. on 9Q, u§ — wg strongly in L'(Q;R") and Fui — Fuy weakly* in

M(Q; M), Setting pf == Eug — eg, we get that (uf, e, pf) € Areg(w(0)) satisfies

sym

{ u§ — ug weakly* in BD(Q), (3.3)

Py — po weakly* in MM,

sym

Theorem 2.1 and Remark 2.7 then provide, for every € > 0, a unique non-associative p-visco-plastic
(or visco-plastic) solution (u.(t), ec(t), pe(t)), for 0 < t < +oo, with (u§, eg, pf) as initial condition.
We rescale time as follows:

s (t) = /0 (1= ()1 + [[Ewo(s)]|2 + 1) ds,

so that s +— t2(s) := (s2)7!(s) is strictly monotonically increasing and equi-Lipschitz on [0, +00),
1.€.,
[t2(s1) = t2(s2)[ < |s1 = 52
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for every s; and sy > 0. Note that ¢2(0) = 0 and that, by virtue of Remark 2.9,
- T
Ti=a ( | 1) ds> +T > ST,
0

so that t2(T) > T, for each ¢ > 0.

Define, on [0, T,

c(s) = w(t2(s), w(s) = uc(t(s)), e2(s):=e(t(s)),
o2(s) = 0=(t2(s)), p(s) := pe(t2(s))-

3.2. Compactness. In this subsection we deduce some compactness properties for the sequences
defined above and show that the limit mappings satisfy the intial condition, the kinematic compat-
ibility, and the equilibrium condition of Theorem 3.1. First, an application of the chain rule shows
that Fw? and p? are 1—Lipscliitz in s with values in L?(Q; M?yx,,?) and M(Q; MZ<") respectively,
i.e., for every s; and sq9 € [0, 7],

[Ewe (s1) — Bwl(s2)l2 + [Ip2(s1) — pe(s2)lln < [s1 = s2l,
and in particular, from (3.3)
Ip2(s)llx <llpolla +T < M, (3.4)

for every s € [0,T] and for some contant M > 0 which is independent of ¢ and s. Hence,
upon application of Ascoli’s theorem (bounded sets in M (Q;M?%") are relatively compact and

sym
metrizable for the weak* topology), a subsequence (still indexed by €) of p? is such that
p2(s) = p°(s) weakly* in M(Q; ML "), (3.5)

uniformly in [0,7] with p° € Lip([0,T]; M(Q; M?yxn?)) In particular p°(0) = po. Because of
the already mentioned properties of the space M(Q;M?X"), p° is weakly™ differentiable for a.e.

_ sym
€ (0,T) (see, e.g., [6, Theorem 7.1]) and
Ip°(s)|1 <1 for ae. s € (0,T). (3.6)

Also, since s — p°(s) is weakly* measurable (with values in M (€; M7")), we conclude that

p° € Ly (0, T3 M( M) (3.7)
Finally, in view of the last bound in Remark 2.9 together with (3.5), we easily conclude that
po — p° weakly* in M([0,T] x ©)) and in L (0, T; M(Q; MZ51)). (3.8)

sym
Because of the equi-Lipschitz character of t., Ascoli’s theorem implies the existence of a Lipschitz
and nondecreasing function ° : [0, T] — [0, +00) such that (a subsequence of) t° — still indexed by
e — converges uniformly to t° as e \, 0. Hence, w?(s) — w°(s) := w(t°(s)) strongly in H!({;R"),
where w® € HY(0,T; H'(;R™)).
We next derive some compactness properties for the sequences {u2} and {e2}.

Lemma 3.4. In both the non-associative p-visco-plastic evolution setting, and the non-associative
visco-plastic evolution setting, for every s € [0,T], there exists a triplet

(u®(s),€%(s), p°(s)) € A(w(s))
such that, with 0°(s) := Ae°(s), divo®(s) =0 a.e. in Q and, for any sequence s. — s,
u2(se) — u°(s) weakly* in BD(),
e2(se) = e°(s) weakly in L*(Q; MZx"), (3.9)

02(se) — 0°(s) weakly in L*(Q; M2XM).

sym
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Moreover, (u°(0),€e°(0),p°(0)) = (uog,e0,p0) and finally, s — u°(s) is weakly® continuous in
BD(), and s — €°(s) and s — o°(s) are weakly continuous in L*(Q; MZX").

Proof. Consider an arbitrary sequence s — s. From Remark 2.9, we have

sup_|[le2(s)2 < O,
s€[0,T]

so that a (possibly s-dependent) subsequence {eZ (sc;)} of {eZ(s:)} is such that
eZ,(se;) — €°(s) weakly in L2 (€ M™Xm, (3.10)

sym

In view of (3.4), (3.10), and since u2(s.) = w(s.) H" !-a.e. on 91, the Poincaré-Korn inequality
in BD(Q) implies that {u2(s.)} is bounded in BD(£), hence, a (possibly s-dependent) subsequence
{ug, (se;)} of {ug(se)} is such that

ug (se;) = u®(s) weakly* in BD(Q). (3.11)

Since p? is 1-Lipschitz with values in M(Q;M?X"), we deduce that pgj(ssj) — p°(s) weakly* in

sym

M(;M7x7), where p° is defined in (3.5). Further,
(ug, (s<;)s €2, (), p2, (s¢,)) € Alwg, (se;))

and wZ (ss;) — w°(s) strongly in H'(Q;R"), so that, through an extension argument (see [6,
Lemma 2.1]),
(u®(s),€°(s),p°(s)) € A(w®(s)).

