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Dynamic perfect plasticity and damage in viscoelastic solids

ELISA DavoLI!, TOMAS ROUBICEK 23, ULISSE STEFANELLI!'*

Abstract

Abstract. In this paper we analyze an isothermal and isotropic model for viscoelastic media com-
bining linearized perfect plasticity (allowing for concentration of plastic strain and development of shear
bands) and damage effects in a dynamic setting. The interplay between the viscoelastic rheology with
inertia, elasto-plasticity, and unidirectional rate-dependent incomplete damage affecting both the elastic
and viscous response, as well as the plastic yield stress, is rigorously characterized by showing exis-
tence of weak solutions to the constitutive and balance equations of the model. The analysis relies on
the notions of plastic-strain measures and bounded-deformation displacements, on sophisticated time-
regularity estimates to establish a duality between acceleration and velocity of the elastic displacement,
on the theory of rate-independent processes for the energy conservation in the dynamical-plastic part,
and on the proof of the strong convergence of the elastic strains. Existence of a suitably defined weak
solutions is proved rather constructively by using a staggered two-step time discretization scheme.

Keywords: Perfect plasticity, inertia, cohesive damage, Kelvin-Voigt viscoelastic rheology, functions of
bounded deformation, staggered time discretisation, weak solution.

AMS Subj. Classificaiton: 35Q74, 37N 15, 74C05, 74R05.

1 Introduction

Plasticity and damage are inelastic phenomena providing the macroscopical evidence of defect formation
and evolution at the atomistic level. Plasticity results from the accumulation of slip defects (dislocations),
which determine the behavior of a body to change from elastic and reversible to plastic and irreversible,
once the magnitude of the stress reaches a certain threshold and a plastic flow develops. Damage evolution
originates from the formation of cracks and voids in the microstructure of the material.

The mathematical modeling of inelastic phenomena is a very active research area, at the triple point
between mathematics, physics, and materials science. A vast literature concerning damage in viscoelastic
materials, both in the quasistatic and the dynamical setting is currently available. We refer, e.g., to [39,41,
46,51,53] and the references therein for an overview of the main results.

The interplay between plasticity and damage has been already extensively investigated, prominently
in the quasistatic framework. The interaction between damage and strain gradient plasticity is addressed
in [19] whereas a perfect-plastic model has been proposed in [1], where the one-dimensional response is
also studied. Existence results in general dimensions have been obtained in [18, 20], see also [21] for
some recent associated lower semicontinuity results. The coupling between damage and rate-independent
small-strain plasticity with hardening is the subject of [10,44,49]. Quasistatic perfect plasticity and damage
with healing are analyzed in [48]. The identification of fracture models as limits of damage coupled with
plasticity has also been considered [24,25].

The analysis of dynamic perfect plasticity without damage has been initiated in [5]. A derivation of the
equations via vanishing hardening, and vanishing viscoplasticity has been performed in [15, 16]. A gen-
eralization via the so-called cap-model approximation has been obtained in [6]. An approximation of the
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equations of dynamic plasticity relying on the minimization of a parameter-dependent functional defined on
trajectories is the subject of [26], whereas an alternative approach based on hyperbolic conservation laws
has been proposed in [7]. Dimension reduction for dynamic perfectly plastic plates has been carried on
in [40]. Convergence of dynamic models to quasistatic ones has been analyzed in [23,43].

To our best knowledge, the combination of perfect plasticity, damage, and inertia has been so far tackled
in the engineering and geophysical literature (see, e.g., [27,32,52]), whilst a mathematical counterpart to the
applicative analysis is still missing. The focus of this paper is to provide a rigorous analysis of an isothermal
and isotropic model for viscoelastic media combining both small-strain perfect plasticity and damage effects
in a dynamic setting.

More specifically, our main result (Theorem 2.2) shows existence of suitably weak solutions to the
following system of equations and differential inclusions, complemented by suitable boundary conditions
and initial data

pﬁ —dive = fv 0= (C(a)eel + D(a)éelv €el = G(U) -, (la)
0y (@)Dir(7) 2 dev o, (1b)
(&) + %C’(a)ed S eq 2 ¢/ () + div (k|Va|P2Va), (Ic)

where u, m, and « denote the displacement, the plastic strain, and the damage variable, respectively, C(-),
D(-), and o, , (-) are the damage-dependent elasticity tensor, viscosity tensor, and yield surface, and e(u) =
(Vu 4 Vu) is the linearized strain. The notation Dir stands for the set-valued “direction” (see Subsection
2.5), dev o identifies the deviatoric part of the stress o, namely devo := o — tr(¢)Id/d, ( is the local
potential of dissipative damage-driving force (see (7)), constraining the damage process to be unidirectional
(no healing). Finally ¢ is the energy associated to the creation of microvoids or microcracks during the
damaging process, x is the length scale of the damage profile, and p the mass density. We refer to Section
2 for the precise setting of the problem, the definition of weak solution to (1a)—(1c), and the statement of
Theorem 2.2.

The analysis of model (1a) presents several technical challenges. Perfect plasticity allows for plastic
strain concentrations along the (possibly infinitesimally thin) slip-bands and calls for weak formulations
in the spaces of bounded Radon measures for plastic strains and bounded-deformation (B D) for displace-
ments. This requires a delicate notion of stress-strain duality (see Subsection 4.1). Considering inertia and
the related kinetic energy renders the analysis quite delicate because of the interaction of possible elastic
waves with nonlinearly responding slip bands, as pointed out already in [8]. Various natural extensions
such as allowing healing instead of unidirectional damage, or mutually independent damage in the viscous
and the elastic response (in contrast to (22b) below), or different damage behaviors in relation to compres-
sion/tension mode leading to a non-quadratic stored energy, or an enhancement by heat generation/transfer
with some thermal coupling to the mechanical part, seem difficult and remain currently open.

The proof strategy relies on a staggered discretization scheme, in which at each time-step we first iden-
tify the damage variable as a solution to the damage evolution equation, and we then determine the plastic
strain and elastic displacements as minimizer of a damage-dependent energy inequality (see Section 4). A
standard test of (1a)—(1c) leads to the proof of a first a-priori estimate in Proposition 5.6. In order to ensure
the strong convergence of the time-discrete elastic strains ej, needed for the limit passage in the damage
flow rule, a further higher order test is performed in Proposition 5.7. The convergence of the elastic strains
is then achieved by means of a delicate limsup estimate (see Proposition 6.2). Due to the failure of energy
conservation under basic data qualification, the flow rule is only recovered, in the limit, in the form of an
energy inequality (see Remark 2.9).

A motivation for tackling the simultaneous occurrence of dynamical perfect plasticity and damaging
is the mathematical modeling of cataclasite zones in geophysics. During fast slips, lithospheric faults in



elastic rocks tend to emit elastic (seismic) waves, which in turn determine the occurrence of (tectonic)
earthquakes, and the local arising of cataclasis. This latter phenomenon consists in a gradual fracturing of
mineral grains into core zones of lithospheric faults, which tend to arrange themselves into slip bands, sliding
plastically on each other without further fracturing of the material. On the one hand, cataclasite core zone are
often very narrow (sometimes centimeters wide) in comparison with the surrounding compact rocks (which
typically extend for many kilometers), and can be hence modeled for rather small time scales (minutes
of ongoing earthquakes or years between them, rather than millions of years) via small-strain perfect (no-
gradient) plasticity. On the other hand the partially damaged area surrounding the thin cataclasite core can
by relatively wide, and thus calls for a modeling via gradient-damage theories (see [45,47]).

The novelty of our contribution is threefold. First, we extend the mathematical modeling of damage-
evolution effects to an inelastic setting. Second, we characterize the interaction between damage onset and
plastic slips formation in the framework of perfect plasticity, with no gradient regularization and in the
absence of hardening. Third, we complement the study of dynamic perfect plasticity, by keeping track of
the effects of damage both on the plastic yield surface, and on the viscoelastic behavior of the material.

The paper is organized as follows: In Section 2, we introduce some basic notation and modeling as-
sumptions, and we state our main existence result. Section 3 highlights the formal strategy that will be
employed afterward for the proof of Theorem 2.2, whereas Section 4 focuses on the formulation of our
staggered two-step discretization scheme. In Section 5 we establish some a-priori energy estimates. Finally
Section 6 is devoted to the proof of the main result.

2 Setting of the problem and statement of the main result

We devote this section to specify the mathematical setting of the model, and to present our main result. We
first introduce some basic notation and assumptions, and we recall some notions from measure theory.

In what follows, let @ C RY, d € {2,3} be a bounded open set with C? boundary. In our model, the
domain (2 represents the reference configuration of a linearly viscoelastic, perfectly plastic Kelvin-Voigt
body subject to a possible damage in its elastic as well as in its viscous and plastic response.

We assume that the boundary 92 =: I is partitioned into the union of two disjoint sets I', and I'y. In
particular, we require I';, to be a connected open subset of I" (in the relative topology of I') such that orI',
is a connected, (d — 2)-dimensional, C? manifold, whereas Iy is defined as 'y := " \ T'p.

