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A SECOND-ORDER MODEL OF SMALL-STRAIN INCOMPATIBLE
ELASTICITY

SAMUEL AMSTUTZ AND NICOLAS VAN GOETHEM

ABSTRACT. This work deals with the modeling of solid continua undergoing incompatible defor-
mations due to the presence of microscopic defects like dislocations. Our approach relies on a
geometrical description of the medium by the strain tensor and the representation of internal ef-
forts using zero-th and second-order strain gradients in an infinitesimal framework. At the same
time, energetic arguments allow to monitor the corresponding moduli. We provide mathematical
and numerical results to support these ideas in the framework of isotropic constitutive laws.

1. INTRODUCTION

We propose this contribution in the wake of previous work achieved on the topic, and with
the purpose to eventually settle a firm framework for the macroscopic description of elasto-plastic
behaviors based on the incompatibility concept. The starting point of this approach is Kroner’s
celebrated work [18] on geometric elasticity with defects showing the link between strain incom-
patibility and the density of dislocations (see also [25,26]). Indeed, plasticity is a phenomenon
of deformation of metals made possible by the motion and/or creation or annihilation of dislo-
cation loops inside the crystal, on or outside specific glide planes. As soon as dislocations are
non-homogeneously distributed inside the crystal, the strain incompatibility ceases to vanish and
thus we prospect a model where strain incompatibility, besides strain itself, plays a central role.
The choice of the strain field as main kinematical variable is also a specificity of our approach, and
is similar in spirit to Ph. Ciarlet’s and coauthors’ recent works on intrinsic elasticity [9]. By this
choice we intentionally depart from the conventional standpoint of considering the displacement
(or the deformation field) as the main kinematical variable. Indeed, in our approach, it is crucial
to base the model on objective quantities, such as the strain rate or the strain increment, instead
of the displacement which relies on the existence of a one-to-one and smooth enough deformation
with respect to some reference configuration. Also, by this choice we adopt a geometric setting
for the kinematical descriptors, with the strain understood as a metric and the incompatibility as
the linearization of the associated Riemann curvature tensor (see [4,8,20]). The derivation of the
model will be based on the principle of virtual work exposed in a systematic way by d’Alembert in
his Traité de dynamique of 1758. Indeed, it appears to us as the most natural in its expression, due
to its generality, rigor in its application if attention is paid to the notion of objective descriptors
(here we follow the approach advocated by Germain [13] and Maugin [21]), and appropriateness to
the mathematical treatment since a variational or weak form is readily obtained. To infer strong
forms and prescribe relevant boundary conditions and loads, it is required to carefully study the
appropriate function spaces, as we have done in [2, 5], including orthogonal decompositions of
these spaces in the spirit of Leray’s projection which is classically used in fluid mechanics. The
interpretation of these boundary conditions was until now an open problem that we also address
here. Indeed, we propose interpretations in terms of ”"micro-hard” and ”micro-free” in the spirit
of Gurtin and Needleman [15], though our models diverge from the start. Further, we emphasize
that we work at the averaged macroscopic scale, i.e., the body is a continuum medium filled with
dislocations at a smaller scale, where by dislocations we intend a tensor field called the density of
dislocations (in the spirit of Kréner and our previous works). As opposed to other works by the
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second author [24], dislocations here are not geometric field singularities typical of the mesoscopic
scale. This is also in contrast to Gurtin and Needleman’s crystal plasticity model where local slip
systems are prescribed. Our approach relies on a geometrical description of the medium by the
strain tensor and the representation of internal efforts using zero-th and second-order strain gra-
dients in an infinitesimal framework, with isotropic constitutive laws. At the same time, energetic
arguments allow us to monitor the corresponding tangent moduli that generalize the Lamé coef-
ficients to this second-order model, and this is what we substitute to flow rules. In conventional
plasticity, the effective tangent moduli are also byproducts of the flow rules (see [17]), but in our
approach where the notion of plastic strain is absent, the effective tangent moduli may be decom-
posed in elastic and plastic parts (in our modeling example we chose an harmonic decomposition).
Our model belongs to the class of higher grade theories of Generalized Continuum Mechanics, with
the incorporation of an internal variable to describe dissipative effects. We refer the reader to [23]
for this nomenclature and a review of plasticity models based on strain gradients (and plastic
strain).

The paper is organized as follows. The geometrical setting and the modeling of internal efforts
are described in Section 2. The prescription of boundary conditions of Dirichlet type is investigated
in Section 3 with the help of a kinematical analysis at the mesoscopic scale. Preliminary mathe-
matical results are collected in Section 4. The modeling of external efforts is addressed in Section
5. Mathematical properties of the model for given tangent moduli are established in Section 6,
while the evolution of these moduli is discussed in Section 7. Numerical aspects and simulations
are reported in Sections 8 through 10.

2. CONSTRUCTION OF A SECOND-ORDER MODEL OF INCOMPATIBLE ELASTICITY

2.1. Virtual work principle. Let us consider a body 2 = Q(t) at time ¢ that will suffer internal
deformations under the action of a system of external forces. The model we propose is based on
d’Alembert’s principle of virtual work in a quasi-static regime, i.e., without inertial terms. This
principle is based on the following assertion: if a certain type of internal deformation is imposed
to the body, the body will in turn produce a reaction in the form of an internal virtual work. It is
called virtual because one should imagine any type of deformation, and not only the actual one,
which will only be the outcome of problem solving. Let us call E the Virtual strain field, namely a
3 x 3 symmetric tensor field representing the local metric change. Then W;(F ) denotes the internal
(or intrinsic) work, typically consisting of the integral over 2 of a density of internal virtual work.
Now, the external virtual work W, is by definition the work exerted by the system of external
efforts under the considered deformation. The principle of virtual work consists in writing that the
balance law ) A
Wi (E) = We(E)

must hold for every kmematlcally adm1551ble virtual strain £. This principle also 1mp1101t1y contains
the assumption that both W;(E) and W, (E) be continuous and linear functionals of E. However,
the topology to be considered for continuity remains a modeling choice. Another major requirement
is the fact that the internal work be an objective functional, namely that it does not involve any
decomposition of F based on a reference configuration, boundary conditions, or other arbitrary
choices possibly made by the observer. On the contrary, the external work may be non-objective
(see [21]). This is natural, since it depends on the particular setting of the experiment.

In classical displacement-based formulations, the external work is a continuous linear functional
on a subspace of H!(f2), therefore we assume in our intrinsic framework that it is a continuous
linear functional on L?(Q,S?), where S? is the set of symmetric 3 x 3 real matrices. By Riesz
representation there exists a tensor field K € L?(£2,S?) such that

:/QKoEAd:c. (2.1)

The tensor K may be non-objective. In order to represent classical body or boundary forces, the
construction of K depends on the way a virtual displacement field can be associated with E, which
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involves boundary conditions. All the modeling aspects raised above will be discussed in details
in the next sections. In particular, we emphasize that it will not be needed for practical use to
explicitly compute K: we will express the external work against an orthogonal decomposition of E,
as explained in section 5, to arrive at a weak form appropriate for a finite element approximation,
see section 8.

