Proceedings of the Royal Society of Edinburgh, 135A, 1017-1039, 2005

Infinitesimal elastic—plastic Cosserat micropolar
theory. Modelling and global existence in
the rate-independent case

Patrizio Neff

Fachbereich Mathematik, Darmstadt University of Technology,
Schlossgartenstrasse 7, 64289 Darmstadt, Germany
(neff@mathematik.tu-darmstadt.de)

Krzysztof Chelminski

Faculty of Mathematics and Information Science,

Warsaw University of Technology, P1. Politechniki 1,

00-661 Warsaw, Poland (kchelmin@mini.pw.edu.pl)

and Department of Mathematics, Cardinal Stefan Wyszynski University,
Dewajtis 5, 01-815 Warsaw, Poland (chelminski@uksw.edu.pl)

(MS received 9 July 2004; accepted 9 February 2005)

In this article we investigate the regularizing properties of generalized continua of
Cosserat micropolar type in the elasto-plastic case. We propose an extension of
classical infinitesimal elasto-plasticity to include consistently non-dissipative
micropolar effects. It is shown that the new model is thermodynamically

admissible and allows for a unique, global-in-time solution of the corresponding
rate-independent initial-boundary-value problem. The method of choice is the Yosida
approximation and a passage to the limit.

1. Introduction

This article addresses the modelling and mathematical analysis of geometrically lin-
ear generalized continua of Cosserat micropolar type in the elastic and elasto-plastic
cases. General continuum models involving independent rotations were introduced
by the Cosserat brothers [13]. In fact, their original motivation came from the theory
of surfaces, where the moving three-frame (Gauss frame) had been used successfully.

Their development was largely forgotten until it was rediscovered at the beginning
of the 1960s [1,19,22,30,31,37,42,48,53-55]. At that time theoretical investigations
of non-classical continuum theories were the main motivation [34]. The Cosserat
concept has been generalized in various directions; for an overview of these so-called
microcontinuum theories see [8,20,21].

Among the first contributions extending the Cosserat framework to infinitesimal
elasto-plasticity we have to mention [7,36,47]. More recent infinitesimal elastic—
plastic formulations have been investigated in [15,17,33,43]. These models directly
comprise joint elastic and plastic Cosserat effects. Lately, the models have been
extended to a finite elastic—plastic setting as well (see, for example, [24, 28, 29,
44-46,49] and references therein). Most of these extensions also directly comprise
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joint elastic and plastic Cosserat effects but we pretend that their physical and
mathematical significance is at present much more difficult to assess than models
where Cosserat effects are restricted to the elastic response of the material (see [24]
and references therein). Our own contribution will be of the second type.

Apart from the theoretical development, the Cosserat-type models are today
increasingly advocated as a means of regularizing the pathological mesh size depend-
ence of localization computations where shear failure mechanisms [5, 6,12, 38, 40]
play a dominant role; for applications in plasticity see the non-exhaustive list
[14-17, 33, 43]. The mathematical difficulties that occur reflect the physical fact
that upon localization the validity limit of the classical models is reached. In mod-
els without any internal length the deformation should be homogeneous on the scale
of a representative volume element of the material [39].

The incorporation of a length-scale, which is natural in a Cosserat theory, has the
potential to remove the mesh sensitivity. The presence of the internal length-scale
causes the localization zones to have finite width. However, the actual length-scale
of a material is difficult to establish experimentally and theoretically [35] and its
determination remains basically an open question, as is the determination of other
material constants that also appear in the Cosserat framework. It is also not entirely
clear how the shear band width depends on the characteristic length.

The mathematical analysis of Cosserat micropolar models is at present restricted
to the infinitesimal, linear elastic models (see, for example, [18, 25, 26, 32]). To
the best of our knowledge, the elasto-plastic situation has not been dealt with
mathematically.

As far as classical rate-independent elasto-plasticity is concerned we remark that
global existence for the displacement has been shown only in a very weak, measure-
valued sense, while the stresses could be shown to remain in L?(§2). For this result
we refer, for example, to [3,11,52]. If hardening or viscosity is added, then global
classical solutions are found (see, for example, [2,9,10]). A complete theory for the
classical rate-independent case remains elusive (see the remarks in [11]).

While the infinitesimal Cosserat micropolar elasto-plasticity model in its various
versions is interesting mathematically in its own right, we concentrate here on its
possible regularizing properties. We emphasize that our non-dissipative formulation
seems to provide just the correct amount of regularization missing in the classical
elasto-plastic problem. This being our main thrust, we do not investigate Cosserat
models in which additional Cosserat effects have been introduced for the plastic
behaviour as well.

Our contribution is organized as follows. First, we review the basic concepts of
the geometrically linear elastic Cosserat micropolar theories in a variational context
and present various existence results.

The formulation is then consistently extended to infinitesimal elasto-plasticity
with non-dissipative micropolar effects. The decisive stress tensor is none other
than the linearized elastic Eshelby energy-momentum tensor.

Subsequently, we mathematically study the rate-independent case obtained and
show, by means of the Yosida approximation and a passage to the limit, that the
rate-independent problem admits a unique, global-in-time solution for displace-
ments and microrotations in standard Sobolev spaces under fairly mild assumptions
on the data. The relevant notation is found in the appendix.

https://doi.org/10.1017/5030821050000425X Published online by Cambridge University Press


https://doi.org/10.1017/S030821050000425X

Infinitesimal elastic—plastic Cosserat micropolar theory 1019

2. The infinitesimal elastic Cosserat model

Let us start by recalling the infinitesimal Cosserat approach. First, in the purely
elastic case, an infinitesimal Cosserat theory can be obtained by introducing the
additive decomposition of the macroscopic displacement gradient Vu into infinites-
imal microrotation A € s0(3,R) (infinitesimal Cosserat rotation tensor) and an
infinitesimal micropolar stretch tensor (or first Cosserat deformation tensor) & €
M3*3 with

Vu=¢+ A, (2.1)

where £ is not necessarily symmetric, such that (2.1) is in general not the decom-
position of Vu into infinitesimal continuum stretch sym(Vu) and infinitesimal con-
tinuum rotation skew(Vu).