For any map f : [0,7] x R? — R we will denote by f its time derivative, and by V f its spatial
gradient. We will adopt the notation R%*? to indicate the set of d x d matrices. Given M, N € R%x4,
their scalar product will be denoted by M : N := tr(M ' N) where tr is the trace operator, and the
superscript stands for transposition. We will write dev M to identify the deviatoric part of M, namely
dev M := M — tr (M)Id/d, where Id is the identity matrix. The symbols R%X¢ and Rfled will represent

Sym ev
the set of symmetric d X d matrices, and that of symmetric matrices having null trace, respectively.

2.1 Function spaces, measures and functions with bounded deformation

We use the standard notation LP, WP, and LP(0,T;X) or W'P(0,T; X) for Lebesgue, Sobolev, and
Bochner or Bochner-Sobolev spaces. By Cy(0,7"; X') we denote the space of weakly continuous mappings
with value in the Banach space X. We also use the shorthand convention H* := W2,

Given a Borel set B C R? the symbol M, (B;R™) denotes the space of bounded Borel measures on B
with values in R™ (m € N). When m = 1 we will simply write M (B). We will endow M (B; R™) with
the norm |||, (B;rm) := |p|(B), where [u| € My(B) is the total variation of the measure .

If the relative topology of B is locally compact, by the Riesz representation Theorem the space M, (B; R™)
can be identified with the dual of Cjy(B; R"™), which is the space of continuous functions ¢ : B — R™ such



that the set {|p| > d} is compact for every 6 > 0. The weak* topology on My (B; R™) is defined using this
duality.
The space BD(Q; RY) of functions with bounded deformation is the space of all functions u € L' (£2; R%)

whose symmetric gradient
\% Vu)"
e(u) = yurAve) +2( w)
(defined in the sense of distributions) belongs to M (£2; ngxrff). It is easy to see that BD(2; R?) is a Banach
space when endowed with the norm

lellzr @ty + (@) lag, sy

A sequence {u"*} is said to converge to u weakly* in BD(Q;R?) if u¥ — u weakly in L'(Q;R?) and
e(uF) — e(u) weakly* in My (£ ngxrff). Every bounded sequence in BD(£2; R?) has a weakly* converging
subsequence. In our setting, since €2 is bounded and has C? boundary, BD(£2;R?) can be embedded into
LY@=1)(; RY) and every function u € BD(;R?) has a trace, still denoted by u, which belongs to
L'(T'; R?%). For every nonempty subset y of I';, which is open in the relative topology of I'y, , there exists a

constant C' > 0, depending on €2 and +, such that the following Korn inequality holds true
[ull L1 @irey < Cllullpryray + Clle(@)lly, raxa) 2

(see [50, Chapter II, Proposition 2.4 and Remark 2.5]). For the general properties of the space BD(£2; R%)
we refer to [50].

2.2 State of the system and admissible displacements and strains

At each time ¢ € [0, T, the viscoelastic perfectly-plastic behavior of the body is described by three basic
state variables: the displacement u(t) :  — R, the plastic strain 7(t) : Q — Rgcxvd, and the damage
variable a(t) : © — [0, 1]. In particular, we adopt the convention (used in mathematics, in contrast to the
opposite convention used in engineering and geophysics) that « = 1 corresponds to the undamaged elastic
material, whereas o = 0 describes the situation in which the material is totally damaged. The abstract state
g will be here given by the triple ¢ = (u, 7, «).

On I', we prescribe a boundary datum up, € H'/2 (I'p; R?), later being considered to be time dependent.
With a slight abuse of notation we also denote by uy, a H'(Q; R?)-extension of the boundary condition to
the set €.

The set of admissible displacements and strains for the boundary datum wuy, is given by

o (up) ::{(u, eel, ) € (BD(RY) N LA(Q)) x LA RED) x My(Q U REY)

sym dev
e(u) =eq+min€Q, 7= (up—u)®vpH on FD}, 3)
where © stands for the symmetrized tensor product, namely
a®b:=(a®b+b®a)/2 Va,becR?

v is the outer unit normal to I', and H?=1 is the (d — 1)-dimensional Hausdorff measure. Note that the
kinematic relation e(u) = e + 7 in &7 (up) is classic in linearized elastic theories and it is usually referred
to as additive strain decomposition.

We point out that the constraint

7= (up —u) © vpHon T “)

is a relaxed formulation of the boundary condition v = up on I'p; see also [42]. As remarked in [22], the
mechanical meaning of (4) is that whenever the boundary datum is not attained a plastic slip develops, whose
amount is directly proportional to the difference between the displacement u and the boundary condition uy,.
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2.3 Stored energy

Let Lgym (ngxrff) denote the space of linear symmetric (self-adjoint) operators ngxnff — ngxrff, being under-
stood as 4th-order symmetric tensors.

We assume the elastic tensor C : R — Ly (ngxrff) to be continuously differentiable, and nondecreasing
in the sense of the Lowner ordering, i.e. the ordering of Rglyxnﬁl with respect to the cone of positive semidefinite
matrices. Additionally, we require C(«) to be positive semi-definite for every o € R. Note that, in view of
the pointwise semi-definiteness of C, the possibility of having complete damage in the elastic part is also
encoded in the model. We additionally assume that C(«) = C(0) for every a < 0, and that C'(0) = 0. This
corresponds to the situation in which the damage is cohesive.

The stored energy of the model will be given by

E(q) = E(u,m a) = /Q (%C(a)eol e — O(ar) + g]Va\p) dez  with eq =e(u) —m, ®)
where ¢ : R — R stands for the specific energy of damage, motivated by extra energy of microvoids or
microcracks created by degradation of the material during the damaging process, whereas « represents a
length scale for the damage profile. When ¢/(«) > 0, the damage evolution is an activated processes, even
if there is no activation threshold in the dissipation potential, as indeed considered in (7) below.

For the sake of allowing full generality to the choice of initial conditions, we will assume that devCe =
Cdev e. Note that this is the case for isotropic materials.

2.4 Other ingredients: dissipation and kinetic energy

For the sake of notational simplicity, we consider isotropic materials as far as plastification is concerned.
Let the yield stress o, , as a function of damage o, , : [0, 1] — (0, +00) be continuously differentiable
and non-decreasing. For every m € M (2 U I'p; Rgexvd) let d7/d|x| be the Radon-Nikodym derivative of
7 with respect to its total variation |r|. Assuming that « : [0,7] x  — [0, 1] is continuous, we consider
the positively one-homogeneous function M +— o, ()| M| for every M € R?*4and, according to the

theory of convex functions of measures [34], we introduce the functional

dm
R(a, m) = /QUF UYLD(a)md’ﬂ.’

for every m € M( U T'p; REXD).

In what follows, we will refer to R as to the damage-dependent plastic dissipation potential. Note
that, by Reshetnyak’s lower semicontinuity theorem (see [2, Theorem 2.38 ]), the functional R is lower-
semicontinuous in its second variable with respect to the weak* convergence in M; (2 U I'p; Rg:vd).

For « continuous and such that & < 0in [0, 7] x €2, we define the a-weighted R-dissipation of a map

t — m(t) in the interval [sq, so] as

Dy (a;m;s1,82) := Sup{ ZfR(oz(tj),w(tj)—ﬂ(tj_l)) s <ty<ti1 < <tp<sy, neE N}. (6)
j=1

We will work under the assumption that the damage is unidirectional, i.e. & < 0. Constraining the rate
rather than the state itself, this constraint is to be incorporated into the dissipation potential. For a (small)
damage-viscosity parameter > 0, we define the local potential of dissipative damage-driving force as

I o .
C(6) = 3N if a <0, 7

+o00. otherwise



Let the viscoelastic tensor D : R — Ly, (R‘Siyxrff) be given and define the overall potential of dissipative
forces
R(¢:§) = A0 i, 7,6)
1 .. . dr . . . .
= (—]D)(oz)eel e+ C(a)) dz + oyp(@)——d|m| where eq =e(u) —7m. (8)
Q 2 QUFD d|7T|

Let p € L*(Q), with p > 0 almost everywhere in {2 denote the mass density. We will additionally
consider the kinetic energy given by

. 1.
y(u):/ §p]u\2dx. ©)
Q

2.5 Governing equations by Hamilton variational principle

We formulate the model via Hamilton’s variational principle generalized for dissipative systems [9]. This
prescribes that, among all admissible motions ¢ = ¢(t) on a fixed time interval [0, 7] given the initial and
final states ¢(0) and ¢(7"), the actual motion is a stationary point of the action

T
/ Z(t.q,q)dt (10)
0

where ¢ = %q and the Lagrangean £ (t,q, q) is defined as
L(t,q,q) = T(q) — E(q) +(F(t),q) with F=Fy(t)—9,%(q,q)- (11)

This corresponds to the sum of external time-dependent loading and the (negative) nonconservative force
assumed for a moment fixed. In addition to &, #, and .7 from Sections 2.3 and 2.4, we define the outer
loading Fy as (Fy(t),q) = [, f - uda, where f is a time-dependent external body load.