From (3.10)

02, (se;) = 0°(s) := Ae®(s) weakly in L2 M) (3.12)
with

divo®(s) = 0 a.e. in .
In particular, for any ¢ € Hg(£;R™) we infer that
0(e°(5)) < Qe°(s) + By). (3.13)

We now prove that the limits u°, e® and ¢° are independent of the choice of the sequence
{s<}. To this end, consider another sequence s. — s. Arguing as before, we can assume, at
the expense of extracting a further subsequence still denoted {e;}, that ug (sl,) — a(s) weakly™
in BD(Q?), and €2 (sz,) — é(s) and o2 (s.;, ) — 6(s) = Aé(s) weakly in L2(Q; Mz ), with

(a(s),é(s),p°(s)) € A(w°(s)). Hence E(u®(s)—u(s)) = e°(s) —é(s) € L*(Q; M) and —(u°(s) —

i(s)) ©v =p°(s) — p°(s) = 0 H* l-a.e. on Q. Consequently, i(s) — u°(s) € H}(Q;R"). Taking
© =1u(s) —u°(s) in (3.13) we deduce that

Q(e”(s)) < Q(é(s));

and inverting the roles of e°(s) and é(s), we get that this inequality is actually an equality. By
strict convexity of Q we conclude that é(s) = e°(s), and thus 6(s) = ¢°(s) and i(s) = u°(s).
Hence the limits are independent of the choice of the sequence {s.}, and by uniqueness, we infer
that there is no need to extract a subsequence to get the convergences (3.10), (3.11) and (3.12).
Moreover, thanks to (3.3), we clearly have that (u°(0),e°(0),p°(0)) = (uo, €o, Po)-

We now show that these maps are weakly continuous. Let s — s, then by taking s. = s, we
have e2(s;,) — €°(sg) weakly in L2(Q; M2X") as ¢ — 0. Let

sym
M := sup |e2(sk)|l2-
e>0,keN
Since the weak topology of L?(£); M?yxnff) is metrizable on bounded sets, we deduce that there exist

a distance, denoted by djs, in L2(£; M%) such that the weak topology on {¢ € L?(Q;M2X") :

sym sym
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lella < M} is compatible with the topology induced by the distance dp;. Hence there ex-
ists ¢, — 0 as k — +oo such that dar(eg, (sk),e°(sx)) < 1/k, and by (3.9), we also have
limy, das (e, (sk),e°(s)) = 0. We conclude that e®(sg) — €°(s) weakly in L*(Q; M) which
completes the proof of the weak continuity of e® and also of ¢°. Finally s — Fu°(s) is weakly*
continuous in M (€; M,;) and by the Poincaré-Korn’s inequality, we get the desired weak™® con-

tinuity of s +— u°(s) in BD(). O

Remark 3.5. Note that the previous result implies in particular that s — e°(s) and s — 0°(s)
are weakly measurable (with values in L?(€2; M7")), hence strongly measurable, so that, in view

of Remark 2.9, e°,0° both belong to L>(0,T; L?(£; M7?X")). 9

sym

3.3. Stress constraint. We next establish the partial stress constraint of Theorem 3.1. This
property only applies to the rescaled limit of the p-visco-plastic evolutions. The presence of the
regularization kernel p is indeed crucial in improving the convergence of the viscous stresses and
allowing the computation of the 0-viscosity limit.

We focus on the modified stress constraint in the unscaled time, stated in the first item of
Remark 2.8. Passing to the 0-viscosity limit in the rescaled modified stress constraint is not
convenient because the chain rule introduces a term of the form ep?/#2 which we do not control.

Let us introduce the left-continuous (resp. right-continuous) inverse of t° defined by s° (t) :=
sup{s : t°(s) < t} (resp. s5.(t) := inf{s : t°(s) > t}) and S° := {t € (0,T) : s°(t) < s5.(t)}.
Here we use the convention sup () = 0, so that s° (0) = 0. Observe that t°(s° (t)) = t°(s3.(t)) =t
and that the set S° is at most countable. By [9, Lemma 5.2], we know that for each t ¢ S°,
s2(t) — s2(t) = s3.(t). Hence, owing to convergences (3.5), (3.9) and the fact that p? is 1-
Lipschitz, we have

ue(t) = u®(s° (¢t)) weakly™ in BD(Q),

ec(t) — e°(s° (t)) weakly in L?(€; M7, (3.14)

oc(t) = 0°(s° (t)) weakly in L*(€; M7x"),

pe(t) — p°(s2.(t)) weakly™ in M(Q; MYT),
for all ¢t ¢ S°. Define

U° = {s € (0,T] : t° is constant in a neighborhood of s},
and note that
U° = |J (s2(t),55(8),
tese
hence that it is open.
We are now in a position to prove the partial stress constraint property of Theorem 3.1.
Lemma 3.6. For every s ¢ U°, one has
o°(s) € K(a°(s) * p). (3.15)

Proof. Thanks to the energy equality in the second item of Remark 2.8 and of the already estab-
lished bounds on the various quantities in the right hand-side of that equality (see Remark 2.9),

epe(t) — 0 strongly in L2(0,T; L?(Q; MX1)), (3.16)

sym

and also a.e. in 2 x (0,7"). Recall the modified stress constraint from that same remark, namely
oe(t,x) — epe(t,x) € DoH([o:(t) * p](x),0) for a.e. (x,t) € Q x [0,T].