2.2. Kinematical descriptors: a geometric approach. Besides the virtual work principle,
we strive to adopt a geometrical setting for the kinematical description of the medium. To this
respect we consider the deformed body as a Riemannian manifold, thus equipped with geometrical
quantities such as metric, curvature, connection and torsion. For simplicity we avoid introducing
connection torsion in this work, hence we only allow for the Levi-Civita connection defined from
the partial derivatives of the metric. Thus, we take as main kinematical descriptors the metric and
the resulting curvature. They can be interpreted as follows.

2.2.1. Modeling the deformation field through the metric. We assume that within the medium we
can identify and follow infinitesimal fibers. Denote by a1, as, a3 three such fibers which at time ¢
originate from point x and are oriented along the axes of a Cartesian coordinate system and of
length €. Then the strain rate at « can be intrinsically defined by

. 1 /d
dij(t) = ;l_I)Iil) ? (dt(al . aj)>t, (22)

where d/dt stands for the total (or material) derivative. It is immediately recognized that the
diagonal components of d;; represent the relative elongation rate of the fibers, whereas the off-
diagonal terms represent minus one-half the rate of the mutual angular variations. This formula
corresponds to the classical definition from a velocity field v, namely d;; = (9;v; + 9;v;)/2 (see,
e.g., [14, Section 11.2] and [10, Eq. (I.51)]), which is valid in finite as well as in infinitesimal
elasticity, provided the existence of a transformation is assumed from a reference configuration to
the current one. However it is an essential aspect of the present framework to allow the strain rate
to be defined independently of any such velocity field. Given a time increment At, we will rather
work with the strain increment

Eij(t) = 1 <lim (ai - aj)irar %) 7

2 \e—0 62

so that (2.2) is retrieved as the limit of E;;(¢t)/A¢ when At — 0, assuming that the limits in space
and time can be interchanged.
Following infinitesimal fibers such that a; - a; = szdij at time ¢ = 0, we also define the metric

9i3(t) = lim = (ai - aj)e.
In this work we will focus our attention on a small and single increment and simply call E;; :=
E;;(0) the strain. We immediately obtain the strain-metric relation

The smallness assumption will be crucial to define (2.1) in the fixed domain Q = Q(0). We
emphasize again that the strain tensor is not constructed from a deformation field as in classical
continuum mechanics, which specifically enables curvature. This generalized framework will allow
the modeling of some phenomena which in principle occur below the continuum scale. We only
assume that F behaves like a second order symmetric tensor under a change of basis, which means
that it encodes the behavior of arbitrary fibers in a bilinear algebra format.
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2.2.2. Modeling strain incompatibility through the Riemannian curvature and its linearization.
From the metric and the Levi-Civita connection we classically define the Riemannian curvature
tensor that we denote by Riem(g). Expanding Riem(g) in terms of F we obtain an expression of
form [20]
(Riem(g)),;p; = Cijhipg(inc E)pg +o(VVE),
for some constants ¢;jkipq, and where the incompatibility operator is defined as
inc E = Curl Curl’ E, (inc E)ij = €k1€jmnOkm Eni.

We use the convention that the Curl of a tensor is computed row-wise, whereby Curl’ E computes
the Curl column-wise whenever E is symmetric. It is well known that the incompatibility of a
symmetric tensor is symmetric, and that the incompatibility of a symmetric gradient vanishes,
i.e. inc Vou = 0. Therefore, in the small strain setting encompassing the fact that the remainder
o(VVE) can be neglected, we will use inc E as a representation of the Riemannian curvature.

2.3. The internal work. On the basis of this geometrical setting, the internal efforts will man-
ifest themselves in the form of work expended against virtual deformations described by a pair
(E, inc E) Therefore we distinguish between two contributions with their own geometrical in-
terpretations. On the one hand, the efforts acting against E are a reaction against an arbitrary
deformation, represented by stretching and rotation of material fibers, being compatible or not.
On the other hand, the efforts acting against inc E are a specific reaction against a virtual bending
of the manifold, i.e., when departing from a flat manifold through microstructural modifications,
including creation, motion and rearrangements of defects at the micro-scale. The impossibility of
such phenomena is characterized by an infinite stiffness against bending, as we will mathematically
analyze later.

Therefore we introduce two symmetric second order tensors ¥ and A, the former one working
against E and the latter one working against inc E. We write the internal work as the linear
functional

Wi(E) ::/ (E~E—|—A- inc E') dz.
Q

Thus the principle of virtual work is expressed as

Wi(E) ::/ (E-E+A~inCE)dx:/K'Ed$:W€(E)’

for every admissible E.

2.4. Linear constitutive laws. The generalized forces ¥ and A depend on the physical state of
the medium. In the linear and essentially geometric model which we aim at, we assume that they
are related to the geometrical quantities ' and inc E by constitutive laws of form

X =AF+Binc F and A = CE 4 Dinc F,

where A, B, C, D are fourth-order tensors possibly spatially dependent. As a consequence, the
internal work reads

WZ(E)z/ (AE-E+B1HCE-E+CE- inc £+ Dinc E - inc E) dz.
Q

The model obtained from the first two terms has been studied in [3-5]. It is appealing in that the
mixed term in the simplified form finc F - E can be derived by integration by parts from a first
gradient (with respect to strain) model with natural assumptions, it leads to well-posed governing
equations, and it is consistent with compatible elasticity at the limit £ — 400 in the absence of
kinematical constraint. However, Dirichlet-type boundary conditions cannot be easily incorpo-
rated, and the natural boundary condition leaves the incompatibility flux across the boundary as
a free variable. Similar conclusions can be obtained by considering the third term CE - inc E.
Therefore, in the present model, we drop the two mixed terms and choose B = C = 0. Another
justification for this choice is to assume that, for consistence with standard elasticity, the internal
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work reduces to the first term as soon as either inc E = 0 or inc F = 0. We arrive at the balance
law

Wi (E) = / (AE B+ Dinc E - inc E) dz = / K- Ede = W.(E), (2.3)
Q Q
valid for any kinematically admissible virtual strain tensor field E.

2.5. Isotropy. We assume that the matrix fields A and DD are piecewise smooth, and we consider
an arbitrary point z € {2 at which they are continuous. We choose a ball B C 2 centered at z and
small enough so that A and D can be seen as constant in B. Actually, continuous variations can
be treated by passing to the limit in the radius, but we prefer to avoid this technicality. Up to a
shift of the coordinate system, we assume for simplicity that z = 0. We rewrite the internal work
expended within B as

Wi(B;E,E) :/

(AE - BEdz + Dinc F - inc E’) dx.
B

Given a pair (F, E) and an orthogonal matrix @), we define another strain field E* obtained after
rotation of F by @Q, namely

E*(ZL’) = QtE(QZ)Q, Ez*](x) = Qpiqu(qumv)qua
and likewise another virtual strain field £*. The material is isotropic if
Wi(B; E,E) = W,(B; E*, E")

for every triple (F, E ,Q). Since equalizing two symmetric bilinear forms is equivalent to equalizing
the corresponding quadratic forms, we define

Ou(E) = / AFE - Edx, Op(E) :/ Dinc E - inc Edz.
B B
The series of computations
8lE;} (13) = Qpiasqu(quxv)Qleqja

aklE;k](x) = Qpiarsqu(qufv)Qerleqj;
(iIlC E*)mn(x) = emlienkjaklE;'kj = emlienkjQpiQT'stqujarsEp‘Z(Qm)7