The corresponding Euler-Lagrange equations read

. d .
0,2 (t:9,4) = 30, (t:4,4) = 0. (12)
This gives the abstract 2nd-order evolution equation
PTG+ 0,%(q,4) + &' (q) = Fo(t) (13)

where 0 indicates the (partial) Giteaux differential. Let us now rewrite the abstract relation (13) in terms of
our specific choices (5), (7)-(9). We have
the following equation/inclusion on [0, 7] x €

pti —dive = f, o:=C(a)eq + D(a)ée, eq = e(u) —, (14a)
Oyip ()Dir(7) 2 devo, (14b)
I () + %C’(a)ed s el 2 ¢ (@) + div (k| Va|P?Va), (14c)

complemented by the boundary conditions
ovp =0 on[0,T] xTy, wu=wup on[0,7]xIp, Va-vp=0 on[0,T] xT. (15)

The notation Dir : Rgexvd = Rgexvd in (14b) means the set-valued “direction” mapping defined by Dir(7) :=
[0] - ](7). In particular
R if 7 #0
Dir(7) = daxd .
{deRET - |d <1} if 7=0

6



Relations (14a), (14b), and (14c) correspond to the equilibrium equation and constitutive relation, the plastic
flow rule, and the evolution law for damage, respectively.
The above boundary-value problem is complemented with initial conditions as follows ,

u(0) =ug, w(0)=mo, «(0)=ap, u(0)=uwvp. (16)

We point out that the monotonicity of C, combined with the unidirectionality (& < 0) of damage implies
that
aC'(a)e:e <0 forevery e € RI*? (17)

namely &C’(«) is negative semi-definite. By the monotonicity of o
yields that

vLp the unidirectionality of damage also

ao! (a) <0. (18)

YLD

The energetics of the model (14)-(15), obtained by standard tests of (14) successively against w, 7, and
«, is formally encoded by the following energy equality

Pra))? L te — ¢(a B I1a(t)P dz
[ BioPas + [ Setaea(n: cat) - oa) + £Iva®Pd

kinetic energy stored energy at time ¢

at time ¢ ¢
+ // na2 + D(a)é : éadrds + oy, (a)|7|dzds
0J/Q

dissipation on [0, ¢]

1 K
= / g|vo|2d33 + / 5(5(040)%1(0) sea(0) — ¢(ao) + =Vl dz
Q Q b

kinetic energy stored energy at time 0
at time 0
t t
+ //f'zldwds + // ovp - Up dHYH ds (19)
0JQ 0 D
~—_——
energy of energy of
external bulk load boundary condition

where the last term has to be interpreted in the sense of (40) below. A rigorous derivation of the energy
equality above will be presented in Subsection 3.1.

2.6 Statement of the main result

Let p > d be given and assume that the data of the problem satisfy the following conditions:

ug € LA(Q;RY) N BD(Q;RY), vy € HY(Q;RY),

To € Mp(QU s REXY), 719 € L2(Q;RIX), (20a)
(uo, e(ug) — o, m0) € A (up(0)), (vo,e(vy) — mo,T0) € o (up(0)), (20b)
ag € WHP(Q), 0<ap<1,

0y (@) Dir(mg) 2 dev (C(av) (e(uo)—mo) + D(ap)(e(vy)—0)), (20c)
f e L*0,T; L(Q;RY), up € W2(0,T; L*(;RY) N HY(0, T; H (Q; RY)). (20d)

The regularity requirements in (20) for vg and 7 and the compatibility condition in (20c) are needed in
order to make some higher-order estimate rigorous, see Subsection 3.2.
We now introduce the notion of weak solution to (14)-(16).



Definition 2.1 (Weak solution to (14)—(16)). A quadruple
we L0, T; BD(Q;RY)) N H2(0, T; L*(; RY))
eol € HY(0,T; L2(Q; REXDY),

sym

7€ BV(0,T; My (Q U Tp; REXD)),

dev

a € (H'(0,T;L*(Q)) N Cy(0, T; WHP(Q))
is a weak solution to (14)—(16) if it satisfies (16), and the following conditions are fulfilled:
(C1) (u(t),ea(t),n(t)) € o (up(t)) for every t € [0,T] (see (3));
(C2) The equilibrium equation (14a) holds almost everywhere in 2 x (0,7');

(C3) The quadruple (u, ey, 7, @) satisfies the energy inequality

/ —|u(T |2d:1:—|—//pu tpdzds

+ [ (FET)ea(T) : ca(T) = $(a(T)) + ZITa()P) da
+ D(a; w0, T) // @)éq : eel+nd2)dazdt

g/givo dx—i—/ (QC(ao)( (uo)—m):(e(uo)—ﬂo)—¢(ao)+g\vozo!7’) dz
—i—/pzl(T) in(T )dx+/ﬂpu0.a[)(0)dx

/ / @)ea : eip) + D(a)éer : eliip) + f - (i — ip) ) da

(C4) The quadruple (u, eq, 7, «) satisfies the damage inequality

T
|/ ¢'<a>¢—m\wp—2w-w—é«o—d)c’( Jeat : e — i
0 JQ
/(;5 ao)——|Va( )P+ |Voz0|pd3:—/ /na dz dt, (21)

for all ¢ € W1P(Q) with (x) < 0forae. x € Q.

The main result of the paper consists in showing existence of weak solutions to (14)—(16). Let us
summarize the assumption on the data of the model:

C:R— Lgym (Rsyxrff) continously differentiable, positive semidefinite, nondecreasing, (22a)
D(-) =Dy + xC(-),Dy positive definite, x > 0, (22b)
¢ : R — R continuously differentiable, nondecreasing, (22¢)
oy - R = R continuously differentiable, positive, and nondecreasing,, (22d)
C'(0) =0, ¢'(0)>0, (22e)
neL>e ), n>n >0 ae., (22f)
k€ LX), k>rKy >0 ae., (22g)



peL>®Q), p>po>0 ae. (22h)

where x > 0 is a constant denoting a relaxation time. The structural assumption (22b) is instrumental in
making our existence theory amenable. It arises naturally by assuming C(-) and D(-) to be pure second-order
polynomials of the damage variable o, namely C(a) = o>Cs (recall (22¢)) and D(a) = Dy + o?Ds. By
assuming the two tensors Cy and D5 to be spherical, namely Co = col4 and Dy = do 14 for some ¢, dy > 0
where 1 is the identity 4-tensor, one can define xy = da/c in order to get (22b). Assumption (22¢) ensures
that « stays non-negative during the evolution even if the constraint o > 0 is not explicitly included in the
problem, see Remark 2.4 below.

Theorem 2.2 (Existence). Under assumptions (20) on initial conditions and loading and (22) on data
there exists a weak solution to (14)—(16) in the sense of Definition 2.1. Moreover, this solution has the addi-
tional regularity (u, eq, ™) € W1°(0,T; BD(Q; R?)) xWh>(0,T; LZ(Q;ngXHCf)) x W1 (0, T; My(QU
FD; Rdxd)).

dev

The proof of Theorem 2.2 is postponed to Section 6, where we present a conceptually implementable,
numerically stable, and convergent numerical algorithm. Instead, we conclude this section with some final
remarks.

Remark 2.3 (Body and surface loads). As pointed out in [6, Introduction], for quasistatic evolution in
perfect plasticity one has to impose a compatibility condition between body and surface loads, namely a
safe load to ensure that the body is not in a free flow. In the dynamic case, under the assumption of null
surface loads, this condition can be weaken for what concerns body loads; see, e.g., [36].

Remark 2.4 (Cohesive damage assumption). We will not include in the model reaction forces to the con-
straint 0 < a < 1. This would be encoded by rewriting (14c) as

. 1
oC¢(a) + §(C’(oz)eel eo +pr D ¢ (o) +div (k|ValP~2Va) where pg € Nigj(@);

here NV [071](-) denote the normal cone and py is a “reaction pressure” to the constraints 0 < a < 1. We
point out that the presence of this additional term in the damage flow rule would cause a loss of regularity
for the damage variable. In order to avoid such problem we will rather enforce the constraint 0 < o < 1 by
exploiting the irreversibility of damage, and by restricting our analysis to the situation in which the damage
is cohesive.

Remark 2.5 (Regularity of I'). We remark that the C?-regularity of I' is needed in order to apply [37,
Proposition 2.5], and define a duality between stresses and plastic strains. For d = 2, owing to the results
in [30], it is also possible to analyze the setting in which I is Lipschitz. The same strategy can not be applied
for d = 3, for it would require div o € L3(£2), whereas here we can only achieve div o € L?(2).

Remark 2.6 (The role of the term ncv). The term 7« in (14c) guarantees strong convergence of the damage-
interpolants in the time-discretization scheme to the limit damage variable. This, in turn, is a key point
to ensure strong convergence of the elastic stresses, which is fundamental for the proof of the damage
inequality in condition (C4). From a modeling point of view, this might be interpreted as some additional
dissipation related with the speed of the damaging process contributing to the heat production, possibly
leading to an increase of temperature. The microscopical idea behind it is that faster mechanical processes
cause higher heat production and therefore higher dissipation.



Remark 2.7 (Phase-field fracture). Our cohesive damage with C’(0) = 0 has the drawback that, while «
approaches zero, the driving force needed for its evolution rises to infinity. This model is anyhow used in
the phase-field approximation of fracture.