In the quasi-static case, the Cosserat theory is then obtained from a variational
principle [46, p. 51] or [50] for the infinitesimal displacement u : [0,7] x £ — R3
and the independent infinitesimal microrotation A : 2 + s0(3,R):

E(u,A) = ; W(Vu, A, D A) — (f,u) — (M, A)dV

—/ (N,u)dS — (M., A)dS +— min w.r.t. (u, A), (2:2)
Is Io

Alp = Aq, ulp =ga(t,z) — =

Here W represents the elastic energy density and 2 C R? is a domain with boundary
012 and I' C 02 is that part of the boundary where Dirichlet conditions gq, Aq
for infinitesimal displacements and rotations, respectively, are prescribed, while
I's C 012 is a part of the boundary where traction boundary conditions N are
applied with I"' N I's = (. In addition, I'c C 942 is the part of the boundary where
external surface couples M, are applied with I'NI'c = (. The classical volume force
is denoted by f and the additional volume couple by M. Variation of the action £
with respect to u yields the equation for linearized balance of linear momentum and
variation of £ with respect to A yields the linearized version of balance of angular
momentum.

2.1. Infinitesimal elastic Cosserat theory

It remains to specify the analytic form of the energy density W. A linearized
version of material frame-indifference implies the reduction

W(Vu, A, D, A) = W(g,D,A), (2.3)

and for infinitesimal displacements v and small curvature D, A a quadratic ansatz
is appropriate:
W(e, Dy A) = Wail™(€) + e (D, A), (24)

curv

with an additive decomposition of the energy density into microstretch & and cur-
vature parts.
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In the isotropic case we assume for the stretch energy

W™ (&) = pllsym(8)|* + pellskew(8)|* + A tr[sym(&)]*
= pl|lsym Vul|* + pcl|skew(Vu) — A||* + I tr[sym(Vu)]?, (2.5)

where the Cosserat couple modulus pu. > 0 is an additional parameter, complement-
ing the two Lamé constants u, A > 0.

For the curvature term we assume that

wemallp A) = ,u(ﬁL?)(ogHsym D, A|? + agljskew D, A||? + a7 tr[D,A]?). (2.6)
Here, L. > 0 with units of length introduces a specific internal characteristic length
into the elastic formulation. In general, we assume a5 > 0, ag, ar = 0.

Two observations are essential. First, if g, = 0, the infinitesimal problem com-
pletely decouples: the infinitesimal microrotations A have no influence at all on the
macroscopic behaviour of the infinitesimal displacements and classical infinitesimal
elasticity results.

Second, the choice ag, a7 = 0 is possible, since coercivity of the reduced curvature
expression can still be concluded on account of the classical first Korn inequality
applied to sym D, A.!

In the limit of zero internal length-scale L. = 0 and for p. > 0,2 the balance of
angular momentum reads

DiWp(Vu, A) € Sym & D 1Wip(Vu, A) =0, (2.7)

and implies already that infinitesimal continuum rotations and infinitesimal micro-
rotations coincide: skew(Vu) = A, and this in turn is equivalent to the symmetry
of the infinitesimal Cauchy stress o or the so-called Boltzmann axiom.

If we now consider p. > 0, it is standard to prove that the corresponding
minimization problem admits a unique minimizing pair (u, A) € H(£2,R3) x
H'Y(£2,50(3,R)). Existence results of this type have been obtained in, for exam-
ple, [18,25,26,32).

IFor A € 50(3,R) we have

0 o B o Qg Oy Oz
A=|-a 0 5|, ad(@={8|, VadA) =g B B8],
-8 -y O 0 Yz Yy V=

o Loy +82)  L(az +72)
symV axl(A) = | 1 (oy + Bz) By 1B +7) |,
Fostw) FB:twm)

llsym Vaxl(A)[|* = af + 85 + 72 + 3(ay + 0x)® + (02 +72)° + 58z +w)*,
llsym Do Al|* = [lsym V(A - e1)||? + [lsym V(A - e2)]|* + [lsym V(A - e3)||*.
Looking at the last line the standard Korn’s inequality applied to columns of A yields coercivity
of |lsym Dy A|2.

2Also corresponding to the limit of arbitrary large samples, which can be seen by a simple
scaling argument.
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THEOREM 2.1 (existence for infinitesimal elastic Cosserat model). Let £ C R3 be
a bounded Lipschitz domain and assume for the boundary data gq € H'(£2,R3) and
Aq € HY(£2,50(3,R)). Moreover, let f € L*(£2,R®) and suppose N € L?(Is,R?),
M € L?(2,50(3,R)) together with M. € L?(I'c,s0(3,R)). Then models based
on (2.2) with (2.5) and (2.6) admit a unique minimizing solution pair (u, A) €
HY(2,R3) x HY(£2,50(3,R)). The solution is smoother if the data are smoother.

Proof. We apply the direct method of variations. For simplicity we only assume
that M, M. = 0. First we observe that infimizing sequences (uy, Ay) of (2.2) exist
and

00 > / W (Tuy — Ag) + W (Dy Ag) — (f, ui) AV
2

curv

> /Q e[V — ARl AV — || el s 2
- / nellsym(Vag — AP + pelskew(Vag — AP AV — 1Lz el e
(93

> / pellsym ¥ (g — ga + ga) 12 AV — || £llz2 sl s
0
> Lpccrluk — gallr o) — pellsym Vaall 220y — I1f |2 lurll a2 (), (2.8)

showing that uy is bounded in H'(£2). We have used the fact that sym is orthogonal
to skew and used the classical first Korn inequality together with the boundary
conditions for ug. Similarly, we obtain boundedness of A; in H*(£2,50(3,R)). We
can choose a subsequence of (u, Ay) converging strongly in L?(£2) and weakly in
H'(£2). By overall convexity of the energy density in (Vu,D,A), the limit pair is
a minimizer.