Qum(ine E™)mn(2)Qun = (€m1iQumQst) (€nkj Qun Qri)QpiQqjOrs Epg (Q)
= (€usaQai) (€vrbQuj ) QpiQqjOrs Epg(QT) = €usa€urt(QaiQpi) (QbjQqj)Ors Epg(Q)
= €uspCurqOrs Epq(Qz) = (inc E(QT))uy
result in
inc E*(z) = Q'inc E(Qx)Q. (2.4)
Thus, the isotropy condition
Qu(E) + Qp(E) = Qu(E") + Qu(E") = Qu(Q"E(Q)Q) + Qn(Q" inc E(Qx)Q)

formulates after a change of variables as

/ AE~Edw—|—/ Dinc E- inc Edx :/ A(QtEQ)~(QtEQ)dx+/ D(Q"inc EQ)-(Q"inc EQ)dz.
B B B B

Choosing first E constant then inc F constant, it follows from a classical result of linear algebra
that Q4 and Qp only depend on the scalar invariants of F and inc F. The three invariants of a
3 x 3 matrix A are I(A) := trA,II(A) := 3 ((trd)? — tr(A?)) and III(A) := det A, hence we can

write

Qu(E) = Qu(I(E), I(E),III(E)).
Being quadratic we have

QL(E) = 3 D*Qu(0)(B, E).
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Using DI(E) =1, DII(E) = I(E)I — E and the chain rule we get
1 A .
Qu(E) = 3 (DLIQA(O)(trE)Q + DiOA(0)((trE)? — tr(E2))> .
This can be formulated as
Ou(E) = apl(E)? + Bull(E),
for some scalars a and B4, and of course a similar expression holds for Qp. The 4th order tensor
A is obtained by differentiating twice Q,, namely

1
A= §D29A(E) = (op + %A)H ®I— %‘*h,

where the 4th order identity tensor I, is defined indice-wise as (I4)ijx = %(@kéﬂ + 0i10x). To
summarize we arrive at the constitutive linearized laws

A= 2,UAH4 + )\AH & H, D= 2NDH4 + )\DH & L. (25)
Of course we recognize the standard Hooke’s tensor A, with corresponding Lamé moduli Ag and
e, and the new tensor D is its incompatible counterpart.

2.6. Deviatoric-volumetric decomposition. Since typical incompatible deformations occur in
shear due to the presence of dislocations moving along glide planes, it is natural to use the following
decompositions for ¥ and A:

Y = AF =2updev(E) + sptr(E)I, A =Dinc E = 2updev(inc E) + kp tr(inc E)I,
where the deviatoric part of E and the elastic / incompatible bulk moduli are defined by

1 2
devA = A — g tI'(A)]L K’A/D = g/,LA/D + AA/D'

2.7. The tangent model and the flow rules. As already said, in our linearized approach, E is
to be understood as an increment of strain over a certain time interval in a quasi-static evolution.
The tangent tensors A and D may change over time, following a process which will substitute to
the flow rules of conventional elasto-plasticity models. There, a similar effective Hooke’s tensor
often appears in an implicit manner, see e.g. [17, Eq. (63)]. Our choices for evolution procedures
will be discussed in details later. We will also present an implicit approach, in which A and D will,
on the basis of thermodynamic arguments, themselves indirectly depend on FE.

3. BURGERS TENSOR, FRANK TENSOR AND MICRO-HARD CONDITION

3.1. Frank and Burgers tensors. Here we consider linearized elasticity at the mesoscopic scale,
i.e., a continuum scale where the dislocations and disclinations are modeled as singularity lines,
namely loops. Following the formalism introduced in [27], there are two basic tensors that allow
to compute the jump of the rotation and displacement fields, namely the Frank tensor

F=Cul' E, Fy=enpEj, (3.1)
and the Burgers tensor!, given a reference point x,
B=FE+ ((x—20) x Curl E)', By = Eij + €ipg(p — 20p)Fyy- (3.2)
These definitions are justified by the observation that, in the compatible framework where the
strain tensor, the rotation vector and the Burgers field can be respectively defined by
E =V?%u, (J.;:%Curlu7 b=u—wx(z— 1),

we have the relations )
Ojw; = §€ikl8jkul = €O By = Iy,

LOur meaning of the Burgers tensor is different from Gurtin and Needleman’s one [15], which for us would be
the dislocation density tensor.
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1
0;b; = 0ju; — €umOjwi (T, — Tom) — €ijwi = OjU; + €imiOjwi(Tm — Tom) + §€lij€lkmakum =B,;.

This provides by integration along a path from zg to x

wi(@) — wi(zo) = / "0 n(E)de; = / “FL(©)de, (3.3)

0

)~ bleo) = [ o€y = [ Bo(epd; (3.4)

o
and obviously the above integrals vanish along a closed loop. Turning now to the incompatible case,
when F and w are not constructed from a displacement, the rightmost integrals in (3.3)-(3.4) are
still well-defined using (3.1) and (3.2), but they may be non-vanishing on closed loops. Moreover,
if we consider a loop C' which encloses dislocations and / or disclinations, then we can define the
Frank and Burgers vectors associated with C as

We note that the above-defined Frank and Burgers vectors are independent of the so-called Burgers’
circuit C' that encloses the line singularities (this is called the Weingarten’s lemma, see, e.g., [27]).

The Burgers field, tensor and vector, in contrast to the Frank tensor and vector, depend a
priori on the prescription of an arbitrary point xg. However, if Q;[C] = 0, i.e., C does not enclose
disclinations, then it is immediately seen that the Burgers vector is independent of the point
xo. Now, having locally defined the rotation and Burgers field by the path integrals (3.3)-(3.4),
a displacement can also be locally constructed by u,, = b+ w X (z — x¢), and the jump of u
around C at xg equals the Burgers vector. Note that u,, defines a multi-valued vector field at
the mesoscopic scale, as it may jump on a any Burgers circuit around a dislocation loop. To
make it single-valued we can first define Sy as a surface enclosed by the dislocation loop L and
Sr = USy, as the union of all Sy, over all dislocation loops £, then define the vector field us, = uy,
on Q\ S,. To obtain a macroscopic single-valued displacement field on € we will consider below
the Beltrami decomposition complemented by a set of boundary conditions. We recall that at
the macroscopic scale that we mostly consider in the paper, the dislocations are not present in
the form of line singularities but modeled through a diffuse density field. Therefore all fields are
square-integrable with no concentration effects. It will nevertheless prove useful for both scales to
pursue the mesoscopic analysis towards the derivation of boundary conditions directly applicable
to E.