21 o2
& (u, o) ::/Q%(Cle(u):e(u)—l— GC<2—1€(1—(¥)2—|—%|VO¢|2) dz (23)

crack surface density

with with G denoting the energy of fracture and with € controlling a “characteristic”” width of the phase-field
fracture zone(s). The physical dimension of £¢ as well as of € is m (meters) while the physical dimension of
G is J/m2. In the model (5), it means C(a) = (e2/e3+a?)Cy and ¢(a) = —G(1—a)?/(2¢) while k = ¢
and p = 2. This is known as the so-called Ambrosio-Tortorelli functional. Its motivation came from the static
case, where this approximation was proposed by Ambrosio and Tortorelli [3,4] and the asymptotic analysis
for ¢ — 0 was rigorously proved first for the scalar-valued case. The generalization for the vectorial case is
due to Focardi [28]. Later, it was extended to the evolution situation, namely for a rate-independent cohesive
damage, in [33], see also [11, 12, 14, 38,41] where inertial forces are incorporated in the description. Note
however that plasticity was not involved in all these references. Some modifications have been addressed
in [13], see also [46] for various other models, and [17,29, 31, 35] for the linearized and cohesive-fracture
settings.

Remark 2.8 (Ductile damage/fracture). A combination of damage/fracture with plasticity is sometimes
denoted by the adjective “ductile”, in contrast to “brittle”, if plasticity is not considered. There are various
scenarios of combination of plastification processes with damage, that can model various phenomena in
fracture mechanics. Here, we address the case of damage-dependent elastic response and the yield stress.

Remark 2.9 (Influence of damage on the energy equality). We point out that, in the absence of damage,
energy conservation could be recovered. Indeed, it would be possible to prove the energy equality, which
would then ensure the validity of the flow rule (14b) as well. A detailed analysis of an analogous albeit
quasistationary case has been performed in [22, Section 6] in the quasistatic framework. An adaptation of
the argument yields the analogous statements in the dynamic setting.

3 Some formal calculus first

We first highlight a formal strategy that will lead to the proof of Theorem 2.2, avoiding (later necessary)
technicalities. In particular, we first derive the energetics of the model by performing some standard tests
of (14) against the time derivatives (u, 7, ). Further a-priori estimates will be obtained by performing a
test of the same equations against higher-order time-derivatives of the maps. Eventually, a direct strong-
convergence argument will be presented.

All the arguments will be eventually made rigorous in Sections 5-6 by means of a time-discretization
procedure, combined with a passage to the limit as the time-step vanishes. The estimates described in
Subsections 3.2-3.3 will be essential to pass to the limit in the time-discrete damage equation.

3.1 Energetics of the model and first estimates

A formal test of the equations/inclusion (14) successively against w, 7, and « yields
/ (pa(t) a(t) + olt) : e(zl(t))) dar = / F(t) - a(t) da + / ot - () AHEY,  (24a)
Q Q r
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/ dev o(t) : #(1) da = /Q oor s ()7 (1)) da, (24b)
JREORES /Q (¢’1<a<t>>oz<t>
— 5C(a®)ibealt) : calt) — K| Va(t) P Valt) Vd(t)) da. (24¢)

Integrating (24a) in time, by (16), (24b), and by the definition of e}, we obtain
tr
/ ( [u(t)]? + (C( (t))eal(t) : eel(t) dac - // —C'(a)deq : eq dods

// a)ée eoldxds—i—// oy p(@)|m|deds

t
:/ (—]vo\2+—C(a0)eol(O):601(0)) dw+//f'?ldxd8+//O’I/F'QlDded_ldS. (25)
o \2 2 0Jo 0Jrp

In view of (15) and (16), an integration in time of (24¢) yields

/Ot/ﬂ (nd2 + %dC'(a)eOl : 601) drds + /Q (g]Va(t)]p - qﬁ(a(t))) dx :/Q (g\Vaolp— ¢(a0)> dz.

(26)

Thus, summing (25) and (26), by (15) we deduce the energy equality (19).

To see the energy-based estimates from (19), here we should use the Gronwall inequality for the term
f - u benefitting from having the kinetic energy on the left-hand side, and the by-part integration of the
Dirichlet loading term. We stress that the last term in (25) can be rigorously defined as in (40). This way,
we can see the estimates

u € L®(0,T; BD(Q;RY)) n Wh(0,T; L*(Q; RY)), (27a)
ea € H'(0,T5 L*(; REXD)), (27b)
7€ BV(0,T; My (Q U Tp; REXD)), (27¢)
a € L0, T; WhP(Q)) N HY(0,T; L*(Q)). (27d)

Unfortunately, these estimates do not suffice for the convergence analysis as the time step goes to 0. In
particular, in relation (35) later on one needs to handle the term ptiy, - w, which is still not integrable under
(27a).

3.2 Higher-order tests

In this subsection we perform an extension of the regularity estimate in Subsection 3.1, relying on the
unidirectionality of the damage evolution, on the fact that o,  (-) is nondecreasing, and on the monotonicity
of C(-) with respect to the Lowner ordering. We introduce the abbreviation

wi=u+ Xd’u Eel i= €e] T Xé017 and w=m+ XT}u (28)

and observe that, & = (w—1)/x. Hence, the equilibrium equation rewrites as

pY _dive = f 4+ p2. (29)
X X

11



We first argue by testing the plastic flow rule (14b) against . We use the (here formal) calculus

P (@DIR(R) F = 2 (0 @) — oy, (@)F] > o (04, (@)]F) (30)

because ao’, (a)|7| < 0 when assuming oy, (-) nondecreasing and using & < 0, cf. (18). This formally
yields

/OT/Q Oyrp(@)|m| da dt + X/Q <JYLD(a(t))|7'r(t)| - XJYLD(QO)|7‘T(0)|) dz
T
= /0 /QUYLD(Q)M" dzdt + X/QUYLD(O‘(t))M(t)‘ dz — X/QUYLD(Q(O))M(O)‘ dx

T
§/ /Uzzﬁdwdt. (€1))
0 JQ

Analogously, testing (29) against w and integrating in time, by (15) we deduce

T p T P T
//(—!%b\“rare(zb)) dxdt:/ / (f-zb+—zl-w) da:dt+/ /aw-(dwxiip)dﬂfd—ldt.
0 Jo X 0 JQ X 0 JTp

(32)
By the definition of the tensor ID (see Subsection 2.3), and by (17), we infer that
//O’ e(w)dxdt = // Q)Eq : éel—l—Doéelzéel+szb>d$dt
1
> [ Seeea® ca@ars [ [ Boia: iadrdi— [ Je(a0ea0):ca)ds
Q Q
T
+ X/ ]Doéol(t) : éol(t) dx — —/ DOéol(O) : éol(O) dx +/ / g ’L%de dt. (33)
2 Ja 2 Ja 0o Ja

Thus, by combining (31), with (32) and (33), we obtain the inequality

//p|w|2d3:dt+ /(C ))ea(t) : ea(t)dex
/ /]Doeol eqdzdt + = /]D)oed() Cal(t dw+//UYLD a)|m| dx dt

X [ Fuap@@NFO]d < 5 [ Clan)z(0): 2a0)ds
3 [ Potal0): ca@dr+x [ @y (0 0)| o

//f wdxdt—l—/ /JVF (tip + X tip) dHITdE + — //pu w dadt.

Let us note that we can use (27a) in order to control % in the last term above. As for initial data, we need
here that é.(0) € L?(¢; ngxrff) and 7(0) € L?(Q;R9X%), which follows under the provisions of (20).

Eventually, by (19), and (28) this yields the following additional regularity for the displacement, and for the
elastic and plastic strains

we Wh(0,T; BD(Q;R%) n H2(0,T; L*(Q; RY)), (34a)
eol € WH20(0, T; L (€, M9%4)), (34b)
€ Wh(0,T; My (Q U p; REX4)). (34c)

12



3.3 One more estimate for the strong convergence of ¢.;’s

The strong convergence of the elastic strains e is needed for the limit passage in the damage flow rule. The
failure of energy conservation (see Remark 2.9) prevents the usual “limsup-strategy”, but one can estimate
directly the difference between the (presently still unspecified) approximate solution (ug, 7x) and its limit
(u, 7) punctually as:

/QD(ak)(éeLk—éel)i (Eelp—Ce1) dzdt

+ [ SC@UD) easT)-ealT): (ear(T)-ealT)) da
Q

< /Q/Q (D(a)(€erk—€er) + Clog) (et —€el)): (€el s —Eer) dadt
< /Q ((f—pilk)-(?lk—ib) — (D(ag)éa + Clag)eq): (o p—Ea)
+ UYLD(ak)(‘T.r’ - ‘Wk’)> dzdt. (35)

The first inequality in (35) is due to the monotonicity of C(-) with respect to the Léwner ordering so that,
due to (17), it holds

0 (1
3t< C(ak)(6ol,k—€e1)i(6ol,k—ee1)>
L. 0
= 50 C (k) (eek—eer):(cork—eer) + Clan) 7 { 3 (eelk ec1):(€elk—ecl)

< Clowk)(eel k—€el): (el k—Eel) - (36)

while the second step in (35) is due to the inequality dev o: (7, — 7) > oy, (o) (|7| — |7]), following
from the plastic flow rule o, | (a)Dir(7;) > dev o, with o from (14a).

By using weak* upper semicontinuity and the uniform convergence a; — « one checks that the limit
superior of the right-hand side in (35) can be estimated from above by zero (so that, in fact, the limit does
exist and equals to zero). We refer to Proposition 6.2 for the rigorous implementation of the above argument.