For uniqueness, we consider the second derivative of the strains

Dlg, 1yW(Vu—A) - ((Ve,04),(Ve,04))
> 1c]| Vg — 0 A||?
= pelsym Vo||® + pc||skew (Ve — 5 A)||?
> prellsym Vo *. (2.9)

By the classical first Korn inequality for ¢ € H. 2(()) we obtain uniform positivity
of the second derivative upon integration. The functional is strictly convex; the
solution is unique.

Since the resulting field equations of force balance and balance of angular momen-
tum are linear and uniformly elliptic with constant coeflicients, the standard ellip-
tic regularity theory applies so that, for pure Dirichlet boundary conditions, the
smoother the data the smoother the solution. O

The corresponding infinitesimal gradient-constrained Cosserat micropolar model
(or indeterminate couple stress model) is obtained formally by setting p. = oo and
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has the form (simplified curvature term: a5 = ag = 1, ay = 0)
/ pllsym Vu||® + I tr[sym Vu]® + p(5L2)|| Dy skew (V) ||* — (f, u) dV
19,

—/ (N,u)dS — (M, skew(Vu)) dS — min w.r.t. u,
I's I'c

0'°¢ = 2 sym(Vu) + Atrfsym(Vu)] - 1 € Sym,  constitutive stress,
ulon(x) = ga(z) — x, skew(Vu)|on = skew(Vga)|on-

(2.10)
Using the same methods as before we obtain the following theorem.

THEOREM 2.2 (existence for infinitesimal gradient case). Let 2 C R3 be a bounded
domain with smooth boundary of class C' and assume for the boundary data gq €
H?2(£2,R3). Moreover, let f € L2(£2,R3) and suppose N € L?(I's,R3) together with
M. € L*(I'c,50(3,R)). Then a model based on (2.10) admits a unique minimizing
solution u € HY(2) N {V curlu € L2(2)} (cf. [18]).

3. Infinitesimal Cosserat micropolar elasto-plasticity

3.1. Non-dissipative extension to micropolar elasto-plasticity

Now we extend the formulation of micropolar elasticity to cover infinitesimal elasto-
plasticity as well. It should be made clear that there exist various ways of obtain-
ing such an extension; for an overview of the competing models we refer to the
instructive survey article by Forest and Sievert [23]. Incidentally, the Cosserats
themselves [13, p. 5] had already envisaged the application of their general the-
ory to plasticity and fracture. Without restricting generality we base the following
considerations on a simplified curvature expression by setting as = ag = 1, a7 = 0.
The basic idea of a non-dissipative extension is quite simple. Consider the additive
decomposition of the total micropolar stretch into elastic and plastic parts

E=¢Eo+&p, (3.1)
and assume that microrotational effects remain purely elastic: A, := A. Now we
replace formally & in equation (2.5) with &, which yields (note that [[D,Ac[|* =
2|V axl(4.)|1?)

E(Ee, Ao)

— / piljsym ol + pel|skew(ge)[|* + 2Atr[ee]? + 2u( 5 L2)||V axl(Ae)[|* AV
N

- / lle — sym&, |2 + pelskew(Vu — A, — &)
0

+ I trfe — &) + 2u(5 LYV axl(Ae) |2 dV (3.2)

as thermodynamic potential, where ¢ = sym Vu is the symmetric part of the dis-
placement gradient. We need to supply a consistent flow rule for &, (note again
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that A, acts solely elastically). By choosing
Ep(t) € §(Tr), Tg = —0:,WhinNg,) =0 WhiNe,), ce=¢-5, (3.3)
W;‘Sn(ée) = pllsym & ||* + pic|skew(&e)||* 4+ $Atr[ge)?,

with a constitutive multifunction f such that (f(X),X) > 0,VX # 0 the reduced
dissipation inequality

d <
aé’(e,Ae,sp) <0 (3.4)

at fixed in time (Vu, A.) is automatically satisfied, thus ensuring the second law of
thermodynamics.

We assume that the multifunction § takes trace free symmetric values only,
ie. f(Tg) € Sym(3) Nsl(3,R). This sets the infinitesimal plastic spin skew(&,) to
zero and restricts attention to incompressible plasticity as in the classical formula-
tion of ideal plasticity. Since then &, € Sym(3), we may identify &, = sym(&,) = &,
formally as in ideal plasticity. We have thus obtained our infinitesimal model, as
follows.

3.2. Infinitesimal elasto-plastic Cosserat model

The infinitesimal system in variational form with non-dissipative Cosserat effects
reads

/ plle = epl® + pcllskew(Vu — Ae)||* + gAtr[e]” + 2p(5 L)V axl(Ae) ||
9]

—<f,u>—<M,Ae>dv—/ (N dS — [ (M., A,)dS

Is I'c
+ min w.r.t. (u, 4.) at fixed g,
ep(t) €1(Te),  Te=2pu(e —&p),
ulp = ga(t, ) —x, Ac|r = skew(Vga(t,z))|r.

(3.5)
The corresponding system of partial differential equations coupled with the flow
rule is given by (note that [|A.[|* = 2|| axl(A.)||? for A € s0(3,R))

dive=—f, xe€f2
o =2u(e —ep) + 2uc(skew(Vu) — Ac) + Atrfe] - 1,
—u(5 LA ax1(Ae) = pe axl(skew(Vu) — A.) + 3 axl(skew (M),
ep(t) € f(Tr), Tk =2u(e —&p),
ulr(t,z) = ga(t,x) —x, Adlr = skew(Vga(t,2))|r, (3.6)
o-nlrs(t,z) =N, o nlaa\(rursy(t, ) =0,
(5 L2V axl(Ae) - mlr (t, ) = & axl(skew (M),
u(75L2)V axl(A,) - mlog (rurey (t,x) = 0,
trle,(0)] =0, €p(0) € Sym(3).

We remark that the derivation of this model is intrinsically thermodynamically
correct but that it can also be obtained as the linearized version of a corresponding
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geometrically exact model [41] based on the multiplicative decomposition of the
deformation gradient into elastic and plastic parts, which, in fact, was derived prior
to this linearized model.