3.2. Relation between the Burgers vector and the incompatibility field. In order to
evaluate the displacement jump, we can use the Stokes theorem to rewrite the line integral as a
surface integral. To this respect we first compute

(Curl B)ik = EkljalBij = EkljalEij + Ekqumpal(( Curl E)jp(xm — l‘om))
= €0 + eptj€imp (81( Curl E)jp(zm — zom) + (Curl E)jpcsml)
= O Eij + €rtj€impOi(epqrOgEjr) (Tm — Tom) + €xij€imp(€pgrOq Ejr) o
= €0 E;; + €r1j€impepgrOigEjr (Tm — Tom) + €xij€itp€pgrOq Ejr
= OB 4 €imperij€parOiqEir (Tm — Tom) + €x1j (8igd1r — 0irb1q)0g Ejr
= €eujOEij + €imp(ine E)gp(Tm — Tom) + ey (0:Ej — O Ej;)
€imp(INC E)p (T — Tom,)-
Hence, if S is a surface of boundary C (i.e., S = C) and unit normal N, then we have at each
point of S
(Curl BN); = (Curl B)j1, Ny, = €imp(inc E)pp(Tm — Tom ) Ni,
which reads
Curl BN = (z — zg) X (inc EN).
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This formulates the resultant Burgers vector associated with a density of defect lines inside C, or
equivalently crossing S, as

BIC] = /S(x ~ wo) x (ine EN)dS(x). (3.5)

3.3. Micro-hard condition. We say that a surface S satisfies the micro-hard condition if
inc EN =0on S. (3.6)

By (3.5), this is equivalent to saying that, for every xzg € S, the resultant Burgers vector B[C'] of
defect lines enclosed in any loop €’ C S containing zy vanishes.

Note that the condition ( Curl B)N = 0 can be obtained by imposing B x N = 0 on S. This is
exactly the micro-hard condition of Gurtin and Needleman [15], thus which is stronger than ours.
Similarly, imposing Curl’ E x N = 0 also yields inc EN = 0.

4. GREEN FORMULA, BELTRAMI DECOMPOSITION AND CONSEQUENCES

4.1. Green formula and related function spaces. Throughout the paper we assume that 2
is a bounded domain of R? with C! boundary.

Lemma 1 (Green formula for the incompatibility [2]). Suppose that E € C?(Q,S%) and n €
H?(Q,S3). Then

/ E-incndr = / inc F - ndx + Ti(E)-n dS(z) + To(E)-Onn dS(z) (4.1)
Q Q o0 o0

with the trace operators defined as
To(E) = (ExN) xN, (4.2)
Ti(E) = (Cul (E x N)t)s +((On +k)E x N)! x N + (Curl’ E x N)S, (4.3)

where k == k? + kP is twice the mean curvature of 0, E° := (E + E*%)/2 is the symmetric part
of E, and cross products are computed row-wise. In addition, it holds

Ti(E)NdS(z) = 0. (4.4)

[5}9)
In particular, choosing compactly supported test functions, (4.1) allows to recover the distribu-
tional formulation of the inc operator, which satisfies inc VSu = 0 for all u € L (9, R?) and

div inc E =0 for all E € L{ (©,S?). The main function space on which we will build our analysis
is

HinC(Q’S:}) _ {E c LQ(Q,S?’) :inc F € L2(Q,S3)}.

It is naturally endowed with an Hilbertian structure for the norm

. 1/2
1| grnecssy = (1Bl 20,00 + || ine Bl z2@s) "

The traces To(E) and T1(FE) extend by duality to every function E € H"¢(Q,S?), with To(E) €
H='/2(00,S?) and T (F) € H=3/2(99Q,S?%), so as to generalize (4.1). An alternative definition of
the boundary trace operators using divergence-free test functions and corresponding liftings has
been considered in [2]. Throughout we will denote duality pairings by integrals.

We next define Hi"(Q,S?) as the closure of C2°(Q,S?) in H"¢(Q,S?). The following properties
are proved in [5].

Proposition 2. (1) H(,S%) = {E e H™(Q,S?) : To(E) = Ti(E) =0 on 09}.

(2) Let T be a relatively open subset of 0. If E € H™(Q,S?) satisfies To(E) = T1(E) = 0 on
I’ then inc EN =0 onT.
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4.2. Beltrami decomposition and related function spaces. We define the function spaces
V= {E € L*(Q,S?*) : inc E = 0},
W={EeL*Q,S%:div E=0},
Z={E€H"(Q,S*): div E=0,EN =0 on 9Q},
and, given subsets 'y, I's of Q with I'; relatively open, I'y UTy = 9Q, T'y NTy = 0,
W ={E€V:Ty(E)=Ti(E)=0onT4},
W = {VSU v € H(QR?),v=00nT,},
WP, ={E€W:EN =0onT5}.

We refer to [5] for the precise meaning of this latter condition and for the proof of the following
result.

Theorem 3. Assume S is simply-connected.
(1) We have the representations
V= {V%,ve H(QR?]}, W = {inc F,F € Z}.

(2) If E € L?(,S?) satisfies inc E =0 in Q and To(E) = Ti(E) = 0 on 98 then there exists
v € HY(Q,R®) such that E = V0.

(3) Letv e HY(,R?). Ifv=r on T in the sense of traces, with r a rigid displacement field,
then To(VSv) = T1(VSv) = 0 on T'y. The converse statement holds true if I'y = OS.

(4) We have the L*-orthogonal sums

L*(Q,$*) = v e W, H™(Q, S =V 2.
(5) We have the Poincaré inequality
IEllm @89 < clline Ell2s)  VEE Z,
for some positive constant c.

Note that Theorem 3 implies V2 C VP, with equality if 'y = 9Q.
For later purpose, we provide two additional results related to the set

Y={Ee€H"(Q,S%: div E € L*(Q,R*),EN =0 on 09} . (4.5)
Theorem 4. If Q) is simply-connected, then there exists ¢ > 0 such that
1Bl 20,83 < ¢ (H inc El|z2qgs) + || div E||L2(Q’]R3)) VE € ).
Proof. We define the auxiliary space

X:{(F,h)eLQ(QS?’)xLQ(Q,Rf‘):divF:O,/hdxz/hxxdxzo}
Q Q

and the continuous linear map
®:EFec)Yw— (inc E,div E) € X.
We equip X and Y with the norms
I 1)l = (IF 720,80 + IBl1F2(pe)) 2,

IElly = (HE||2L2(Q,S3) + || inc E||2L2(Q,S3) + [ div E||2L?(Q,R3))1/2a
whereby X and ) are Banach spaces. If ®(E) = 0 then E is a symmetric gradient by Theorem
3, and the conditions div £ = 0, EN = 0 on 09 yield E = 0. Given a pair (F,h) € X, setting
E = —V%w + G with G € Z such that inc G = F, which is possible by Theorem 3 since F' € W,
and w a weak solution of
—divViw=h inQ
{ VSwN =0 on 02
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results in div E = div VSw = h, inc E = inc G = F and EN = 0 on 9. We conclude that & is
an isomorphism. The open mapping theorem yields that ® ! is continuous, thence the result. O

Theorem 5. If Q is simply-connected, then Y is a dense subspace of H™¢(,S3).
Proof. We will prove that XJ- = {0}, where orthogonality is meant for the inner product of
H™¢(Q,S?). This will yield Y = Y+ = H"(Q,S?). Let E € Y. We have by definition
/(E-F—l—incE-incF)dm:O VE e ).
Q

We use the Beltrami decomposition from Theorem 3 as
E=FE.4+FE, V& 2Z,
to obtain
/EC-Fder/(Ei-FnLincEi-incF)dx:O VF e ). (4.6)
Q Q

Choosing F' = E; in (4.6), using Z C Y and the L?-orthogonality of E. and E;, yields E; = 0. It
remains

/Ec~Fd:1::O VE e ).
Q
We can choose in particular arbitrary test functions in C°(Q, S?), showing that E. = 0. O

4.3. Hard boundary condition. In view of Proposition 2, claim (1), we call hard boundary
condition the condition 75(E) = T1(F) = 0. By Theorem 3, claims (2) and (3), it naturally
extends the clamped condition to the possibly incompatible case. Proposition 2, claim (2), means
that the hard condition implies the micro-hard one (3.6).