4 Staggered two-step time-discretization scheme

This section is devoted to the solution of a discrete counterpart of the system of equations (14)—(16), and
to the proof of a-priori estimates for the associated piecewise constant, piecewise affine, and piecewise
quadratic in-time interpolants.

Fix n € N, set 7 := T'/n, and consider the equidistant tirne partition of the interval [0, 7] with step 7.

We define the discrete body-forces by setting f* : f (k—1)r t)dt forall k € {1,...,T/7}. We consider
the following time-discretization scheme:
p62 k—le((C( h 1) 017+D( f’ 1) €el T) f (37&)
Ovun (X )Dir(o7) > dev(C(ah ek, + D(ak1)oek ). (37h)
1 o — o — . —
AC(0a7) + 5C(o7, af Vegy; < eqir 3 ¢°(ar, a7 ™) + div (5| Var [P Vay), (37c)

to be complemented with the boundary conditions

((C(o/ﬁ_l) Colr T D(ak1)sek T) vr =0 on I'y (38a)
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k|Vak[P2Vak . vp =0 on T. (38b)
Here, ¢ and 62 denote the first and second order finite-difference operator, that is

k k—1 k k—1 k—2
uy — uy 9k k Uy — 2u7T + ug
—~ T  and &ul:=46|0ul| =
T T [ 7'] 7—2 ’

and where the tensor C°(«, &) and the scalar ¢°(«, &) are defined for all o, & € R as

C(a)—C(a) fota
C(a, ) := a—a faz
C'(a) =C'(a) if a=a,

do)o@)
¢°(a, &) := a— faza,

d(a)=¢'(a) if a=a.

Let us note that, if ¢(-) is affine, then simply ¢°(a¥,a¥~1) = ¢/. Similarly, if C(-) were affine, then
C°(ak*, oF~1) = C’. We point out that this case would be in conflict with (22¢) unless C would be indepen-
dent of damage.

4.1 Weak solutions to the time-discretization scheme

In order to define a notion of weak solutions to (37b), we need to preliminary introduce a duality between
stresses and plastic strains. We work along the footsteps of [37] and [22, Subsection 2.3]. We first define
the set
2(Q) = {o € L2(GREY) : devo € L¥(Q RS and dive € L*(Q;RY)}. (39)
By [37, Proposition 2.5 and Corollary 2.6], for every o € (£2) there holds
o € L®°(Q; R,

Sym

In addition, we can introduce the trace [ovp] € H ~1/2(I; RY) (see e.g. [50, Theorem 1.2, Chapter I]) as
{[ovp], )1 = /Qdiva ~pdx + /Q o:e(y)de (40)
for every 1) € H'(2; R?). Defining the normal and the tangential part of [ov] as
lovel, := (fovp] - vp)vp and  [ovply = [ovp] = ([ovp] - vp)or,
by [37, Lemma 2.4] we have that [ovp]; € L>(I'; R%), and
vl < 5 ldev ol pgn

Let 0 € %(Q) and let u € BD(;RY) N L2(;RY), with divu € L2(Q2). We define the distribution
[devo : deve(u)] on Q as

([devo : deve(u)], p) := _/

1
godiva-uda:——/gptra-divudx—/a:(u@Vgo)d;n 41)
Q dJo Q

for every ¢ € C2°(€2). By [37, Theorem 3.2] it follows that [dev o : dev e(u)] is a bounded Radon measure
on (), whose variation satisfies

|[dev o : deve(u)]| < ||dev O'HLOO(Q;Rg:VdﬂdeV e(u)] in Q.
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Let TI, (€2) be the set of admissible plastic strains, namely the set of maps m € M;,(QUT'p; R2*9) such

that there exist u € BD(Q;RY) N L*(Q;RY), e € L*(RY), and w € WH?(Q;R?) with (fffve,w) €
4/ (w). Note that the additive decomposition e(u) = e + 7 implies that divu € L%(Q).

It is possible to define a duality between elements of X (£2) and Iy, (£2). To be precise, given m €
Ir,(Q), and o € X(Q), we fix (u, e, w) such that (u,e,m) € & (w), with u € L?(Q;RY), and we define
the measure [dev o : 7] € My (Q U Tp; RIZY) as

de ] [devo :deve(u)] —devo : deve in{2
Vo=
[ovpls - (w —u)FHd! onT'p,

so that

/ pd[devo:w] = / pd[devo : deve(u)] —/ pdevo : devedx +/ olov]t - (w —u) dH!
QUI'p Q Q I'p

for every ¢ € C(Q). Arguing as in [22, Section 2], one can prove that the definition of [devo : 7] is
independent of the choice of (u, e, w), and that if dev o € C'(Q;R%*?) and ¢ € C (), then

dev

/ gpd[deva:w]:/ pdevo : d.
QUI'p QUI'p

We are now in a position to state the definition of weak solutions to the time-discretization scheme.

Definition 4.1 (Weak discrete solutions). For every k € {1,...,T/7}, a quadruple (u¥, e _ 7 oF) is

T “el, ) T

a weak solution to (37) if (uf, ek, 7%) € o/ (uf ), of € W'P(Q) N L>(Q) satisfies 0 < of < 1, the
quadruple solves (37¢) and (38), property (37a) holds almost everywhere, and the following discrete flow-
rule is fulfilled

[devo® : oxk)(QUTY) = R(aFL, onF), with of .= (C(alﬁ_l)elgu + D(aﬁ_l)éegﬁ. (42)
Remark 4.2 (The discrete flow-rule). A crucial difference with respect to the results in [6, Proposition 3.3]
is the fact that condition (42) is much weaker than the differential inclusion (37b). This is due to a key
peculiarity of our model, for we consider a viscous contribution involving only the elastic strain, but we still
allow for perfect plasticity. In fact, in our setting (37b) is only formal, as for every 7 and k, the map é7”
is a bounded Radon measure. In particular the quantity o, , (a*~1)Dir(d7¥) does not have a pointwise
meaning. As customary in the setting of perfect plasticity, the discrete flow-rule is thus only recovered in a
weaker form.

4.2 Existence of weak solutions

Let us start by specifying the discretization of the boundary Dirichlet data as system

ud = up(0), ualT := up(0) — Tup(0), ug,T :=up(kt) forevery ke {1,...,T/7}.

T
As for initial data, we recall (20) and prescribe

0._ 0._ 0._ 0 _
Uy 1= U, T =T, Qnp i=Qp, €q . = e(ug) — o

In order to reproduce the higher-order tests of Subsection 3.2 at the discrete level we need to specify addi-
tionally the following

-1
T

‘= ug — TV, W, :=my—THo, ;' :=al, ea’lT = e(ug) — 7(e(vg) — o).

u T T
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In particular, the last condition in (20c) ensures that the discrete flow rule (37b) holds at level £ = 0 as well.

In order to check for the solvability of the discrete system (37) we proceed in two steps. For given
b=l e WhP(Q) N L>®(Q) with 0 < of~! < 1 we look for the triple (u¥, e, 7%) given by the unique
solution to the minimum problem

. | P N W DS W R
m1n{/ﬂ<2c(a7 )€.e+27_]D(aT )(e eel,r)-(e eel’T) 1 u)dx

+ #Hu —2ur Tt 4 uf_2|]%2(Q;Rd) + R — 7k (uye,m) € M(ugT)} (43)

where <7 (-) is defined in (3). The existence and uniqueness of solutions to (43) is ensured by Lemma 4.3
below.
k k k

Once (u?, €.+ T7) are found, we determine oF by solving

1

min{/Q (T((%) + g|Voz|p

a(z)
+ / %C"(s,a'i‘l(w))e’éu(w) e () —¢°(8,a'i‘1(ﬂc))d8> dx - (44)
0
acWh(Q), 0<a< 1} (45)

in Lemma 4.5 below.

Lemma 4.3 (Existence of time-discrete displacements and strains). Let of~1 € W1P(Q) N L>®(Q), with
0 < ok=1 < 1, be given. Then, there exists a unique triple (u, et %) € o (uﬁT) solving (43).

7 Yel,m) T

Proof. The result follows by compactness, lower-semicontinuity, and by Korn’s inequality (2). The unique-
ness of the solution is a consequence of the strict convexity of the functional, and the fact that .o/ (u’é’T) is
affine. O

Minimizers of (43) satisfy the following first order optimality conditions.

Proposition 4.4 (Time-discrete Euler-Lagrange equations for displacement and strains). Ler o*~! € WhP(Q)N
L>®(R2) be a solution to (37c) satisfying 0 < af=1 < 1. Let (u¥, e¥, _, 7*) be the minimizing triple of (43).

7 Yel,m) T

Then, (uk, ek, _ 7¥) solves (37a) and (42), divo¥ € L2(Q;RY), and [o¥ 1] = 0 on T

7 Yel,m) T
Proof. We omit the proof of (37a), as it follows closely the argument in [6, Proposition 3.3]. The proof of
(42) is postponed to Corollary 5.3. ]

We conclude this subsection by showing existence of solutions to (37¢).