In [17, p. 815] an elasto-plastic model based on the infinitesimal theory with dis-
sipative Cosserat effects has been investigated by means of localized considerations.
They show that the Cosserat couple modulus pu. > 0 has a decisive influence on
localization effects, essentially excluding mode II shear failure. In the light of our
development with non-dissipative Cosserat effects, however, it is difficult to transfer
this insight directly.

3.3. Mathematical analysis of the elasto-plastic model

For brevity of notation, in this section we write A instead of A, and [. instead
of the positive constant ,u(%Lz) Moreover, we study general Dirichlet boundary
conditions, which means that the boundary data for the displacement and for the
microrotation may be prescribed independently. For simplicity we only consider

M =0.
The goal of this subsection is to prove that the following initial-boundary-value
problem,
dive = —f,
o =2u(e — ep) + 2pc(skew(Vu) — A) + Arfe] - 1,
—l.Aaxl(A) = pe axl(skew(Vu) — A), (3.7)

&p €f(Tr), Tr =2u(e —¢&p),
ulon =ua, Alag =Aq, e,(0) =¢p,

possesses global-in-time L2-solutions, assuming that the given data f, uq, Aq, 53
satisfy some natural restrictions and f : D(f) C Sym(3) — P(Sym(3)) is supposed
to be a mazimal monotone mapping [4, definition 1, p. 140] with 0 € f(0). This is,
for example, verified for the flow function corresponding to classical ideal plasticity.?
Here, for any set X the symbol P(X) denotes the family of all subsets of X. This
mapping defines the maximal monotone operator

f: L?(£2,Sym(3)) — P(L*(£2,Sym(3)))
with the domain

D(f) = {T € L*(2,Sym(3)) : T(z) € D(f) a.e. in 2 and there exists
S € L*(£2,Sym(3)) with S(x) € f(T(x)) a.e. in 2}. (3.8)

System (3.7) contains only one physical nonlinearity, the constitutive multifunc-
tion f, which is assumed to be maximal monotone. Such a nonlinear mapping can
be approximated by single-valued, global Lipschitz functions f,, called in the liter-
ature the Yosida approzimation (see, for example, [4, theorem 2, p. 144]). Hence,
our idea is quite natural: we rewrite (3.7) with f, instead of f and try to pass to
the limit  — 0.

3Maximal monotonicity shows (f(Tg) — f(0),Tg —0) = (f(Tg),Tg) = 0, which implies the
reduced dissipation inequality (3.4).
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Thus, for all n > 0 we study first the following approximated initial-boundary-
value problem

dive = —f,
o =2u(e" — e]) + 2pc(skew(Vu') — A7) + Atr[e"] - 1,
—lAaxl(A") = —pc axl(A") + pc axl(skew(VuT)), (3.9)

el =fy(TH), Ty =2u(" —¢}),
oo =ua, Ao =Aq, €)(0) =¢p.
THEOREM 3.1 (global existence and uniqueness for approximated problem).

Let us assume that the given data possess the following reqularity: for all times
T >0,

feC(0,T], L*(2,R%)),
Uq € C([O,T},Hl/z(aQaRg))a
Aq € C([0,T], H¥?(812,50(3,R)))

and the initial data &) belong to L*(2,Sym(3)). Then the approximated problem
has a global-in-time, unique solution (u",e",ag,An) with the regularity

u” € O([0,T], H'(2,R%)), e" € C([0,T7], L*(£2, Sym(3))),
el € CY([0,T],L*(2,Sym(3))), A" € C([0,T], H*(£2,50(3,R))).
If the given data are more regular in time, or, more precisely, if
f e C([0,T], L*(2,R?)),
i € C([0,T), H/?(892,R?)), (3.10)
Aq € C([0,T), H?(012,50(3,R))),
then the unique solution is also C' in time.

Proof. We give a sketch of the proof, which is otherwise standard. Note that the
approximated system of equations contains only global Lipschitz nonlinearities.
Hence, we use Banach’s Fix Point Theorem. For a fixed time T' > 0 let us denote
by X the Banach space C([0, T, L?(£2, Sym(3))). We define an operator P : X — X
as follows: for € € X we solve the integral equation

eplt) = / i (2(e(r) — ep(7))) dr + L. (3.11)

By the regularity of f, it follows that this nonlinear integral equation is uniquely
solvable in X. Then, for the solution e,, we study the elliptic boundary-value
problem

div(2u(e — p) + 2puc(skew(Vu) — A) + Atrfe] - 1) = — f,
—lAaxl(A) = —pc axl(A) + pe axl(skew(Vu)), (3.12)

uloo = ua, Aloe = Aq,
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for the pair (u, A) of unknown functions. This problem has a unique solution v with
the regularity C([0,T], H!(£2,R3)) and A € C([0,T], H*(£2,50(3,R))). Finally, we
set P(g) := 3(Vu+ VTu). By direct inspection of (3.12) it is not difficult to see
that for two input functions €!,2 € X we have

1P()(t) = P(e*) (B 2(0) < Cllep(t) = ep(B)llz2(0),

where e}(t) and €2(t) are solutions of (3.11) with the input functions &' and €2,
respectively, and the positive constant C' does not depend on these input functions
and is independent of ¢. Hence, looking at (3.12) we see that for short times T" the
operator P is a contraction. Moreover, the contraction constant depends only on
the Lipschitz constant of the function f, and on the time T'. Hence, for small T
the mapping P possesses a unique fixed point in X and this function defines a
local-in-time solution of the approximated system. Next, using the fact that the
length of the existence interval does not depend on the given data, we may extend
the solution with the same time-step and obtain a global-in-time, unique solution.
Finally, we see that the solution ¢}, is even more regular in time; this means ¢, €
C([0,T7], L*(£2,Sym(3))). Then for given data satisfying (3.10) we conclude that
the solution is C'! in time. O