5. GENERALIZED EXTERNAL FORCES

With the help of the decompositions from Theorem 3 we are going to give alternative repre-
sentations of the external work (2.1). Consider a partition 9Q = I'y UT'5. Let a virtual strain
E € L*(Q,S?) be decomposed as

E=V%+inc Fe VP oW,
with & € H'(Q,R?), o = 0 on I'; and F' € H™(Q,S?), inc FN = 0 on I',. The Green formula
yields

Wo(E) = / K- (V90 + inc F)dx
Q

:—/ div K- ddx + KN-@dS(x)+/
Q

a0 Q
We recall the following property proved in [5].

Lemma 6. IfK € V{2 and inc Fe WL, then

inc K-ﬁ'dw—i—/
a9

(T(K) - -+ To(K) - 0w ) dS ().

/89 (’E(K) - F 4+ To(K) -GNF) 45(z) = 0.

Let f € L?(Q,R?) and g € H'/2(0Q,R3) be given. Using Lemma 6 and restricting for
simplicity to the reference case where inc K = 0, i.e. K = V5w with w € H'(Q,R?), a (weak)
solution of

—divViw=f inQ

w =20 on I'q

(VS w) N=g on I'y
then we retrieve the conventional external work

We(EA’):/Qf-ﬁdx—i—/FZgﬁdS(x). (5.1)
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We will subsequently assume that K is defined in this way.

6. WELL-POSEDNESS AND ELASTIC LIMIT

6.1. Well-posedness. We are now in position to address the well-posedness of (2.3). In order to
encode a hard boundary condition on I'; and a free boundary condition on I'y we set

H={EeH"(QS*): To(E)=Ti(E)=0onT;}.
A straightforward application of the Lax-Milgram theorem yields the following existence result.

Theorem 7. Let K € L?(Q,S?) and assume A, are uniformly positive definite. There exists a
unique E € H such that

/(AE.E+DincE-incE)dx:/K-de VE € H. (6.1)
Q Q

6.2. Free boundary condition and strong form. Assuming sufficient regularity for E, inte-
grating the left-hand side of (6.1) by parts yields by the Green formula

/ (AE + inc (Dinc E)) - Edz + To(Dinc E) - Oy EdS(z) + Ti(Dinc E) - EdS(x).
Q o9 o9

Taking first € C2°(2,S?) yields the strong form
AFE + inc (Dinc E) =K  in Q,
with K the tensor of extfzrnal force encoding the efforts f and g by (5.1).
Remark that taking £ = V°0 yields the classical relations
—div (AE)=f in Q, AEN =g only,

whereby AFE is interpreted as the Cauchy stress tensor, and accordingly will be later used to
compute the von Mises stress. By classical lifting in H?(Q2) one obtains the additional boundary
condition

To(Dinc E) = Ti(Dinc E) =0 on I's.

This is our version of the micro-free or microscopically powerless boundary condition, similar in
spirit to [15] but different in its expression since the authors of [15] have another kinematical
description with prescribed slip systems.

6.3. Elastic limit. We now show that compatible linear elasticity is recovered at the limit when
the eigenvalues of D tend to infinity.

Theorem 8. Assume that A and Dy, are uniformly positive definite and denote by dj the smallest
eigenvalue of Dy. Let Ey € H be the solution of

/(AEk-E+Dkinc Ej - inc E) dx:/K~de VE € . (6.2)
Q Q
If d — 400 then Ej, — Eo in L*(Q,S*) where Ex is the unique solution in VP of
/ AEs - Edz = / K-Edx VYEeW.. (6.3)
Q Q

Proof. Choosing E = Ej, yields
||EkHL2(Q,S3) <e¢, | inc Ek||L2(Q7S3) — 0, (6.4)

for some constant c. Therefore, there exists Fo, € L?(€,S?) such that Ej, weakly converges to Eo,
in L2(9,S?), up to a non-relabeled subsequence. We have for all ® € C2°(€,S?)

/ FE - inc ®dx = lim FE) - inc ®dx = lim inc Ey - ®dx = 0,
Q

k—o0 O k—o0 O
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hence inc B, = 0. Let now ¢g,p; € C>®(99Q,S?) be supported on I'y and ® € H?(Q,S?) such
that ® = o and INP = ¢1 on 9. We have by the Green formula, since Fy € H, and by (6.4),

/(Eoo-inc@—incho-fl) T = hm/Ek inc ®dx = lim inc Ey - ®dx = 0,
Q

k—o0 k—oo Jq

hence To(Eu) = Ti(Es) = 0 on I';. We have shown that E, € VP, . Using a test function Ee V2

in (6.2) yields
/AEk de—/]K Edz,

then passing to the limit reveals that E., solves (6.3). By uniqueness of this cluster point, the
whole sequence (Fj) is converging. It remains to prove the strong convergence. To do so we
compute

/ A(Ek - Eoo) . (Ek - Eoo)dl' = / AFEy - Erdx +/ AFE - Eoodx — 2/ AF, - Eodx.
Q Q Q Q
We have on the one hand
/ AFE, - Eoodr — / AFE. - Eoodr = / K- Eydx,
Q Q Q

and on the other hand,

/AEk~Ekdx= / K~Ekdx—/]D)kinc E) - inc Epdx < / K-Ekdib—)/ K. FEdx.

Q Q Q Q Q

It follows that
limsup/ A(Ey — Ex) - (Ey, — Ex)dx =0,
k—o0 Q
from which we infer the strong convergence. O

In view of Theorem 3, we can rephrase (6.3) in a fully standard form, at least in the following
two cases:
(1) if Ty = 0 (free boundary condition on ) then VR =V ={VSv,v € H'(Q,R?)} and the
Neumann linear elasticity problem is retrieved;
(2) if Ty = 9Q (hard boundary condition on 0) then V2 = V%, = {VSv,v € Hj(Q,R?)}
and the Dirichlet linear elasticity problem is retrieved.

7. DISSIPATION AND EVOLUTION RULES

We aim here at studying evolution rules for the tangent moduli k4, pa, Kp, pp in order to obtain
a thermodynamically consistent model. We begin with a continuous time framework.

7.1. Continuous time evolution framework. Going back to the general notation from subsec-
tion 2.3, the Clausius-Duhem inequality [14,19] reads in the present case
. . . . .vT
R=3%-E+A-inc E— p(¢h+sT) — 2 -

> 0. (7.1)

Here, R is the dissipation rate, p is the density, ¥, s are the specific Helmholtz free energy and
entropy, respectively, g is the heat flux and T is the temperature. We postulate that the specific
free energy is of form

v =1vy(FE,inc E,0,T),

where 0 is a scalar internal variable accounting for dissipative phenomena. We can rewrite (7.1) as

R:(E—p&/})-E—i—(A—p i )-incE—p(s—i—w)T— 8—we—q.VTzO.

OF dinc F oT 80 T
A classical physical argument [19] leads to
N _ _
X=rop A lgner T Tar (7:2)
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and we arrive at

-VT
R=Ru+Rr, Ry = i
In our mechanical approach we will neglect the thermal dissipation rate Ry, and limit our study

to the mechanical dissipation rate Rjp;. A classical way to automatically satisfy Ry > 0 is to
postulate the existence of a dissipation potential ¢ minimal at 0 such that

6 maximizes — pg—zﬂ — #(6). (7.3)
Indeed, this implies

N ) ) .