Lemma 4.5 (Existence of admissible time-discrete damage variables). Let k € {1,...,T/7}, and assume
that o =1 € WIP(Q) N L>®(Q), with0 < oF~1 < 1, is given. Let (u¥, ek, _ 7*) be the minimizing triple of

T “el,m) T

(43). Then there exists of € W1P(Q) N L>(Q) solving (37¢), and satisfying 0 < o < 1.
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Proof. We preliminary observe that o solves (37c¢) if and only if it minimizes the functional in (45). The
existence of a minimizer o € WP () follows by the continuity of ¢(-) and C(-), by lower-semicontinuity,
and by the Dominated Convergence Theorem. The fact that o () < 1 for every = € Q is a consequence of
the assumption that 0 < o/ﬁ_l < 11in €, and of the constraint o/ﬁ < af‘l. The constraint 0 < af instead
is satisfied due to the assumptions on C(-) and ¢(-) (see Subsections 2.3 and 2.5), and owing to a truncation
argument. O

5 A-priori energy estimates

In order to pass to the limit in the discrete scheme as the fineness 7 of the partition goes to 0 we establish
a few a-priori estimates on time interpolants between the quadruple identified via the time-discretization
scheme of Section 4. We first rewrite [22, Proposition 2.2] in our framework.

Lemma 5.1 (Integration by parts). Let o € X(Q), up € H(Q;RY), and (u, eq, ) € o (up) with o/ (-)
from (3), with u € L(; R?). Assume that [ovp] = 0 on Ty. Then

[devo : 7] (QUTY) —i—/

Qa : (eel — e(up))dx = —/ divo - (u — up) dz.

Q
Note that the above lemma serves as definition of [dev o : 7](Q2 UT'), which is a priori not defined for
devo € L*(Q;RE*%) and m € My, (Q U Tp; REX4).

We are now in a position of providing, in the following lemmas and corollary, further optimality condi-
tions for triples (u%, e®, 7¥) solving (43).

T T

Lemma 5.2 (Discrete Euler-Lagrange equations for the plastic strain). Let (u*,ef _ 7%) be the minimizing

7 Yel,m) T
triple of (43), and let J]ﬁ be the quantity defined in (42). Then, there holds
R(akL 767k 4 1) — R(aF™L 767k) — [deve® - 7](QUTH) > 0 (46)

for every m € Mp(Q U I'p; Rg:vd) such that there exist u € BD(Q;R?) N L2(Q;R?), and e € L*(9; ngxnﬁl)
with (u,e,m) € 7(0).
Proof. Considering variations of the form (u¥, ek, 7%) 4+ \(u, e, 7) for A > 0 and (u, e, ) € &7(0) in (43),

T T2 T

by the convexity of R in its second variable we obtain

%(R(a'j_l, TOmE + M) — R(aF™L 7omh)) < R(aEE, 7omk + 1) — R(aETE, 7omh),

which yields
/ ok eda —1—/ po2uf - udz + R(aFL ronk + 1) — R(oEL, ronk) — / fFoudz >0, @)
Q Q Q

for every u € BD(Q; RY) N L2(;RY), e € L2(Q;REX9), and 7 € My(QUTp; Rg:vd) such that (u,e, m) €

sym

7(0). In view of Lemma 5.1, and by (37a) the previous inequality implies (46). O

Corollary 5.3 (Discrete flow-rule). Let (u”, elgl - 7% be the minimizing triple of (43), let o be the solution

to (37c) provided by Lemma 4.5, and let o* be the quantity defined in (42). Then, (uF, efjl - 7 ak) solve
the discrete flow-rule (42).

Proof. The assert follows by choosing 7 = 767, and m = —767% in (46). O
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Lemma 54. For k € {1,...T/7}, let (u*
quantity defined in (42). Then, there holds

%) be the minimizing triple of (43), and let o* be the

Ur, el'r’ T

R(ak=1 767k 4 70) + R(aF 72, 767k~ — 1) — R(F1, 7omF)

— R(ak=2 767F71) — r[dev ok i 7)(QUTL) >0

for every m € Mp(Q U I'p; Rg:vd) such that there exist u € BD(Q;R?) N L2(Q;R?), and e € L*(1; ngxnﬁl)
with (u,e,m) € <7(0).

Proof. Considering variations of the form (u*=1, =1 7k=1) — \(u,e,7) for A > 0 and (u,e,7) € 27(0)
in (43) at level 4 — 1, the convexity of R in its second variable yields

R(ak=2, 7omk=1 = 1) — R(ak~L, romk—1) — / (af—l Lo+ po2ukTl .y — fR u) dz >0, (48)
Q

for every u € BD(; RY) N L2(Q;RY), e € L2(Q; RE4), and 7 € My(QUTp; RYX?) such that (u, e, 7) €

sym dev

<7 (0). The assert follows by summing (47) and (48), and by applying Lemma 5.1, and (37a). O

Let now u ., and 4, be the backward- and forward- piecewise constant in-time interpolants associated to
the maps ulﬁ, namely

u.(0) :=wg, wu,(t):= uf_l forevery t € [(k— 1)7,k7), k€ {1,...,T/7}, (49)

and
i, (0) == g, @r(t):=u¥ foreveryte ((k—1)r k7], ke {l,...,T/7}. (50)

Denote by u, the associated piecewise affine in-time interpolant, that is

(t = (k=D7) (1_ (t—(k—1)7)> k-1

ur(0) :==ug, ur(t):= ——ur + ~ uy (51)

forevery t € ((k — 1)1, k7], k € {1,...,T/7}, and let finally u, be the piecewise quadratic interpolant
satisfying u(k7) = u¥, and

&:T(t) = 6%k foreveryt e (k— 1), k7], ke {1,...,T/7}.

Let o, 77, €cl 7, Or, Tr, €7, and o be defined analogously. The following proposition provides a first
uniform estimate for the above quantities.

Proposition 5.5 (Discrete energy inequality). Under assumptions (20), the following energy inequality holds
true

P 9 T T 29 T . b
Zlu(T)]" de + = plu-|*dxds + pur(-—7) - Up,rdrds
02 2Jo Ja r Jo

1 _ _ K »
+ Dg(ar;mr50,T) 4+ /Q (§C(QT(T))eeLT(T) 2l (T) — ¢(ar(T)) dx + ;|V0zT(T)| > dz

/ / el * €l dzds + / née (T)? da
Q

</ <2v0—|—pu7(T) Up +(t) + pvo - 6uDT) dz

/ (C Oé() UQ —7'('()) ( (UO) —Wo)—¢(a0)dx+%‘vao‘pdx
/ / eel Tt (UD,T) + D(Qr)éel,'r : e({LD,T) + ,f_T : ('ELT - 'ELD,T)> dzds. (52)

18



Proof. Fix k € {1,...,T/t}. Testing (37c) against Ja, we deduce the equality
1
/77’50/;‘2 d.Z'—i—/ §Co(a77 T )6akeelr: ele‘T
Q Q
- / ( ¢°(ak, aF N sak 4 |VakP2vak V(5a§)> dz = 0. (53)
Q
Taking dul — 5u’]§’T as test function in (37a), we have
/Qp52uf - (ouk — (5u]]§7T) dz — /Qdiv ok (suk — 5u]]§7T) dz = /fo - (Ouk — (5u]]§7T) dz,
which by Lemma 5.1, and by the fact that [o* vp] = 0 on I'y (see Proposition 4.4), yields
/ pd2uk - (suk — 5u]]§7T) dz 4 [dev ok : s7k|(QUTY) + / - (dek . e(5u’§7T)) dx
Q Q
= [ oul = )
Q )
In view of Corollary 5.3, we obtain

[ oo Gl = o o+ (ko) [ ok ok~ e(ou ) s
Q Q

= / FE(Suk — bupy ) da. (54)
Q
Forn € {1,...,T/7}, adiscrete integration by parts in time yields
_ 1
TZMS? FLouk = kzl p((6uk)? — ouk - gul=1) = §p(5u¢) — —pvo + = Zp (8%uF)? (55)
a.e. on {2. Analogously, we deduce that
—TZ pd2uk . suk s=T Z pouf=t. 52k - — pouy - dug . — pup - (5ug77 (56)

k=1 k=1

a.e. on §2. Additionally, by the monotonicity of C in the Léwner ordering, and (22b), we have
n n n
TZ/ ok 565177 dz = TZ/ (C(af_l)efflj : 565177 dz + TZ/ ]D(o/ﬁ_l)ée'glﬁ : 565177 dz
k=179 k=179 k=179
> /Q %C(aﬁ)e&T e da— / L Clao)(e(ug) — o) : (e(ug) — o) da
1
- 7-;:1/9 55[C(aT el e dr+ TZ/ 77 : 56’2177 dz, (57)

and

> /Q (Co(af, ay)dak — 8[C(af)]) elyr i eq, dz = 0. (58)
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Thus, multiplying (53) and (54) by 7, and summing for k = 1,...,7T /7, in view of (55), (56), (57), and
(58) we deduce

P 2 T T 29 T . b
§|uT(T)| dz + 5 plur|” dedt + pur(-—T) - Uprdedt
Q 0 Jo r Jo

T/T 1
+7292 A k) + /Q (@ (T))eur (T) : ear (T) da

/ / (@ )eetr : apdadi + / (162 = 60, () + £ Var (D)) do

§/< 02 + ptir(T) - tip +(T) + pro - 5uDT> dz
Q \2

+ [ (5C(0)etun) = m) : elun) = m0) = 6(a0) + %[ Vaql”) da

//(C )eel r : e(tp ) dzds

/ / Heéar i ellpr) + fro (U — tp ) duds. (59)
Additionally, recalling definition (6), and observing that 7, jumps exactly only in the points 7k, k €
{1,...,T/7}, by the monotonicity of the maps c, (see Subsection 2.4), we have
T/t
Dx(ar;750,T) =7 Y R(ak™1, omF). (60)
k=1
This concludes the proof of the energy inequality (52) and of the proposition. O

Owing to the previous discrete energy inequality, we are now in a position to deduce some first a-priori
estimates for the piecewise affine interpolants.