Then, for any ¢ € Mg, 7,

H([o:(t) * pl(x),q) > (0e(t,x) — epe(t,x)) : ¢ for a.e. (x,t) € Q x [0,T].
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Because of the third convergence in (3.14) and of Remark 2.9, 0.(t) *x p — 0°(s°(t)) * p a.e. in Q
and in LP(€; M), p < oo. Consider a measurable subset £ C (). Integrating the relation above
over F, recalling Lemma 1.5 and convergence (3.16), we may pass to the limit in that relation and

we obtain, for a.e. t € [0,T],
H([o° (52 (1)) * pl(2), q) > 0°(s2.(£),2) : q for a.e. 7 € 2,
or, equivalently,
0°(%.(1)) € K{o°(s° (1)) * p)-
By the left continuity of s° and the weak continuity in L?(; M%) of 0°, we conclude that the
previous relation actually holds for every ¢ € [0,T]. A similar argument would lead to

0°(s3 (1)) € K(o°(s3.(¢)) * p)-

Since s° () < s%.(t) if, and only if ¢°(s) is constant over the interval [s; (¢), s (t)], we finally obtain
(3.15). O

3.4. Some qualitative properties at rescaled jump times. In view of Lemma 3.6, it is not
clear that the stress constraint should be satisfied for all rescaled times. This suggests the intro-
duction of the following sets:

A° = {s€[0,T] : dista(c°(s),K(c°(s) * p)) >0}, B°:=[0,T]\ A°.
By Lemma 3.6, the inclusion A° C U° holds and, in view of (1.9), 0°(s) € L>®(; MZX") for all

sym
s € B°. However, the function 0°(s) may fail to belong to L*°(Q; Mg ") for s € A° and it will be
an obstacle to a rigorous definition of the product of the stress by the plastic strain for such times
(see Subsection 1.4). In fact, this lack of regularity on the stress will be compensated by a higher

regularity on the plastic strain.

Lemma 3.7. The set A° is relatively open in [0,T], and for every S € [0,T],

[ ) e dista(o 5), K" (5) ) ds
A°nlo,S]

< liminf 198 (5)||2 dista (a2 (s), K(02(s) % p)) ds.  (3.17)
e—0 A°n[0,5]
Moreover, p° € W2t (A°; L2(Q; M),

loc sym

Proof. We first show that A° is open. For any 7 € L*(Q; M7<"), the set K(7) is convex, and then
the map

LA (Q;M™X™) 5 ¢ dista (0, K(7))

sym
is convex as well and consequently weakly lower semicontinuous in L?(Q; Mz "). On the other
hand, from (1.12) we have that

|diSt2(0’,IC(T1)) — diStQ(U,IC(TQ))| S CHHTl — TQHQ,

for every o, 7 and 7, € L*(Q; M%), from which we deduce that (o,7) — dista(o, K(7)) is
lower semicontinuous for the product of the weak L2(; M, )-convergence in o with the strong
L?(Q; M2 )-convergence in 7. As a consequence, by the weak continuity in L*(Q; MZ%") of s —
0°(s) established in Lemma 3.4 which implies in particular the strong continuity of s +— o°(s) * p
in L?(Q; M2¢"), we deduce that s — dista(0°(s), K(0°(s) * p)) is lower semicontinuous, and thus

B° is closed.

The proof of the lower semicontinuity (3.17) is verbatim that in [9, Lemma 6.4].
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By the second form of the energy equality in Remark 2.8, the first bound in Remark 2.9, the
Cauchy-Schwartz inequality and (1.19), we get after performing the change of variables s = s2(t),

/0 152(5) |2 dista(02(s), K(02(s) * p) ds < C, (3.18)

for some constant C' > 0 independent of . Since A° is open, let us consider a connected component
(a,b) of A°. In the light of the already established lower semicontinuity of s +— disty(c°(s), K(c°(s)*
p), for any [a’,V'] C (a,b), there exists ¢ > 0 such that

dista(a°(s), K(a°(s) x p) > ¢

for every s € [a’,b']. Hence from the lower semicontinuity (3.17) and the uniform bound (3.18), we
get that

v C

[ l)as < . (3.19)
We know that p° € Ly (0,T; M(Q;MZx")), in other words, the function s — (p°(s), ¢) is mea-
surable for every ¢ € C(S;MZ<"). From (3.19), [|p°(s)|l2 < 4oc for a.e. s € (a,b). Hence by
density the function (a,b) 3 s — (p°(s), ¢) is measurable for every ¢ € L?(Q; MZ"), which shows
that p° : (a,b) — LQ(Q;MQJW’LL) is weakly measurable, and thus strongly measurable, owing to
Pettis Theorem. Consequently, by (3.19) we have that p° € Li (a,b; LQ(Q;M?JW’})), and thus
p° € Wi (a. b L (4 ME0). O

We are now in a position to state that e® and u° are absolutely continuous in time at those
points where the stress constraint is not satisfied.
Lemma 3.8. We have e° € Wlf)’cl(Ao;LQ(Q;M"X”)) and u® € W (A% HY(Q; R™)). Moreover, if

sym loc

(a,b) is any connected component of A°, then u®(s1)—u°(s2) € Hi(Q;R™) for any a < s1 < sa < b.