The main idea of the last proof was based on the global Lipschitz property of the
nonlinear function f,,. However, we have not yet used the physical structure of the
problem. Next, we prove that the energy associated with the problem is bounded
independently of the parameter 7. The energy is defined by

E(u,e,ep, A)(t)

= / (ulle — epll® + %)\tr[e]Q + pie|| skew (V) — Al|* + 21|V ax1(A) %) dz.
2
THEOREM 3.2 (coerciveness of the energy). The energy function is elastically co-
ercive with respect to Vu. This means that 3Cg > 0, Vu € HY?(2), VA € HY*(0),
Ve, € L2(£2)
E(u2,2, A) > CrlulZ gy + 1AL (2))-

Moreover, 3Cg > 0, Yuq, Aqg € HY?(982), 3Cq > 0, Ve, € L*(2), Yu € H“2(0),
VA € HY2(2) with u|lpo = uq and Alpo = Aq it holds that

E(u,e,6p,A) + Cq 2 CE(”“HJQLN(Q) + HAHIQLP((Z))'

Proof. We begin with the first statement. From the definition of the energy we see
that

E(u,e,6p,A) > / (AXtr[e]® + pol| skew(Vu) — A||* + 21|V ax1(A) ||?) dz
Q
1y[ gier 0012 . 2 2
> [ B divul + el skew (V)| + 4]
— 24 (skew(Vu), A) + 21|V ax1(A)||?) dz

> / (%)\| divu|2 + %Mc” skew(Vu)H2 — ,uC||A||2 + 21|V aXl(A)||2) dz.
Q
(3.13)
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Next we estimate the negative term using the Poincaré inequality and the definition
of the energy

el Al ) = 2uell ax1(A) [
< 20 Col|V axl(A) 3,

/JCC_Q

<
X lc

E(u,e,6p, A),

where the constant C, > 0 depends on the domain {2 only. Moreover, we use the
following well-known estimate [27, p. 36]:

IVulF2(0y < CEV (| divul| 72 (o) + | curlul|F2(g),

where the positive constant C’g}{fl does not depend on u. Inserting the latter two
inequalities into the main estimate (3.13) we have

MCCQ 1 :
(1+ I >8(U,E,Ep,A) 2 Wmln{)\,uc}HVuHQLz(Q) +2lCHvaX1(A)||%2(Q)
c div

From this the first statement follows immediately. It is important to see that the
estimate follows from the positivity of pic, A and I, = L puL2.

The second statement follows from the first one if we select fixed functions
a, A€ HY2(82) such that |pn = ug, 121|8(2 = A4 and use the first inequality for
the differences u — @ and A — A. O

The coerciveness of the energy is the crucial one in our existence theory. In
classical rate-independent plasticity, curl u is not controlled. We also note here that
the energy € already controls the L?(£2) norm of the inelastic strain (||ep||z2(0) <

lellz2 () + [le = epllz2(2)-

THEOREM 3.3 (energy estimate for the approximate sequence). Let us assume the
given data satisfy (5.10) and that {(u",e", €], A")} is the solution of the approx-
imate problem. Then for all times T > 0 there exists a positive constant C(T),
independent of n, such that

E(ul, e e, AT)(t) < C(T) forallt €[0,T). (3.14)
Proof. Calculating the time derivative of the energy, we obtain
E(u, e, e, A (¢)
= /0(2u<€" —ep, €1 —€el) + Atr[e] tr[e]
+ 2 (skew (V') — A" skew (Vi) — A") + 4l (V axl(A"), V ax1(A"))) dz
_/ (T2, €n) da + / (o7, Vi) da
o) 19

- ZMC/ (skew(Vu") — A", A") dx + 4lc/ (Vaxl(A"), V axl(A")) dz.
Q 17
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The first integral on the right-hand side of the last equality is non-negative. In the
second and the fourth integrals we integrate by parts to obtain

E(u", e el AT)(t)
g/ﬂ(f,d”}dm—l-/ (6" -n, ") ds

09
—Apc /Q<axl skew(Vu') — axl(A"), ax1(A")) dz
— 4l /Q<A axl(A"), ax1(A")) dz + 4l /an<v axl(A") - n,ax1(A")) ds.

Using the equation for the microrotations and the boundary conditions, we finally
obtain

g AN < [ (fande+ [ (0" niapas
2 o0
+4zc/ (Vaxl(A") -n,axl(Ag))ds.  (3.15)
s

Note that the boundary integrals are defined in the sense of the duality between
the spaces

HY2(002,R%) and H '2(502,R?).
Integrating (3.15) in time we arrive at the inequality

E(u e el, AN (t) < E(u,e", g1, A")(0)

T p?

+/0t/(l<f,a">dz+/ot/éan<0"'n,’lld>d5

+ 4lc/0 /{)Q(V axl(A") - n,ax1(Aq)) ds. (3.16)

By the continuity with respect to time we conclude that the initial values u"(0),
€"(0), A"(0) are solutions of the following linear elliptic boundary-value problem

divo™(0) = —f,
0"(0) = 2u(e"(0) — £5(0)) + 2pc(skew(Vu'(0)) — A7(0)) + Atr[e”(0)] - 1,
—l.Aax1(A"(0)) = —puc ax1(A7(0)) + p axl(skew(Vu"(0))),
u"(0)[oe = ua, A"(0)log = Aq,
(3.17)
where £7(0) = 1(Vu"(0) + VTu"(0)). The unique solution of (3.17) satisfies
u"(0) € HY(2,R?), £"(0) € L*(2,Sym(3)), A"(0) € H*(£2,50(3,R))

and is independent of 7. The initial energy value £(u",e",¢], A)(0) is a constant.
Next, we analyse the first integral from the right-hand side of (3.16). Integrating
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partially in time, we obtain

/Ot/9<f,u’7>dxd7'

:—/Ot/9<f,u’7>dxd7-+/Q<f(t),u”(t)>da:—/<f(0),un(0)>d93

9]

t t
1 ; 1
< 5/0 11172 dr + 5/0 lu?lIZ2 A7 + £ (0)ll 2 llu” ()| 2 + Lf ()] 2 [l (£) ] 2
By Poincaré’s inequality we conclude that