Proposition 5.6 (A-priori estimates). Under assumptions (20), for 7 small enough there exists a constant
C, dependent only on the initial conditions, on f, and on up, such that

ez ||z 0,22 (0) + [l oo 0,wm () + lleet || g (0,T;L2(QREXD))

sym

+l[urllwro o2 @irey) + llurll sy oD@ + 17 By om0, (U mAX4)

+llerllzeeomyx) + 18]l L= (0,1)x) + €etrll poo 0 712 0srexa)) < C- (61)

Proof. The assert follows by Proposition 5.5, by the regularity of the applied force f and of the boundary
datum up, and by applying Holder’s and discrete Gronwall’s inequalities, for 7 small enough. O

We proceed by performing at the discrete level the higher-order test with the strategy formally sketched
in Subsection 3.2.

Proposition 5.7 (Second a-priori estimates). Under assumptions (20), for T small enough there exists a
constant C, dependent only on the initial conditions, on f, and on uy, such that

1 | 20,7 12may) + U lwoo 0,15 BD @R AY)

+ 7| + a7 <cC.

WL:29 (0,T; M, (QUIp;REX 4)) W00 (0,T; L2 (;RED)
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Proof. Fix k € {1,...,T/7}, and consider the map w* := u? + yéu¥, where y > 0 is the constant

introduced in Subsection 2.3. Since §%u¥ = (dwk — duk)/x, equation (37a) rewrites as
Swk Suk
p( ) divok = fF 1 (ﬁ> 62)
X X

Now, testing (62) against Jw® — (6uk ,t x&2uk +)» by Lemma 5.1 we deduce the estimate
1 2 2k
Ny plow}|? dz + [dev ok : (67F + xo*xE)(QuUTY)
Q
b [ ok s (Bl el eOul) — xeldu ) do
Q
1
/ fE(swk — suk - — xo02uk o) dr + —/ pdul - (swk — suk - — o2k o) dx
X Ja
1
+ - / pdwk - (Sul ot x0%uk ) dx. (63)
X JQ
In view of Lemma 5.1 we have

[dev ok : (678 + o2 M) (QUTY) = [dev ¥ : 67F](QUTY) + x[dev ok : 827F|(QuUTY).

Now, Corollary 5.3 yields
[devok : 67F](QUT,) = R(ak™L, 67F), (64)

whereas Lemma 5.4 entails

x[deva® : 82720 (QUT,) = xd{[dev oF : 67F](QUTY)} — x[devdo? : sxF~ 1) (QUTY)
> y&{[dev ok : 67F](QUTH)Y + R(aF ™1, 67F) + R(aF 72, 67F 1) — R(aF 7L, o + onF )
> x0{[dev ¥ : 67F](QUTY)} + R(FL, 67%) + R(FL, 67k~ — R(aFL, 6nF + o7k~
> x0{[dev ¥ : s7F](QUT,)}, (65)

where the second-to-last step follows by the fact that o, , is nondecreasing (see Subsection 2.4), and the
last step is a consequence of the triangle inequality. By combining (63), (64), and (65), we obtain

)1( /Q (w2 dz + xo{[dev oF : 67(QUTp)} + R(ak—L, 6%
+ [ ok o ael, — eloul )~ xel$u ) do
/ fE(swk — suk . — xo0%uk o) dr + i /Q pdul - (swk — suk - — o2k ) dx
+ i /Qpéw - (6ul ot x02uk ) dx. (66)

Multiplying (66) by 7, summing fork = 1,...,n, withn € {1,...,T/7}, and using again (64) with k = n,
we infer that

—Z/p\awky dz + xR(a"7 1, 677) — xR(a; b, 672)
+7‘ZfR k=1 ok +7‘Z/ 5eelT—|—X52 elT)d:E
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<TZ/fk (dw™ —5uDT— (52uDT dx + — Z/p&u (dw” —5uDT— 52uD7)d
+ = Z/p&w (Oupy . + x6%up ;) da:+7‘Z/ (e(Sup ) + xe(8*uyp ) da. (67)
By (22b),
TZ / (8- 4 X%l ) d =T§nj [ ekl bl ) s (6l aBeh ) s

+ TZ/ ]Doéee” - (6l ot x0? elT)dw.

Thus, arguing as in (57), we have

TZ/ 5661T+X52 elT)dwz/

Cla7)(ed - + xdeq ) « (e - + xdeg ) dz
Q

N —

B /Q %C(ao)(e(uo) — mo + x(e(vo) — 70)) = (e(uo) — o + x(e(vo) — 7o) dz

+/ (TZDoéeﬁl L0ek 4 K]1)05621 Lo oeqy dx — K]D)oe(vo) : e(v0)> dz. (68)
87 k=1 7 b2 7 7 2
Eventually, by (67) and (68), and by recalling (60), for every t = k7,
1t . . . .
N // p’w'r’2 drds + XJQ(@T(ZL/)JTT(ZL/)) + DfR(O‘T;ﬂ"H 07t) + x / ]D0€ol,7—(t) : eol,r(t) dw
X JoJa 2 Ja
t
+/ C(Q(t))(éolﬂ—(t) + Xéol,r(t)) : (éolﬂ—(t) + Xéol,r(t)) dx + //]DQéOLT : éol,T dx ds
Q 0JQ
1 . . X
< ( Cla)(e(ug)—mo+xe(vo)—xmo):(e(ug) —mo+xe(vo) —xmo) + E]D)oe(vo):e(vo)>dx
o 1 [t .
// f'r \Wr — ,l.j’D,T - XaD,T) drds + — // 7}/7 : (u.)'r - ,l}'DJ' - XﬂD,T) drds
X JoJa
- // Qfz}T ! (?:LD,T + X%L:D,T) dzds + XR(Q()) 7%0)

// eel T+ D( )éel,‘r) : (e(,llD,T) + Xe(:;jD,T))) dxds.

The assert follows by Holder’s inequality, Proposition 5.6, and the assumptions on o, , (see Subsection
2.4). O

6 Convergence and proof of Theorem 2.2

Proposition 6.1 (Compactness). Under the assumptions of Theorem 2.2, there exist o, eq), T, and u such
that (u(t), ea(t), w(t)) € o (up(t)) for every t € [0,T] (see (3)), the initial conditions (16) are satisfied,
and up to the extraction of a (non-relabeled) subsequence, there holds

ar — a  weakly* in H'(0,T; L*(Q)) N L>(0,T; WP(Q)), (69a)
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Colr — € weakly* in W0 (0, T; L*(€; REX)), (696)

sym
T = weakly* in W2°(0,T; Mp(Q U Tp; REXH), (69¢)
u; — u weakly* in W1°°(0, T; BD(Q;RY)) n HY(0, T; L*(Q; RY)), (69d)
a, >« and &, — o weakly*in L=((0,T) x ), (69e)
Cel,r — €l weakly*in L>(0,T; L2(Q;ngxrg))a (691)
Uy — u  weakly in H*(0,T; L?(Q;RY)). (69g)

Proof. Properties (69a)—(69d) are a consequence of Propositions 5.6 and 5.7. The admissibility condition
(C1) (see Definition 2.1) follows by the same argument as in [22, Lemma 2.1]. Additionally, by Proposition
5.6 there holds

ur — u  weakly* in W1°°(0,T; L2(Q;RY)), (70)
and there exist &, & € L>°((0,T) x Q), and é € L>(0,T; L?($; Rgl;nff)) such that

ar — & and o, — & weakly* in L>((0,T") x )

and
€el,r — € weakly* in L>(0,T; L2(Q;Rdxd)).

sym

Additionally by Proposition 5.7 there exists a map @ € H?(0,T; L?(2;R?)) such that, up to the extraction
of a (non-relabeled) subsequence,

Uy — @ weakly in H2(0,T; L?(Q;RY)). (71)

By the compact embeddings of W1>°(0, T'; L2 (£; R?)) and H?(0, T; L?(Q; RY)) into Cy (0, T'; L (£; R?)),
we deduce
ur(t) — u(t) weakly in L?(Q;R%), (72)

and
Uy (t) — a(t) weakly in L?(Q;R%), (73)

for every t € [0, T]. To complete the proof of (69) , it remains to show that & = & = «a, € = eq), and 4 = u.
We proceed by showing this last equality; the proof of the other two identities is analogous. Fix k& &
{1,...,T/7},and t € ((k—1)7, k7]. Then, using the fact that

ity = LDy (1 L DD s

T T

for every ¢t € ((k—1)7, k7], we have
T . N N kT . )
/0 [ar(t) — UT(t)”m(Q;Rd)dt = Z/( 3 |- (t) — uT(t)Hm(Q;Rd)dt
k=177

N kT
_ 2 / (1=, (1) dt
kZ:l (k=1)T

where the last inequality follows by Proposition 5.7. The assert follows then by combining (72), (73), and
(74). O

2 2 N

-
= > Tl unllia gy < CT5 (T4
k=1

Gy — (- — 7)

T
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Proposition 6.2 (Strong convergence of the elastic strains). Lef e. be the map identified in Proposition 6. 1.
Under the assumptions of Theorem 2.2, there holds

Colr — €a Strongly in H(0,T; L*(; ngxnﬁl)), (75)
and
Eelr(t) — ea(t) strongly in L*(Q; ngxn‘f)) foraete[0,T]. (76)

Proof. Fork € {1,...,T/7}, denote by deq (k7) the quantity

Seq(r) = CekT) — callb=1)r)

T

and by €]}, €], the forward-piecewise constant and the affine interpolants between the values {e(kT) }r—1,.. 7/r

(see (49) and (51)). Let du(kT), om(k7), u”, u™, ©7, and 7" be defined analogously. Note that here we can-
not directly use the values at time ¢, for this would prevent relation (81) to hold. Here, the pointwise value
of 7 is simply that of its right-continuous representative.