Proof. Let (a,b) be a connected component of A°, and let a < s1 < so < b. Since A° C U°, t° is
constant in (a,b) and thus,

w®(s1) = w°(s2). (3.20)
By Lemma 3.7, p°(s1) — p°(s2) € L*(Q;MZ), so that it does not charge dQ. Thus, Eu®(s;) —

Eu(sg) = e°(s1) —e°(s2) +p°(s1) —p°(s2) € L*(; ML) and (u®(s1) —u°(s2)) ©Ov = 0 H" '-a.e.
on 9. As a consequence, we get that u®(sy) — u°(s2) € Hi(Q;R™).
Since dive®(s1) = dive®(s2) = 0 a.e. in €,

(0°(s2) = 0%(s1), €% (s2) = €°(s1)) = —(0°(s2) — 0°(51),p° (52) — P°(51))-
Then using (1.19), we infer that
o o ﬁA o (]
le(s2) = e*(s1)ll2 < lIP"(s2) = p*(s1)ll2; (3.21)
hence €® € Wit (A% L2(Q; MZ50)).
Moreover, according to the Poincaré inequality and (3.21), there exists a constant C' > 0 (de-
pending only on 2, a4 and 4) such that

[u®(s2) — u®(s1)[l a1 (rn) < Cllp°(s2) — p°(s1)ll2:
hence u® € WL! (A% HY(Q; R™)). O

Remark 3.9. Since A° 5 s — (u°(s),e°(s),p°(s)) is absolutely continuous with values in (the
reflexive space) H'(Q;R™) x L*(Q;Mgxn) x L*(Q;M7x") we deduce, from [3, Appendix], that
the derivative (1°(s), é°(s),p°(s)) exists for a.e. s € A° for the strong topology of H!({2;R") x
L2(;M2Xmy x L2(Q;M2X™).  Moreover, from [6, Lemma 2.1], we get that for a.e. s € A°,

sym sym
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(1°(s),€°(s),p°(s)) € A(0) since s — w°(s) is constant in each connected components of A°.
Finally divé°(s) =0 a.e. in 2. 9

Let us show that the dissipated energy is lower semicontinuous.

Lemma 3.10. For every S € [0,T], we have
S

. S .
timint [ Ho2s) 5 p () ds > [ H(E 0) 0 (s) s

Proof. By virtue of Lemma 1.5, together with (3.6), for a.e. s € [0, 7],
[H(a2(s) * p,p2(s)) — H(o®(s) x p,p2(s))| < Cull(a2(s) = °(s)) * plloc B2 (s) 1
< Cull(o2(s) —0°(s)) * plloo,

while, by (3.9) and (1.20), 02(s) * p — 0°(s) * p uniformly on Q. Recalling Remarks 2.9 and 3.5,
dominated convergence yields

hmlnf/ H(ol(s) * p,p2(s) dS*hmlnf/ H(c®(s) x p, p2(s)) ds.

But the weak L2-continuity in time of s — ¢°(s) established in Lemma 3.4 implies that o° *
p € C([0,T] x ;M=) so that H([o°(s) * p](x),&) is continuous in (z,s,£) and convex, one-

sym

homogeneous in £. In view of (3.8), Reshetnyak’s Theorem (see, e.g., [1, Theorem 2.38]) yields

liminf/ H(o°(s) * p, pe(s ))dsz/

£—0 [0,5]xC

Hwawmuxﬁiwaﬂf@w»

But, by virtue of (3.7), the measure p° disintegrates as

20 __ |50 s 1 po(s)

p - |p ( )|(Q)‘C9 ® |p°(s)|(Q)’
so that, by [1, Corollary 2.29],
cO| __ |50 s 1 |p0(8)|
91 = (O © 5l

Then, application of [1, Theorem 2.28] implies that

° dpo 1 .o 1 1,50 1
s [ (10°06) <l 4 (5:0) ) ool 9 0) € L0, 85156 ),

that is that s — H(0°(s) * p, p°(s)) is L'-measurable and that

AWVQH<W““*”<>50MS@)dW|sx / H(o®(5) * p, 5°(5)) ds,

which completes the proof of the lemma. [

3.5. Rescaled principle of maximum plastic work. It is common mechanical knowledge that,
in classical elasto-plasticity, the flow rule is equivalent to what is usually referred to as Hill’s
principle of maximum plastic work. In our (rescaled) context, this would read as

(1,p°(5)) < (6°(s),p°(s)) for a.e. s € (0,T), and every 7 € L*(Q; M2X")

sym

with divr = 0 and 7(z) € K([0°(s) * p|(z)) for a.e. x € Q.

Further, since H is a support function, this is also formally equivalent to

H(o°(s) * p, p°(s)) = (°(5),p°(s)) for a.e. s € (0,T).
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The maximum plastic work identity of Theorem 3.1 can be viewed as a variant of the previous
equality, accounting for the fact that the stress constraint could not be met at all times, but only
at those that live in BY.

As mentioned in the introduction, the extent to which this relation will imply a more classical
flow rule has been analyzed in great details in [10] in a different context. The results obtained
there would apply verbatim to the situation at hand.

The proof will be based on the following derivability result, the proof of which is postponed to
the next subsection.

Theorem 3.11. The map s — €°(s) is differentiable for a.e. s € [0,T)] for the strong L?(2; M2X")-

sym

topology. Moreover, for every 0 < s1 < s5 < T,

Q(e(s2)) — / / (s,x) : €°(s, ) dx ds. (3.22)

Finally, the map s — (u°(s),e°(s)) is strongly continuous in BD(Q) x L?(Q; M%X").

sym
Remark 3.12. In view of the Lipschitz character of p°(s), of Theorem 3.11, and upon appealing to
Poincaré-Korn’s inequality in BD(f2), we conclude that the map s — u°(s) is weakly* differentiable
in BD(Q) for a.e. s € (0,T), and that the triplet (1°(s), é°(s), p°(s)) belongs to A(w(s)) for those
s’s.
We also need the following remark.