Rm = —0@9 —¢(0) | + ¢(0) = —(0) + ¢(0) = 0.

Upon convexity and lower-semicontinuity of ¢, we infer a flow rule for 8 based on the equivalences
[6,7,11]
oY N . O
Pag € 0¢(0) < 0 € 9¢ (—P%)v

where 0¢ is the subdifferential of ¢ and ¢* is the Legendre-Fenchel transform of ¢. Choosing a
positively homogeneous dissipation potential of form ¢(s) = 7|s| yields

oy _J O if [p| <~y
¢(p)_{+oo if [p| > v

(7.3) & —

and in particular 9¢*(p) = {0} for |p| < +. This is relevant to represent the threshold effect typical
of perfect plasticity.

However we will not use convex calculus in the sequel. We will directly translate (7.3) to the
discrete time setting that will be of interest for practical implementation, in the spirit of Hencky’s
model of conventional plasticity (see e.g. [22]).

7.2. Incremental framework. In order to analyze the incremental procedure in a practical set-
ting we adapt the previous considerations. Since we assume the linear constitutive laws within
each increment, we directly address the question of the evolution of the tangent tensors A and D.
We recall that E stands now for an increment of strain. We start with the total work expended
during the current increment

W= / Kior - Edr,
Q

where Kot represents the total external effort. We focus our attention on the first increment,
which yields Ko = K, hence we have

W:/ (AE-E+Dinc FE - inc E) dx.
Q
We assume the isotropic constitutive laws (2.5), where we choose Ap = 0 for simplicity. This yields
W = / (ka(trE)* + 2u4| devE|* + 2up| inc E|?) dz.
Q

In the same way as in the previous subsection we introduce an internal variable 6, but we bypass the
free energy and the relations (7.2) to directly assume that ps and kp are functions of 8. Because it
is not expected to play any role in plasticity, the elastic bulk modulus k4 is assumed constant. We
assume a constant temperature. Moreover, we fix by convention § = (2up)~*!, as by Theorem 8,
linear elasticity corresponds to the limit 6 — 0. We call 8 the compatibility modulus. We assume
that the elastic shear and compatibility moduli are related by a constitutive law pa = pa(6). For
consistence we denote up(#) = (20)~.
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Call E(6) € H the solution of

/ (fm trE(0) trE + 24, (0) devE(0) - devE + 2up(0) inc E(6) - inc E) dx = / K-Edz VE € H,
Q Q

(7.4)

and W () the work

W)= | K-E(0)dx.

Q

The global dissipation for the increment under consideration is the difference between the actual
work and the corresponding elastic work for the same loading, equal to the variation of free energy,
ie.,

D(9) = W(0) — W(0).

Obviously we have the variational formulation
—W(0) = inf {/ (ka tr®E 4 2u4(0)| devE[* + 2up(0)| inc E*) do — 2/ K- Edm} .
Q Q

As in the continuous time setting, 6 is updated according to a principle of maximal dissipation,
including a dissipation potential. Here it is formulated globally in space and for a finite time
increment as
maximize D(6) — ®(0) over {6 > 0},
with
v(6) = [ S(O).
Q
or equivalently

minimize — W () + ®(6) over {6 > 0}. (7.5)

Imposing that ¢ is minimized at 0 guarantees the nonnegativity of the global dissipation D(0).
Lastly, due to our choice of function up(6), we restrict to 6 > Oy, for a sufficiently small 8,,;, > 0
that approximates perfect elasticity. We arrive at the joint variational formulation

tr2E + 24 (0)| devE|? + 2 0'E2d—2/K-Ed/6d.
07 B e f (25 2O 20 2F) o2 [ K | ko
(7.6)

It can be solved by alternating minimizations:

e minimization with respect to E is equivalent to solving the governing equation (7.4),
e minimization with respect to 6 can be for instance performed by steepest descent or Newton
iterations, see also appendix A.

This formulation in terms of a minimum problem of two energetic terms, whose equilibrium balances
the dissipation and the energetic cost of some inelastic phenomenon, is reminiscent of the Griffith-
Francfort-Marigo model of damage and fracture evolution as introduced in [12] and considered in,
e.g., [1,28]. Here, however, the dissipative term in (7.5) is driven by the compatibility modulus 6,
that is a diffuse field.

7.3. Modeling example. Since the material response can be viewed as the sum of elastic and
plastic phenomena in series we adopt the representation

1A ()™ = g+ l0) (7.7)

where g is the elastic shear modulus and fi(f) is a purely plastic effective shear modulus. It is
reasonable to assume that limg_,o fi(6) = +o0o and () is a decreasing function of 6, since in the
elastic limit & — 0 we expect i to be large. Let us write the stationarity condition with respect to
0 for (7.6), with F fixed to its optimal value E = E(0) by (7.4):

—241,(0)| devE(9)[* — 2up ()| inc E(O)|* — ¢/(0) € N(0),
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with the normal cone N(0)(z) = (—o0,0] if (z) = Opin, N(0)(z) = {0} if O(z) > Opin. Using (7.7)
this is equivalent to

i) , 1, .
2,&(9)2 |a(0) devE(9)|” + 02 |inc E(0)|* — ¢'(0) € N(6).
We suggest the simple laws
N k
po) =5, oO) =16, k~v>0. (7.8)

The first one implies that fi(#) is proportional to up(6). The second one induces the threshold
effect as discussed in section 7.1, and since we restrict to § > 0, the absolute value in ¢ may be
dropped. We obtain the stationarity condition

2 .
2 1 (0) devB(O)? + un(0) ne BO) — € N(6).
In particular for the von Mises stress oar = |2ua(6) devE(0)| we always have
o2 < 29k =: 0% (7.9)

Therefore oy can be identified with the yield stress in perfect plasticity. We underline that hard-
ening could be addressed by the construction of a sequence of increments.

8. NUMERICAL RESOLUTION

We consider the free boundary problem: find £ € H™(,S?) such that
/AE-E—i—]D)incE' incE:/K~E VE € H™(Q,S?). (8.1)
Q Q

As the space H™m¢(€,S3) does not lend itself to standard discretizations and K is not directly
known, we will work with the decomposition from Theorem 3

E=VSu+E eVaWy,  E=VSi+E VoW,

Using the representation (5.1) of the external work we arrive at

/(A(v5u+E¢)-(vSa+E})+Dmc E; - inc E) dx:/f~ﬂdx+/ g-adS(z).  (8.2)
Q Q o

Still, the constraints E;, E; € W9, are not easy to handle through finite element subspaces. For
this reason we turn to a mixed formulation. First, specializing (8.2) to the case where E; = 0
results in

/A(Vsu—i—Ei)-VSﬁdx = / f-ﬁd:c—i—/ g-udS(x)  Vae H'Y(Q,R?).
Q Q 09
Second, since K € V we rewrite (8.1) with K = —V°p, p € H'(2,R?), and obtain
/ (A(Vsu + E;) - E; + Dinc E; - inc E) de=— | V- Eide  VE; € H™(Q,S%).
Q