Fix k € {1,...,T/7}. We proceed by testing the time-discrete equilibrium equation (37a) by du* —
du(kT). On the one hand, by Lemma 5.1, we have

/ pd2uk - (6uf — Su(kT)) da + [devo® : (9% — dm(k7))(QUTD)
Q

+/ ok (565” — deq (k1)) dx — / fE.(suF — su(kr))dz = 0. (77)
Q Q
On the other hand, Lemma 5.2 yields

[deva® : (0nF — om(k7))(QUTD) > R(FL, onF) — R(aFL, om (k). (78)

By combining (77) and (78), we obtain

/ ok (5e§1j — de(kr))dz < R(a*~1 om(kT)) — R(FL, 6mF) + / (fF — ps%uk) - (6uF — Su(kr)) da.
Q Q

(79)
In view of the definition of ¢, there holds
[ ok ek = eathn) o = [ Ot (el — calhr) : (5, — dealr) da
+ /QD(alﬁ_l)@e'jLT— 5601(/€T)):((56]5177_—5601(]%')) + D(a'j_l)deol(k‘ﬂ:(5e§1ﬁ—5eol(k7')) dz
+ /Q C(a(kr))eq (kT) : (3eb) . — deq(kT)) dz
- | (€takn) ~ Clkealkr) : (6, = dea(i) do (30
Let now n € {1,...,T/7}. By the monotonicity of C in the Léwner order, arguing as in the proof of (57),
we deduce
T Zn: /Q (C(o/ﬁ_l)(e{j“ —eq (k1)) : (5e§1j —deq (k1)) dz
k=1
> [ 5C@) e, —calnr)) s el = dea () do. 81)
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Multiplying (79) by 7, and summing for k = 1,...,7T/7, in view of (80) and (81), we obtain the estimate

/ L Cay (1)) @ o (T) — &4(T)) : (Fa(T) — €4(T)) da

/ / V(€ r — €3) : (éar,r — €5) dzds

T/7

<TZfR ok 67 (k) — Dy(or; w50, T) + // —4")dxds

// (€elr — € da:ds—/ / a)el) : (éar — ) dads
+/ / (C@) — Cla,))eq : (éa,r — €])) dzds.
0Ja

By Proposition 6.1 we infer that

T
Jim sup / / D@) (s — éa1) : (Farr — o) dads
0 Q

T—0

+1imsup{/ R(a,,77)ds — Dg(ar;mr50,T) / / u')dxds
7—0

// (€elr — € da:ds—// : (Car,r — €) dzds

+/0 /Q (C(a") — Cla,))eh : (bar — €0)) da ds}'

Since u € H?(0,T; L?(Q;RY)) and e € W1°(0,T; L?(Q;R9X9)), it follows that

sym
u” — u strongly in L2((0,T) x Q; R%),

and
&l — € strongly in L2((0,T) x €; REd),

sym

Additionally, by the definition of the affine interpolants,
én — éa  strongly in L2((0,T) x Q;REXT),

7T — 7 strongly in L(0, T; My (Q U I'p; RX%)).

dev

By (69a) and by the Aubin-Lions Lemma, up to the extraction of a (non-relabeled) subsequence,

a; — a strongly in C([0,T] x Q).
Since v € H(0,T; L*(Q)) N L>=(0,T; W1P(Q)),
a” — a strongly in L*((0,T) x Q).
Thus, by the Dominated Convergence Theorem, we deduce that

C(a)el; — C(a)eq strongly in L2((0,T) x Q; REX4),

sym

(C(@") — C(a,))ey — 0 strongly in L*((0,T) x ;RAXdy

Sym
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D(a, )él — D(a)éq strongly in L2((0,T) x ©; ngxrff) (90)
Finally, by the assumptions on f, we have
fr — f strongly in L?((0,T) x Q;RY). 1)

By combining (82)—(91) we conclude that

fimsup | / Jatr — éa) ¢ (Car — Ca) duds

T—0
< lim sup/ R(@r,77)ds — liminf Dg(a; 7750, 7). (92)
70 0 70
Arguing as in [22, Theorem 7.1], since 7 € W1>°(0, T; My (2 U T'p; Rg:vd)) we deduce the uniform bound
T T/T
/0 7™ HMb(QUFD,RdXd = TZ |07 ( kT)HMb(QUFD Rixd) / HTFHMb QUIpRIX4) ds < C. 93)
k=1

Hence, by (93) and by the continuity and monotonicity of o, ,(-) (see Subsection 2.4), there holds

T T
limsup/ R(@r,77)ds < limsup/ R(ar,77) ds
0

7—0 7—0

< lililjélp{/o (o, 707 ds+‘/ (ar, —R(a,ﬁT))ds‘}

T T
< lim sup/ R(a,77)ds + C'lim sup loyven (@) =0y 10 (@) Lo (0.1 x ) = / R(a,7)ds,  (94)
0 0

T7—0 T—0

where the last step follows by (85).
To complete the proof of (75), it remains to show that

Dg(a;m;0,T) < limionf Dg(ar;mr50,T). 95)
T—

Let0 <ty <ty <---<t, <T.By the definition of Dy, we have

T/t T/t
DfR(OéT; 730, T) > Z :R(O[T(tj), 71-7'(7511) - 777'(75]'—1)) > Z R(O‘(tj)7 71-T(tj) - 777'(75]'—1))
j=1 j=1
T/T
-7 Z ”UYLD o (t OyLp (a(tj))HLoo(Q) ”7}7’”LOO(O,T;Mb(QUFD;RiXVd))'
Now, by (69¢) and (86),
T/t
71_21%)7' Z HUYLD (aT(tj)) ~ Oyip (a(tj))”Loo HT"THLoo 0,T;My (QUI;REX D)) = 0.
j=1
Thus, by (69c),
T/T T/T

lim inf Dy (az; 730, T) 2 1i§1_jgf§_:R(a(tj)mr(tj)—ﬂr(tj—l)) > Zﬁ(a(tj)ﬂ(tj)—ﬂ(tj—l))-

By the arbitrariness of the partition, we deduce (95), which in turn yields (75).
Property (76) follows arguing exactly as in the proof of (74). O
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Let us now conclude the proof of Theorem 2.2.

Proof of Theorem 2.2. Let (u, eq, m, ) be the limit quadruple identified in Proposition 6.1. By Proposi-
tion 6.1 we already know that condition (C1) in Definition 2.1 is fulfilled. For convenience of the reader we
subdivide the proof of the remaining conditions into three steps.

Step 1: We first show that the limit quadruple satisfies the equilibrium equation (14a). In view of (37a) we
have

pﬂ'r —div (C(QT)ECI,T + D(Qq—)éolﬂ') = fT
fora.e. z € Qand t € [0,7], and for all 7 > 0. In particular, for all p € C°(0,T; C2°(£2)) there holds

//puT ¢ +(Cla,)eas +Dla >éel,7>w(«p)dxdtz/oT/Qﬁ-wdxdt.

By (69e-g) and (91), we infer that

/OT/Qpii-<,D+((C(a)ee1+D(a)éel): e(p) dzdt = //f odz dt,

which in turn yields (14a) for a.e. x € Q, and ¢ € [0, 7). In particular, (69g) guarantees that u(0) = u°, and
u(O) = 0.

Step 2: The limit energy inequality is a direct consequence of (52), Propositions 6.1 and 6.2, and (95).

Step 3: We now pass to the limit in the discrete damage law. In view of (37¢c), for every k € {1,...,T/7}
we deduce the inequality

1
/ ((bo(afv af—_l) + div (\Valﬂp_2Va'j) - 5([:0(0457 af—_l)el(flﬂ' : 6I(fl,T - 775a§> (QO - 5a§) dz =0
Q
for all ¢ € W1P(Q) such that p(z) < 0 for a.e. x € 2. Thus, summing in k, we conclude that

/ / (67,2, ) — [V, P2Va, - Vip = LC(r,0, ot © Corp — 1irp) i i
< [ (6larlm) = 6(a0) = Z9ar ()P + £|VaoP) da

// (C° (Gr, 0 )Eel r @ Eel 7 adedt—/ /na dzdt.

Condition (C4) in Definition 2.1 follows then in view of Propositions 6.1 and 6.2. O
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