Remark 3.13. Let o € L?(Q;M7%X"). It can be checked that, since the function (z,q) — H([o *

sym
pl(z), q) is continuous with respect to (z,q) € Q x Mg " by virtue of Lemma 1.3, the multi-valued

map x — K([o * p](x)) is continuous on 2 in the sense that
Ve > 0,Vx € Q, Ir, > 0 such that Vy € B(z,r,) : du(K([o = p](z)), K([o * p](y))) < &,
where dg denotes the Hausdorff distance. Consider now 7 € L2(Q; M2X")NK (o *p) with div 7 = 0,

sym

and let p € M(Q; M%) be such that (u,e,p) € A(w) for some (u,e,w) € BD(Q) x L?(Q; M) x

sym sym
H'(Q;R"™). Using a ;artltion of unity, together with a translation and a convolution processy it is
easily shown, in the spirit of [32, Lemma 3.1], that there exists a sequence {r;} C C*(Q; M%)
such that
7; — T strongly in L*(Q; M), divry =0,
and, for each € > 0, there exists j. € N such that
dist (7j(z), K([o = p](z))) <e, for all z € Q, and all j > j..

See also [20, Proposition 3.9] for a proof that only uses local approximations of 7.
Then, using the definition of H,

e+H <[U * pl(z), C;T;(@) > 7;(x) dd;(l’) for |p|-a.e. z € Q.

Hence, integrating over Q with respect to |p| and using (1.18), we infer that
_ _ dp
elpl(2) + H(o * p,p) = £[p|(22) + /ﬁH ([0 *p)(x), d|p|(33)> dlpl(x)
dp
> [ 1i(x): =—(z)d|p|(x) = (7;,p).
|5t : GE@dpl@) = (=0

From the integration by parts formula (1.17) together with the established convergences of the
sequence {7;}, we get that (7;,p) — (7,p). Consequently, passing to the limit first as j — +oo
and then as € — 0 in the previous relation yields

H(o * p,p) > (7,p).
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9

We are now in a position to show the maximum plastic work identity for the vanishing viscosity
limit.

Theorem 3.14. For a.e. s € A°, one has
/Q(UO(S) — P(oo(s)+p) (0°(5))) = B°(s) da + H(0°(s) * p,p°(s)) = /QUO(S) 1 p°(s)dx, (3.23)
and for a.e. s € B®,

H(0®(s) * p,p°(s)) = (0°(s),p°(s))- (3.24)

Proof. Recall the flow rule for the regularized non-associative visco-plastic solution in Theorem 2.1,
namely, for a.e. t € [0, T,

oe(t) — epe(t) € DaH (0(t) * p,pe(t)) a.e. in .

Consider a null test function, and integrate the previous relation over Qx (0,t2(S)), for S € [0, T].
We get

t2(S) t2(S)
/ /(05(5) —epe(8)) : pe(s) deds > / H(oe(s) * p,pe(s)) ds.
0 Q 0

Rescaling time with the map t2, it also reads, thanks to the chain rule, to (1.16), and to the
1-homogeneous character of p — H (o, p), as

S
hmmf{/ H(o2(s) * p,p2(s ))d8+/0 IIPZ(S)2dist2(0§(8)7’C(0§(8)*P))dS}

< lim sup/ / ) dzx ds.
e—0

Then, according to Lemmas 3.7 and 3.10, we get in particular that

S
/H ) *psP ())d8+/0 12°(5)[l2 dista(°(s), K(o(s) * p)) ds

glimsup// ) dxds. (3.25)
e—0

We now investigate the limit in the right hand-side of the above inequality. First, kinematic
compatibility implies that

// 1 pe(s dxds—// s Eul( )dxds—/ /Ae 1 é2(s) deds

and, since divo?(s) = 0 a.e. in Q and u2(s) = w?(s) H" '-a.e. on 99, then this yields in turn

// :pe(s dxds-// s Bwd( )dacds—//Ae €2(s) dx ds

1
/ / )dxds—f Ael(S) 1 e2(S) dx+ = | Aeg: eg dx.
Q 2 Ja 2 Ja

But the first integral in the last term in the string of equalities above also reads as

i2(9)
/ / oo(t) : Eui(t) du dt,
0 Q
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and, thanks to the third convergence in (3.14), to the uniform convergence of ¢2 to t°, to Remark 2.9,
and to the dominated convergence theorem, it converges to

°(9)
/ / (s (1) : Bw(t) dedt = //Q (so (¢ ) : Bwe(s) dzds,

where we used the change of variable ¢ = t°(s). But since Ew°(s) = 0 for all s € U° and
sy (t°(s)) = s for a.e. s € U°, we get that

// s Bw( dxds—>// (s) dx ds.

Further, (3.10) immediately implies, by weak lower semicontinuity that

lim inf /Q Ae(S) : €2(S) da > /Q Ae(S) : €(S) da

e—0

and thus by Theorem 3.11, we deduce that

limsup/ / ) dzds
e—0
1
gi/Aeo:eodx—f/Aeo(S) da:—l—/ / (s) dzds
Q
/ / dxds—i—/ / (s) dx ds.

In view of Remark 3.12, for a.e. s € [0,T] the triplet (1°(s), é°(s),p°(s)) belongs to A(w°(s)) and
div°(s) = 0 a.e. in . Hence, appealing to the duality formula (1.17),

// da:ds—i—// )dxds—/os(ao(s),po(s)>ds,

and thus B
limsup/ / dxds</0 (c°(s),p°(s)) ds. (3.26)

e—0

We collect (3.25) and (3.26), and obtain
s
/ H(o(s) * p,p°(s ))d8+/ 19°(5)[l2 dista(a°(s), K(0(s) * p)) ds
0
S o
< / (0°(s),5°(s)) ds. (3.27)