[ (@)llz> < lu”(t) — wa(®)llz> + [aa(t)] 22
< diam(2)([[Va" (t)]| 22 + [Vaa (®)[|22) + lla (@) 22,
where g is a function from H'(£2,R?) with @49 = ua. By the coercivity of the
energy with respect to the gradient of u" there exists a positive constant Cy and a
function Cq(t) independent of i such that [|[Vu"(t)||r2 < CeEY/?(u,e",en, AM)(t)+
Cq(t). Using the latter results we have

‘/Ot/n<f,u’7>dzd7-

where the constants C, C(t) do not depend on 1 and C(t) depends on the given
data only. The second integral in (3.16) is estimated (by the trace theorem in the
space L%(div) [51, ch. 1]) as follows:

t
‘// (o™ n,uq)ds
0 Jof2

t
QC/ E(ul, e el AT)(T)dr
0

+ O f (@) L2 E2 (e, el AT)(t) + C(t), (3.18)

t
</nw4m%mmmmnw
0

t
<C [ (olza -+ 11 div o2 al s d
0
t
<C [l liallos o
0

t t
< +c/ S(un7gn7gg,A")(7—)d7—+C/ |0,z dr,
0 0
(3.19)

where C' > 0 does not depend on 7. To estimate the last integral in (3.16) we use
the H?2-regularity of the microrotations

/Ot /80<Vaxl(A") “n,axl(Aq)) ds

t
</ 1V axl(A7) - 1l g1z | axl(Ag) | 12 dr
0

t
< C/ (IV axi(A")[[ 2 + [|A axI(A") || 2)]| axI(Aq) || a2 dT
0
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t
_C/OW@MNWH+TMMMWM—AW9)m&&mmmh
0 c
t t
<é/5wmﬂﬁgmxﬂw+é/Hmm@m;ﬂw, (3.20)
0 0

where again the constants C, C' do not depend on 7. On inserting (3.18)(3.20) into
(3.16) we obtain

£, 2, < AM) (1) < C| F(1) | 262 (€7, e, AT) (1)
t
+QA&M&%AWﬂ&+Q@ (3.21)

where C7, Cy, C5(t) do not depend on 7 and C5(¢) depends only on the given data.
Next, using the inequality ab < da® + (1/40)b?, we separate in the first term on the
right-hand side the energy with a small factor and absorb this expression by the
left-hand side. Finally, Gronwall’s lemma completes the proof. O

The energy estimate proved in the last theorem yields boundedness of the stresses
{o"} in the space L°>°((0,7T), L*(£2,Sym(3))) and of the microrotations {A"} in
the space L*>°((0,T), H*(£2,50(3,R))). Moreover, using the fact that the energy
controls the gradient of the displacement, the sequence {u"} is bounded in the
space L*°((0,T), H*(£2,R?)) and consequently the sequence of strains {"} and the
sequence of inelastic strains {e]]} are bounded in the space

L>((0,T), L*(£2, Sym(3))).

Hence, for a subsequence (again denoted using the superscript 1) we find that, for
all T > 0,

,L?(92,Sym(3))),
'(£2,50(3,R))),
H(2,R%),
L?*(2,Sym(3))),
,L?(£2,8ym(3)))

o" X o in L*°((0,7)
AT =~ A in L*((0,T)
u S in L°((0,T),
((0,7)
((0,T)

H
H

* .
e —=¢ in L>=((0,T),

el —ep in L((0,
and the limit functions satisfy
e=3(Vu+V'u), o =2u(e —ep) + 2uc(skew(Vu) — A) + Atrfe] - 1.

Moreover, we see that the sequence {divo”} is constant with respect to 1 and
consequently is bounded in the space L°°((0,T),L?(§2,R3)), and the sequence
{Aax1(A")} is bounded in the space L>((0,T), L?(£2,R?)). Using the closedness of
the differential operators in Sobolev spaces, the limit functions satisfy the system

dive = —f,
—lcAaxl(A) = —pc axl(A) + pe axl(skew(Vu)),

ulan = ud, Alpo = Aq.
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Thus, to complete the existence theory for the infinitesimal elasto-plastic Cosserat
model we should prove only that the limit functions satisfy the differential inclusion
(3.7)4. The sequence Ty = 2u(e" — €7]) converges weakly-* to Tr = 2u(e — &) and
the sequence

t
/0 fn(Tg)dr =€)l — sg

also converges weakly-* to e, — sg. To conclude that the limit functions e, and
Ty satisfy the differential inclusion, we need estimates for the sequence {f,(T#)}.
Hence, the next step in our existence theory is an estimate for time derivatives of
the approximate sequence.

THEOREM 3.4 (energy estimate for time derivatives). Suppose that the given data
possess more time reqularity as in the last theorem and satisfy additionally: for all
times T >0

feL?((0,T) x 2,R?),

OPug € L2((0,T), H/*(002,R%)), (3.22)
P Aq € L*((0,T), H/?(812,50(3,R)).
Moreover, assume that the initial data €3 € L*(£2,Sym(3)) are chosen such that
the initial value of the reduced Eshelby tensor Te(0) = 2u(e(0) — £2) defined by

system (3.17) belongs to the domain of the maximal monotone operator f. Then
there exists a positive constant C(T), independent of the parameter n, such that

E(u, &, el A" (t) < C(T) for allt €[0,T).