Q
By summation we arrive at

/ (A(Vsu + E;) - (V% + E;) +Dinc E; - inc E; + V- E) dz
Q
= / f-adx +/ g-adS(x) V(i E;) e H'(Q,R?) x H"(Q,S?).
Q o0
This has to be solved by (u, E;) € H*(Q,R?) x H™(£2,S3) with the additional equation

/ E;-Vdx=0  Vpe HY(Q,R?),
Q
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which represents the condition E; € WgQ = V+. Since u and p are in the present case defined up
to rigid body motions, we numerically solve a finite element approximation of

/ (A(Vsu—i—Ei) (Vi + E;) + Dinc E; - inc E; + equ-t+ V- B, + B - V5p — epp.ﬁ> dz
Q
= / f - adx +/ g-adS(x) V(4 E;,p) e HY(Q,R?) x H™(Q,S%) x H'(Q,R?), (8.3)
Q a0
with €,, €, small positive stabilization parameters. Actually, the unknown p can be eliminated
using
! div E
= ——div E;
E -V —ep p=0¥pe HHQR) < P77 ¢ i (8.4)
E;N =0 on 09.
We arrive at the variational form
. . 1 N
/ (A(Vsu +E;)- (Vsﬂ + E;) +Dinc E; - inc E; + €,u -0+ — div E; - div EZ-) dx
Q €p
= / f-ada +/ g-udS(x)  Y(u,E;) e H(QR?) x Y, (85)
Q a0
with Y defined in (4.5). Note that the test functions in (8.5) are more constrained than in (8.3),

however the two formulations will be proved to be equivalent, which actually is not surprising in
view of the density property obtained in Theorem 5.

Theorem 9. Assume A, D are uniformly positive definite and Q is simply-connected.
(1) The triple (u, E;,p) € HY(Q,R3) x H(Q,S?) x H(Q,R?) solves (8.3) if and only if
(u, B;) € H'(Q,R?) x Y solves (8.5) and p = —e¢, ! div E;.
(2) There exists a unique (u, E;) € H(Q,R3) x Y solution of (8.5).
(3) Moreover, V3u + E; converges to the solution of (6.1) (with Ty = () and K defined as in
section 5) in HMC(Q,S?) when (ey,€p) — 0.

Proof. Step 1. Suppose that (u, E;,p) € HY(Q,R?) x H®¢(Q,S?) x H(Q,R?) solves (8.3). Then
we have already shown (8.4), whereby E; € Y and (8.5) is satisfied.
Step 2. Suppose now that (u, E;) € HY(Q,R3) x Y solves (8.5) and set
1
p=——div Ej, E =V +E;.
€p
We have in particular p € L?(Q, R3) and
/ (AE .E; 4+ Dinc E - inc E; — p- div El) dr=20 VE; € ). (8.6)
Q
We define the linear form A € H'"(Q,S3)’ by
(A E) = / (AE B+ Dinc E - inc E) dv  VE e H™(Q,s%). (8.7)
Q

We infer from (8.6) that Z C ker A. By Theorem 3 we have H'"¢(),S3) =V @ Z, hence denoting
by P : H"¢(Q,S?) — V the projection onto V we have

(AE) = / AE-P(E)dr  VE e H™(Q,S%).
Q
The projection P being L2-orthogonal, it follows with R = P(AE) € V C L*(Q,R3)

(A, B) = /Q P(AE) - Bdz = /Q R-Bde VE e H™(0,5). (8.8)
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Going back to (8.6) we obtain
/ (R-Ei—p-divB)de=0 VEi ey,
Q

whereby R = —V®p € L?(,S?). By Korn’s inequality, this shows that p € H'(£2,R3). Moreover,
combining (8.7) and (8.8) leads to

/ (AE -E; + Dinc E - inc E> do = —/ V- Bide  VE; € H™(Q,S%).
Q Q

This is exactly (8.3) tested against ;. Starting from (8.5), testing (8.3) against @ is straightfor-
ward. Testing (8.3) against p is equivalent to (8.4), which is satisfied by construction.
Step 3. We now prove the existence of a constant ¢ > 0 such that

1
/ (A(st +F)- (VS + F) +Dinc F - inc F + ¢,|v]? + —|div F|2) dz
9] €

P
> c(|[v)|22 + V50|22 + |F||? + | inc F||3. + || div F||3.) V(v,F) e HY(Q,R?) x V. (8.9)

Let assume that (8.9) does not hold true. Then we can construct a sequence (vy, Fy,) € HY(Q,R?) x
Y such that

1
klim (A(stk + Fy) - (VSv;€ + F}) 4+ Dinc Fy - inc Fy + €, |vg|> + —| div Fk|2> dz =0,
— 00 Q Ep
(8.10)
lokllZz + IVo0klZ2 + [ Frll7z + [linc Fill7z + || div Fi[72 = 1. (8.11)

From (8.10) we immediately see that ||vg| L2 — 0. We also infer ||inc Fy||z2 + || div Fg|lr2z — 0,
hence Theorem 4 yields || Fg||z2 — 0. Using again (8.10) we find that

IVSukllz2 < IVSvk + Fillrz + || Fellr2 — 0,

which contradicts (8.11).

Step 4. The existence and uniqueness of a solution of (8.5) follows from step 3, the Lax-Milgram
theorem and Korn’s inequality [[v[|2, + ||[V5v[|2, > C||v||%:, for some constant C.

Step 5. We turn to the convergence. Consider an infinitesimal sequence (¥, e’;). We denote by
(uF, E¥) the solution of (8.5) obtained with the parameters X > 0 and e’; > (0. We have

A . 1 .
/ (A(vsu’f + EFY- (V%0 + E;) + Dinc EF - inc E; + fu” - 4 + — div EF - div E) da
Q

p
p

= f-adm+/ g-udS(z) = | K- (Vo + E)dz  V(i,E;) € HY(Q,RY) x Y. (8.12)
Q oN Q

Choosing (i, E;) = (u, E;) in (8.12), we infer
: .
IV5u® + EF[IZ2 + [line EF|I7: + ellu”llZ: + lldiv Bf[7. = O(1). (8.13)
P

Therefore there exists E € L?(2,S® and T € L?(9, S?) such that Vou¥+ EF — E and inc EF =T
weakly in L?(Q, S?), for a non-relabelled subsequence. It is immediately recognized that T' = inc E,
since for all ® € C2°(£2,S%) we have

/T-<I>da:: lim [ inc EF - ®dz = lim [ inc (V5uf + EF)- ®dx
Q

= lim [ (Vu* + EF) . inc ®dx = /

FE - inc &dx = / inc F - &dx.
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Passing to the limit in (8.12) choosing F; as divergence-free, using ||efu*|| > = O(\/€F) by (8.13)
and the Cauchy-Schwarz inequality, we arrive at

/ (AE- (VSa+ E;) + Dinc E - inc E) dz
Q
= / K- (V9 + E)de  Y(4,E;) € HY(Q,R?) x 2. (8.14)
Q

Using the Beltrami decomposition from Theorem 3 we infer that E solves (6.1). The uniqueness
of the cluster point guarantees the convergence of the full sequence.
Step 6. Lastly we prove the strong convergence. We use
/ (A(V5u* + EF — B) - (V5u* + Ef — E) + Dinc (Ef — E) - inc (Ef — E)) dx
Q
= / (A(V5u® + EF) - (VSuF + EF) + Dinc Ef - inc EF) dz
Q
—2/ (A(V5u" + EF) - E + Dinc Ef - inc E) dx-i—/ (AE-E+Dinc E - inc E) dx.
Q Q