Next, appealing to Remark 3.13, for a.e. s € B® we have

H(o®(s) x p,p°(s5)) 2 (0°(s),p°(s))-
On the other hand, since p°(s) € L?(Q;M2x") for a.e. s € A°, the duality pairing (c°(s), p°(s))

sym

coincides with the L? product for a.e. s € A°, so that
(0°(5) = Pic(oo()2p) (0°(5)), 5°(5)) + (Pic(oo (5 (0°(5)), °(5)) = (0°(5),5°(9))
for a.e. s € A°. From the definition of H it immediately follows that
H(o®(s) * p,p°(8)) = (Prc(oo(s)xp) (0°(5)), B°(8)),
so that

16°(s) |2 dista(a°(s), K(°(s) * p)) + H(o%(s) * p,p°(s)) = (0°(s),5°(s))
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for a.e. s € A°. Hence we conclude from (3.27) that for a.e. s € [0, 7],

15°(s) |2 dista(a°(s), K(a°(s) * p)) + H(0%(s) * p,p°(s)) = (0°(s),5°(s))-
The proof of (3.23) and (3.24) is complete. O

3.6. Energy equality. The aim of this section is to prove Theorem 3.11. Unfortunately, we were
not able to bypass the energy equality in establishing that result; therefore, our proof follows closely
that of a related result in [9, Sections 7, 8] and the reader familiar with that work can skip most
of the following and proceed directly to the proof of Theorem 3.11 which concludes the section.

We first address the proof of the energy inequality which will be achieved through the lower
semicontinuity of the different terms involved in the total energy.

Proposition 3.15. For every S € [0, 7],

S
/ H(o%(s) * p,p°(s ))d8+/0 12°(s) |2 dista(° (s), K(a°(s) * p) ds

/ / °(s)dxds. (3.28)

Proof. According to Remarks 2.7 and 2.8, together with a change of variable in time, we infer that

/H 5) % p,52(5) ds+/ 152(5)1]2 dista (0 (s), (02 (s) * p) ds

s [ o s

By Lemma 3.4 and the convexity of Q, we clearly have
Q(e°(9)) < lim i(glf Q(e2(9)).
e—

The conclusion then follows from the lower semicontinuity results obtained in Lemmas 3.7 and
3.10. O

We now prove that the energy inequality is actually an equality. The idea consists in subdividing
the interval [0, 7] into a suitable partition, and using fine approximation results of the Bochner
integral by suitable Riemann sums. In particular (see, e.g., [11, Lemma 4.12]), there exists a
sequence of subdivision {s}1<;<;, of the interval [0, S] satisfying

O=sp<sp<..<spF=8 n:= lrgnlz%)gk(s}C — s —0, (3.29)
and
i _ ik st .
i > / o0 0" ads =0 = i S / o) ol 630)
and

1k ik
lim Z/ IXBo(s) — xBe(siM)|ds = 0 = lim Z/ IxBeo(8) — xBo(sh)|ds. (3.31)

k— o0 k—-+o0
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On the other hand, from [9, Lemma 7.3], we get that, for any infinitesimal subdivision satisfying
(3.29),

Jim 3 (10 s = pp(sh) — plsi ) — [ (%) () ds
i=1 Sk
=o=kgr3w._'1ﬂ<o< Y s p,pls} / H(o®(s) * p.3°(s)) ds|. (3:32)

Since the regularity of the triplet (u°(s),e°(s),p°(s)) depends on whether s € A° or s € B°, it
proves convenient to distinguish between those indices ¢ for which s}, belongs to B° and those for
which si, belongs to A°. To this effect, we define the following sets of indices:

I ={ie{l,....ix} : s} ' € B°N[0,5], and si € B°N 0, S},
Jp={ie{l,... i} sl ¢ B°N[0,8], or st ¢ B°N[0,S]}.

Then, in view of (3.20) and (3.30), it is nearly immediate (see [9, Lemma 8.8]) that

kgrfooz/ (BwC(sh) — dx—/ / (s) drds
= lim Z/ﬂww@wm (s) — Bw®(si 1)) de.  (3.33)

k
Ttee T

Let us start with the contribution of the set B° to the total energy .

Lemma 3.16. For every S € [0,T], we have

[ fros et

< liminf‘ {Q(eo(s@) - / H(o(s) * p,p°(s ))ds} . (3.34)

Proof. Let s1 and sy € B°. Using the integration by parts formula (1.17) together with the fact
that divo®(s1) = divo®(s2) =0 a.e. in Q, we deduce that

/Q(UO(SI) +0%(2)) 1 (Bw®(52) — Bw(s1)) da =
/Q(UO(Sl) +0°(s2)) : (€°(s2) — €°(s1)) dw + (0°(s1) + 0°(s2),p° (s2) — P°(51))-
Then, since 0°(s1) € K(0°(s1) * p) and 0°(s2) € K(0°(s2) * p), Remark 3.13 implies that

1

5 /{2(0"(81) +0%(s2)) : (Bw®(s2) — Ew(s1)) dw < Q(e®(s2)) — Q(e°(s1))

SR (s1) 5 9,17 (52) = 1°(51)) + R0 (52) % o1 (52) — 17(51)). (335)
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Now let ¢ € I} so that 52_1 and s, € B°N[0,5]. Then writing the previous inequality with
§1 = s};l and sy = s};, and summing up for all i € I leads to

% Z /9(00(82*1) +0°(s1)) : (Bwd(sh) — Bw®(siY)) da

i€l

of .t oft— 1 o i— O 0 o i—
< Y { Q1) — Qe(s7) + ZH( (s .2 (sh) = P (s )
1 [ Ot o/ i—1
+ 5" (1) * 90" (1) = (517 }-
Then according to (3.32) and (3.33), we obtain the desired relation (3.34) by letting k — +o00. O

We next examine the contribution of the energy on A°.