Proof. For h > 0 let us denote by (uj(t), ] (), ,,(t), A}l (t)) the shifted functions

(u"(t+h),e"(t+h),ep(t+h), A’(t +h)) and calculate the energy evaluated on the
differences (u;] —u",...). Then for the time derivative we have

E(up —ule) —e" el —el, Af — AT)(t)

= /Q 2uley — " —e), tep gl =& =€l + el dw
+ 2 /Q<skeW(VuZ — Vu') — Al + A" skew (V] — Vi) — Al + A7) dx

+ )\/ trle] — e tr[¢] — " dx + 416/ (Vaxl(A] — A7),V axl(A] — A")) dz
2 (9

:_/<T£7h—Tg,é;h—ég)dx—k/(aZ—oTViLZ—Vu@dx
(P4 2

+ 4t /Q<ax1 skew(Vu] — Vu) — axl(A] — A")) da
+ 4l / (Vaxl(A}] — A7),V axl(A]] — A™)) da, (3.23)
Q
where Ty, (t) = T (t +h) and oy/(t) = 0" (t+h). By the monotonicity of the Yosida

approximation the first term on the right-hand side of (3.23) is non-positive. Similar
to the energy estimate in theorem 3.3 we integrate by parts in the second and in
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the fourth integral and use the equation for microrotations. Hence, we arrive at the
inequality

E(ufl —u" el —e" el — el Al — A7)(t)
< [ =g —inydot [ (o] - om) nuian - da)ds
2 o
+ 41, / (Vaxl(A] — A7) -n,axl(Aq ), — Aq))ds,  (3.24)
os2

where fr(t) = f(t 4+ h), ugn(t) = ua(t + h) and Aqn(t) = Agq(t + h). Next, we
integrate (3.24) in time and obtain

E(uy —u e —€", sgh—en Al — AM)(t)

<E(upy —u'sey —elel , —ep, A — A")(0)
¢
+/ /<fh—f,ﬂz—ﬂn>dxd7'+/ / <(O’Z—O’n)~n,ﬂd’h—’dd>dsd’r
0 Je 0 Jon
t
+ 4, / (Vaxl(A] — A7) - n,axl(Aq — Aq)) dsdr. (3.25)
o9

Before we divide (3.25) by h? we should shift in the integral terms the shift operator
onto given data. We calculate this with details for the first integral only.

/Ot/n<fhf,uzu’7>da:d7

_ / /t<f(7 +h) = f(r), @ (r + h))dr da

// F(r+h) — f(r),a"(r))dr dz

(7 + h = s in the first integral)

- /Q / (F(5) = (s — b), () ds da
/Q/Ot<f(8+h)f(S),ﬂ"(s»dsdx

t+h
- / / (F(s + h) — 2£(s) + f(s — b, @(s)) ds da
R Jh

-/ "+ ) — Fs).i(9)) drds
// Fls+h) — f(s),a"(s)) ds da. (3.26)

In the same manner we transform the second and the third integral terms from
(3.25). Next, we insert (3.26) and the results for other terms into (3.25), divide by
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h? and pass to the limit » — 07. Hence, we conclude with the following inequality:

t
E(an,&n,en An)(t) <5(u’7,é’7,ég,A’7)(0)—/ /(f',wdxdT
0 2

- [ o)+ [ i) e

(9}

—// <0’7-n,5‘fud>dsd7—/ ("(0) - n, 0?uq(0)) ds
0 Jon a0

UGN s
+ [ (00 mofuale)a

— 4. /t/ (Vaxl(A") - n,ax1(9} Aq)) ds dr
0 Jofn
— 4l /(m(v ax1(A")(0) - n,ax1(02 Aq)(0)) ds

+ 4. (V ax1(A")(t) - n, ax1(07 Aq)(t)) ds. (3.27)
on

To obtain the initial energy for time derivatives we observe that £7(0) = f,(T¢(0)) =
fn(T&(0)). By using assumption T (0) € D(f) we find that the sequence {f,(Tx(0))}
is bounded in L?(£2,Sym(3)). The other initial values 7(0), €7(0) and A"(0) are
solutions of (3.17) with £(0) instead of ). Consequently, the initial energy for time
derivatives is bounded. The integral term on the right-hand side of (3.27) can be
estimated in the same manner as in the proof of theorem 3.3. Thus we arrive at the
following inequality

E(un, e, €N, AN (t) < C1|| f(t)|| 2812 (", €7, €0, A7)(t)

t
+ 02/0 £, &N, N A (r) dr + Ca(t),

where C1, Cy, C3(t) do not depend on 1 and C3(t) depends only on the given data.
Similarly to the proof of theorem 3.3, this concludes the statement. O

The energy estimate for time derivatives yields that the sequence {f,(TH)} is
bounded in L>((0,T), L*(£2,Sym(3))). Hence, ,(0) = & and we can select a
subsequence (denoted again by the superscript ) with

Fo(TE) = Jo in L((0,T), L*(£2, Sym(3))).

This shows that the limit function T = 2u(e — €,) belongs to D(f). To end our
existence theory we need only to prove that

fo(t,x) € f(Tr(t,z)) a.e.in (0,T) x 2. (3.28)

From the definition of a maximal monotone operator it is easy to see that its graph
is weakly—strongly closed. Thus we have to improve the weak convergence of the
sequence {Tg}.
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THEOREM 3.5 (strong convergence of the stresses). Let us assume that the given
data satisfy all requirements of theorem 3.4. Then

E(u —u”,e" —¢e¥ el —ep, AT — AY)(t) = 0
for m,v — 0% uniformly on bounded time intervals.

Proof. Calculating the time derivative of the energy evaluated on the differences of
two approximation steps we obtain

E(u —u”, e — ¥ el —ep, A" — A¥)(t)

:2u/n<sn e T
+ )\/ tr[e” — e¥] tr[¢" — "] dx
2]
+ 41, / (Vaxl(A" — AY), V axl(A" — A¥)) dz
7
+ 2uc/ (skew (Vu — Vu?) — A" + AY skew(Va" — Vi) — A7 + AY) da.
o)

Using that the given data for both approximation steps are the same we conclude
that

p?