By (8.12) the first integral is bounded above by fQ K- (VSuF 4+ EF)dz. Using the weak convergence
and (6.1) we obtain

limsup/ (A(VSu* + EF — E) - (V5" + Ef — E) + Dinc (Ef — E) - inc (Ef — E)) dx
Q

k—o0

§/K~Ed$—/(AE~E+DincE-incE)daz:O.
Q Q

This proves the strong convergence VSu* + E¥ — E in H™¢(Q,S?). O

9. 2D MODEL

With numerical investigations in mind we now briefly discuss the 2D version of the model under
the plane strain assumption

Epo Euy 0
E=|E, E, 0|, (9.1)
0 0 0

where E,., E;y and E,, are functions of the space variables x,y. We find
0 0 0
incE=10 0 0 ,
0 0 OpeEyy+ O0yyEry —20yFEqey
and with the same form for E , we have
Dinc E - inc E = (Ap + 2up) inc E - inc E.
The 2D linearized model reads

/(AE-E+]D)incE~incE)dx:/K~de
Q Q

for all kinematically admissible plane virtual strain E. Of course, K has to be constructed in the
form (9.1).
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Remark 1. Let us consider the particular case in which Aa, pa are constant, inc K = 0 and div K
is constant (constant body force). Set

1
Fop=————((Ma+2ua)Kype — MK
4#A(>\%+UA) (( A MA) A yy)

E,y=—————(Ma+2us)Ky, — MK,z
yy 4/~1LA()\A+MA) ((Aa fa) Yy A )
E., = —K,,.
Ty 2MA Ty
We easily check that the planar components of AE coincide with those of K and inc E = 0, thus
FE is indeed the solution. There is no incompatibility in this case.

10. NUMERICAL EXAMPLES

The computations are performed using the finite element software FreeFem++ [16]. The codes
are available at https://github.com/samuel-amstutz/incompatibility.git. We use the built-
in Hsieh-Clough-Tocher elements (of class C') for the approximation of E; and P2 elements for
the approximation of u and p in the mixed formulation (8.3). We use dual Newton iterations as
explained in appendix A to solve the minimization problem in the independent variable 6.

10.1. Perforated plate under uniaxial traction. We consider a square plate of unit size per-
forated with a disc of radius 0.1 in its middle. A unit uniform traction is applied on the left and
right borders. We perform 20 iterations of alternating minimizations, and within each iteration 10
dual Newton steps. The material parameters are ka = 83, fo = 38.46, k = 104, oy = 1, whereby
7 is derived by (7.9). Other parameters are Opin = 1073, €, = ¢, = 1075. We use an unstructured
mesh with 4704 triangular elements. Our findings are displayed in Figure 1. The incompatibility
field reveals that, as expected, the inelastic deformations concentrate in the regions of high shear.
Moreover, the inequality in (7.9) is satisfied.

roia

FIGURE 1. Perforated plate under uniaxial traction. Top: 6 and ps. Bottom:
inc E and o3,.
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10.2. Traction with necking. We now consider a plate of size 1 x 0.5 with two half-circular
perforations at the middle of the bottom and top edges. The mesh consists of 3806 elements.
In order to highlight the necking we have set o3 = 0.9 and performed 50 iterations to reach
convergence. The other parameters are the same as in the previous case. Outputs are displayed in
Figure 2

P . 4 1 5
e gl il
= -
‘v:’::“" begian

g~ ‘

FIGURE 2. Second example of plate under uniaxial traction. Top: 6 and inc E.
Bottom: 0%, and enhanced deformed configuration (displacements with a factor
5).

10.3. Plate with inclusion under shear. We investigate further the role of the tangent material
coefficients through the following numerical experiment. The domain at hand is a unit square
subjected to a shear load applied on the edges. A circular inclusion of radius 0.15 is located in
the middle. We prescribe the piecewise constant coefficients uy = 1072 and 2up = 107° in the
inclusion, s = 0.3 and 2up = 10% outside. The mesh consists of 15046 elements. We show our
results in Figure 3. The incompatibility profile is consistent with the accumulation of dislocations
nearby the boundary of the inelastic inclusion due to the variation of their mobilities.

11. CONCLUDING REMARKS: PLASTICITY WITHOUT PLASTIC STRAIN?

This paper contributes to the theme of incompatible elasticity, with a view to devise a model of
elasto-plasticity grounded on intrinsic considerations. Indeed, plastic effects in a deformable solid
are here driven by the incompatibility of the total strain, and not by a specific plastic strain as
in conventional approaches. Compared with our previous work on the topic, the main novelties
are the following: (i) the model is of higher order, but shows a variational structure; (ii) the two
classical types of boundary conditions are incorporated and given a clear and coherent physical
meaning; (iii) evolution rules for the tangent moduli are discussed; (iv) numerical aspects are
addressed and simulations on simple academic examples illustrate the relevance of the model. In
addition, as in our previous work, pure linearized elasticity is recovered as a limit case. Future
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i€

/ 2

FIGURE 3. Plate with inclusion under shear: enhanced deformation and incom-
patibility field.

research may deal with the complete time incremental evolution problem as well as 3d numerical
simulations, with the ultimate goal of modeling real macroscopic material behaviors.
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APPENDIX A. DuaAL NEWTON METHOD

The goal of this section is to minimize over {6 > O,y } the function
b
F(6) = aua(9) + ] +40,

given a,b > 0. Recall that us(6) is defined by (7.7) and (7.8). Therefore F' is convex. Here we
consider the non-trivial case where a,b > 0, and we study the minimization over {6 > 0}, as it
suffices then to threshold the solution. As 6 potentially covers the whole positive half-line, it is
sometimes delicate to find a good initialization for the direct Newton method, especially when
k is large since it tends to increase the range of attained values. We propose the following dual
formulation.

After Legendre-Fenchel conjugacy of the convex lower-semicontinuous function

b .
RS0 §+9 ifd>0
+oo if 9 <0,

we arrive at

F(0) =sup apa(0) +0(1—r)+2Vbr V0> 0.

r>0
This yields
inf F() = inf sup L(0,r), L(0,7) = apa(0) + 0(1 — ) 4+ 2Vbr.
6>0 0>0 r>0
As, F is strictly convex and goes to infinity at 0 and +oo, it admits a unique minimizer §, and

since the function F is decreasing on the interval (0,v/b] we have > v/b. A short calculation
reveals that the pair
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is a saddle point of L, and since 7 < 1 we have

inf F () = inf L(6,7).
Inf (0) ,Sup Inf 9,r)

The inner minimization is realized by

k k
6 = max | 0, 422 (A1)
1—7r o
which entails after some algebra
2
: k(1 —r)
inf F(0) = auo + sup g(r), g(r) = 2vbr —max | 0, \/aug — | ——=
6>0 0<r<1 Ho
Set
ayg
r*=max (0,1 —— |.
k
Clearly, g is maximized over [r*,1). Hence we define
2
k(1 —r
h(r) = 2Vbr — | /ajo — <,u>
0
We apply the Newton method for the maximization of h over the interval [r*,1]. Then we infer 6
by (A.1).
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