Lemma 3.17. For every S € [0,T],

k— 400

0 < liminf {Q(eo(sfc)) —Q(e(si M) + /S: H(o°(s) * p,p°(s)) ds}
1€ Jy Sk

S
+/ 19°(5)|2 dist2(a°(s), K(0°(s) * p)) ds.  (3.36)
0

Proof. Let s; and sy € (a,b) be such that s; < sa, where (a,b) is a connected component of A°.
Then, setting 7°(s) := Pic(go(s)xp) (0°(8)) € K(0°(s) * p) for a.e. s € (51, 52), we obtain

H(o°(s) % p,5°(s)) > /Q ro(s) : 5°(s) da = /Q 0°(s) : p°(s) di — /Q (0°(s) — 7°(s)) : 5°(s) da.

From Remark 3.9, p°(s) = Eu°(s) — é°(s) a.e. in 2 and for a.e. s € (s1,s2), while 4°(s) = 0
H" la.e. on Q. Hence, integrating over (sq,ss) and using integrations by parts in space and
time and the fact that dive®(s) = 0, we obtain

Q(e(52)) 2 Qe(51)) — [ Hlo"(s) % (s)) ds

-/ 5 ()l dista (0" (), K(0°(s) % p) ds. (3.37)

S1

Since the mapping s — e°(s) is weakly continuous in L*(€; M7 "), we deduce by lower semicon-
tinuity of the right hand-side of (3.37) with respect to s, that relation (3.37) holds as well for s;
possibly equal to a. Moreover, application of [9, Lemma 8.5] establishes the existence of a sequence
{sk} /" b such that limg ||e°(sg) — €°(b)||2 = 0. Consequently, (3.37) can be further extended to

any a < 51 < 83 < b.
Now let i € Ji. Then either (si ', s4) C A° or (st !, s4) N B° # 0 so that J; = Jj, U Jy,, where

Jei={i€ Jp: (sitsh) C A%}, Jpi={i € Jp: (sit,sh) N B® #£ 0.
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Assgme first that i € Jj so that gsz_l,s};) C A°. Then applying (3.37) with s; = s};_l and
sp = s}, and summing up for all i € Ji leads to

Si

os}j{Qfm»—gf@ﬂ»+iiﬂwwwmﬁw»w
iejk S

+ /5: 15°(s) |2 dist2(0°(s), K(a° (s) * p) ds}. (3.38)

Sk
On the other hand, if i € Jj, then (sf;l, st) N B° # . Let us define
52_% = inf{s € B°n(si ', sh)},
s;;_% = sup{s€ B°N(sy ' si)},
and observe that since B° is closed, then SZ_% and SZ_% € B°. Then the open intervals (s?:l, 5. %)

and (327%,32) are contained in A°, and it follows again from (3.37) that

Qs ) 2 a6 ) - [ %) (o) s
- /5: Ip°(s)]|2 dista(a°(s), K(c°(s) * p)ds, (3.39)
and

- / 15l dista(0°(5). K(0°(s) # p)ds. (3.40)

“k
Hence, adding (3.39) and (3.40), and summing up for all i € J, we deduce that

Si

OSEZ{Qf@ﬁ—Q@%ZW+ (0 (5) * po°(s)) ds
i€ %k

+/7 15°(3) |2 dista(0°(s), K(0°(s) * p) ds} o (341)

k

where J; is the intermediate term defined by

@:Ei&m%?%—gw@ﬁnifkHw%wmﬁ@Ms
i€Jy 3

-3

Sk
Lgnﬁ@mmmw@xw%wmw}
Sk
We claim that

limsup 0, < 0. (3.42)
k——+oco

If so, adding (3.38) and (3.41) leads to the desired inequality (3.36).
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We conclude the proof of the lemma by showing that ¢ indeed satisfies (3.42). Since s;:% and

si_% € B°, it follows from (3.35) that

1 o, i—2 o, i—1 o, i—2
0 < Z {ZH(U (sp ) xp,0°(sy, 2) —p°(s1, 7))
i€ Jy

5 e = D) - [ g M) 5 () ds
73/9(00(32‘%”00(5;‘%))  (Bw®(sy 9) — Bul(sh %)) dx}.

Using the fact that o° € L*( x B®;MZ2X"), that s — Ew°(s) is constant on each connected

sym
component, of A° and 1-Lipschitz (with values in L?(€; MZ")) on B°, we deduce that
;;

ey [ s ds

iedy, © ok
i i—1 oy i—2 8275 o Y]
3 (e et e =) = [ Mo g (s) ds
zEJk Sk
i i-1 oy i—2 s ” o o
Dl L O VA B O B N CRO RS
’LEJ}C 5k

for some constant C' > 0 independent of k. Then according to (3.32) (which holds for any infinites-
imal subdivision) and because (3.31) allows us to replace (in the limit) each term fsk_l Xpe(s)ds
Sk

by either (s§ — s} ")xpe(sh) = 0 if st € Ao, or by (si — si xpe(sy ') = 0if sj7' € Ay, we
conclude that d satisfies (3.42) as claimed. O

As a consequence of (3.34) and (3.36) we deduce the second energy inequality:
Proposition 3.18. For every S € [0,T],

S
/ H(o™(s) * p, 5°(s)) ds + / 15° () 2 dista (0 (5), K (0 (5)  p) ds

/ /Q (s) dods. (3.43)

Propositions 3.15 and 3.18 yield in turn the following energy equality:

S
/ H(o°(s) * p.°(s)) ds + / 15°(5) |2 dista(0°(), K(o°(s) * p) ds

/ / (s) dxz ds,
and in particular, for every 0 < 57 < 59 < T, we get

Qe°(s2)) /H §) % p,5°(s)) ds < Q(e°(s1)) // °(s)deds.  (3.44)
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Thanks to this relation, we are in a position to prove the almost everywhere differentiability in
time of s +— e°(s).
Finally, the energy equality immediately implies that

Q(e°(s)) e Whi(0,T). (3.45)

Proof of Theorem 3.11. According to Lemma 3.8, we already know that s — e°(s) is absolutely
continuous in A° with values in the reflexive space L*(Q; MZ"). Hence from [3, Appendix], we
conclude that it is differentiable almost everywhere in A° for the strong L?(; My,) topology. It
suffices to prove the almost everywhere differentiability of e® in B°.

Let 0 <51 <8359 < T, and assume that s; € B°. Thanks to the Lipschitz continuity of H in its

first variable (see Lemma 1.5) and (3.6), for a.e. s € (s1, $2),

(@°(5) * p,°(s)) + Cullp°(s)[11[(o°(s) — 0°(s1)) * plloo
(0°(s) % p,p°(5)) + Clle®(s) — € (512,

for some constant C' > 0 independent of s and s;. Next, using (3.44) between s; and s3, we infer
that

H(o®(s1) * p,p°(s)) H
H

IAINA

Qw@m+/”mwmwmw@Ms
°(s1)) //ﬂ . B )dxds+0/ 1e°(s) — e*(s1)||2 ds.  (3.46)

Now, since 0°(s1) * p is continuous, it is uniformly continuous on Q. Thus for each ¢ > 0, there
exists d > 0 such that if z and y € Q are such that |z—y| < ¢, then |[c°(s1)*p](x)—[0°(s1)*p](y)]| <
e. Let us split Q into a finite family of pairwise disjoint sets {Q; }1<i<m. such that

= UZ'LZ @’
diam(Q;) < 4,
L2 10°()[(Q2N 0Qi) ds = [p°(s2) — p°(51)|[(2N Qi) = 0

foralli e {1,...,m.}. Fix a point z; € @;. Then appealing to Lemma 1.5, for a.e. s € (s1, $2),

J

Hence, using (3.6), we get that

dp°(s)
dlp°(s)]

(@) = 11 (1o°(s0) wplla, o

H | [0%(s1) *pl(2), (@) )| dlp°(s)(x)
( )

< Cuelp®(s)|[(Qi)-

i

/52 H(o®(s1) * p,p°(s)) ds

SR

(1260 #al(e0). 52000 ) (9] o) s

— Che(sa —s1). (3.47)
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By virtue of [6, Theorem 7.1] applied to H([o°(s1) * p](x;),), we get, for each i € {1,...,m.},
[ (1 solte. 525 ) i o)) s

A7 ()
> [ (1o el
> [t (o0 sl G T (s2) < (s )
— Crelp®(s2) — p°(s1)|(Qi),

where we used again Lemma 1.5. Finally, since p° € Lip(0, T; M (€; M7")) with Lipschitz constant
less than 1, we conclude from (3.47) that

/ H(o%(s1) * p,p°(s)) ds = H(0°(s1) * p,p°(s2) —p°(51)) — 2Cme(s2 — 1),
and letting € ™\, 0 that

/82 H(o®(s1) * p,p°(s)) ds > H(o®(s1) * p, p°(s2) — p°(s1)).

Thus, (3.46) yields
Q(e®(s2)) + H(o®(s1) * p,p°(52 81)

" o°(s) : B (s) dxds+C/ le°(s) — e°(s1)ll2 ds.
Q

Since s1 € B°, then ¢°(s1) € K(c°(s )*p) and thus, by Remark 3.13, (0°(s1),p°(s2) — p°(s1)) <
H(o°(s1) * p,p°(s2) = p°(s1)). Hence,

Q(e®(s2)) + (o°(s1),p"(s52) — p° (51
< Q(e°(s1)) / / : Buw®( )dxds—i—C/ lle°(s) — e®(s1)||2 ds.

Since Q(e°(s2)) — Q(e°(51)) = Q(e°(s2) — )+ Jqo°(s1) : (e°(s2) — €°(s1)) da,
Q(e°(s2) — / /Q s1)) : Ew°(s) dxds + 0/52 le°(s) — €°(s1)]|2 ds.

In deriving the inequality above, we have also made use of kinematic compatibility, and of the
duality (1.17), together with the fact that 0°(s1) is divergence free.

Owing to the coercivity (1.19) of Q, the Cauchy-Schwartz inequality and the fact that || Ew°(s)||2 <
1 for a.e. s, we obtain that

S2
le°(s2) — € (s1)]3 < C/ [€°(s) — €°(s1)[|2 ds,
S1
for some constant C' > 0 independent of s; and s5. Hence Gronwall’s Lemma implies that
[e°(s2) —€®(s1)]l2 < L(s2 — s1), (3.48)

for some constant L > 0 (independent of s; and sp) for every 0 < s; < s < T with s; € B°.
ThIlb by [10, Theorem 3.1], s — e°(s) is differentiable almost everywhere in B° for the strong
L?(Q; M) topology.

Then, we deduce that
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for a.e. s € [0,T], and thus relation (3.22) follows, since, thanks to (3.45), [, 0°(s) : €°(s) dx €
LY(0,7).

Finally, by (3.21), (3.48), we conclude that s +— e°(s) is actually strongly continuous into
L2(£;M™X™) and recalling that p°(s) is Lipschitz into M (Q; M%), together with Poincaré-Korn’s

sym sym

inequality and the H!-regularity of w°, that s — u°(s) is strongly continuous into BD(£2). O
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