éwmmawfﬂng”Amnvxw:—[;ﬂkfanaafnagwmx@2%

Next, we estimate the right-hand side of (3.29). This estimation is a standard one in
the theory of maximal monotone operators (cf. the proof of [4, theorem 1, p. 147]).
Nevertheless, for completeness of the proof we insert it here. By definition of the
Yosida approximation we have

fo(TE) € §(Jo(TE))  where Jy(T%5) = T — lfo(T) and £ = n, v (3.30)

is the resolvent of the operator f. Hence, by (3.30) we have
- [ @ =T - T e
= [ (T = LT3 (1) ~ 1 (T))
— [ b (T = vRATE) 1 (T) = 1.(T) da

<l (TE)IEe + S (T3
= pllegllzs + qvlEglize.
Inserting the last result into (3.29) and integrating in time we finally obtain
E(u —u”,e" =& el —ep, AT AY)(t) < 1t(n+v)C(T) forall t €[0,T),

where the constant C'(7T') is from the statement of theorem 3.4. The last inequality
immediately completes the proof. O
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Using (3.30) and the fact that the resolvent J,, is a global Lipschitz operator with
the Lipschitz constant less than or equal to 1, we see that the sequence {.J,,(T¢)}
converges strongly to the function T (note that the sequence {f,(T#)} is bounded).
Thus, the weak limit f,(T5) — fo belongs to the set f(7) and the limit functions
(u,e,ep, A) satisty (3.7).

THEOREM 3.6 (uniqueness of solutions). Let us assume that the given data f, uq,
Aq, Eg satisfy all requirements of theorem 3.4 Then system (3.7) possesses a unique,
global-in-time solution (u,€,ep, A).

Proof. Assume that (u!,el, 511)7 Al) and (u?, €2, 512)7 A?) are two solutions of (3.7) for
the same given data. Then for the energy function evaluated on differences of these
solutions we have
E(ut —u? et — 527511) - 512),141 — A?)(t)
:2,1/9@1 —e?—eptel et -2 —é +éd)da
+ )\/ tr[e” — e¥] tr[e" — Y] da + 4lc/ (Vaxl(A' — A%), Vaxl(A' — A?))dx
Q 19
+ QuC/ (skew(Vu! — Vu?) — A' + A% skew(Va! — Vi?) — A + A?) da
Q
_ _/ (Th — T2, &1 — ¢2) da
Q
<0.
Immediately, this yields that
1 2 1.2 1 _ 2 41 2
E(u —uem —¢e%e, — g, A0 — A%)(2)
<Eut —u? et — 52,5; - sg,Al —A%)(0)=0

and the statement follows from coerciveness of the energy function (see the first
statement of theorem 3.2). O

Finally, we formulate the following existence theorem, which we have proved.

THEOREM 3.7 (existence for the infinitesimal elasto-plastic Cosserat model).
Suppose that the given data f, uq, Aq satisfy the following conditions. For all times

T>0,
f € CH([0,T), L*(2,R?)), feL*((0.7) x 2,R?),
ug € C%([0,T), H/?(002,R%)), OPuq € L2((0,T)HY? (802, R?)),

Aq € C2(0,T], H¥?(892,50(3,R))),  92Aq € L*((0,T)H?(812,50(3,R))).

Moreover, assume that the initial data €3 € L*(£2,Sym(3)) are chosen such that

the initial value of the reduced Eshelby tensor Te(0) = 2u(e(0) — €9) defined by
system (3.17) belongs to the domain of the mazimal monotone operator f. Then
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system (3.7) possesses a global-in-time, unique solution (u,e, €y, A) with the follow-
ing regularity. For all times T > 0,

u € H°((0,T), H*(2,R3)),
e, ep € HV>((0,T), L*(12, Sym(3))),
Ac HY>®((0,T), H*(£2,50(3,R))).

REMARK 3.8. In the analysis part we have assumed that the values of the constitu-
tive multifunction f are trace free. This means that the existence theory developed
works well for trace-free flow rules, corresponding to incompressible plasticity only.
For constitutive multifunctions possessing general values we are not able to show
the coerciveness of the energy.

Note that, for the model to be well posed in the rate-independent case, we did
not need the so-called safe load condition, which is otherwise unavoidable.

4. Discussion

The infinitesimal Cosserat model has been extended to elasto-plasticity where
Cosserat effects remain, in contrast to others proposals in the literature, non-
dissipative. As only difference from classical rate-independent infinitesimal plas-
ticity we have introduced an additional infinitesimal microrotation A, influencing
only the elastic behaviour of the model. This minor change is shown to completely
regularize the pathological behaviour of rate-independent classical plasticity the-
ory. Decisive in our analysis is the observation that the infinitesimal microrotations
provide an independent control of the rotation curlu, otherwise not present in the
theory. This extra resistance against elastic shear is also a welcome feature from a
modelling and numerical point of view.

Since this modification of classical rate-independent plasticity is not operative in
uniaxial tension/compression we may arguably say that the provided regularization
is optimal. Numerical calculations based on this modification are ‘cheap’, in the
sense that the resulting system remains of second order.
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Appendix A. Notation

Let 2 C R? be a bounded domain with Lipschitz boundary 042 and let I" be a
smooth subset of 92 with non-vanishing two-dimensional Hausdorff measure. We
denote by M?3*3 the set of real 3 x 3 second-order tensors, written with capital
letters. The standard Euclidean scalar product on M>*3 is given by

(X, Y )paxs = tr[XYT],
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and thus the Frobenius tensor norm is || X||? = (X, X)yxs (We use these symbols
indifferently for tensors and vectors). The identity tensor on M3*3 is denoted by 1,
so that tr[X] = (X, 1). We let Sym and PSym denote the symmetric and positive
definite symmetric tensors respectively. We adopt the usual abbreviations of Lie-
algebra theory, i.e. 50(3,R) := {X € M?*3|XT = — X} are skew symmetric second-
order tensors and s[(3,R) := {X € M>*3|tr[X] = 0} are traceless tensors. We
set
sym(X) = %(XT +X) and skew(X)=1(X — xT)

such that X = sym(X) + skew(X). For X € M?*3 we set for the deviatoric part
dev X = X — L tr[X]1 € sl(3,R).

For a second-order tensor X we let X - e; be the application of the tensor X to
the column vector e; and we define the third-order tensor

h=D,X(z) = (V(X(2) - e1), V(X (z) - €2), V(X (2) - e3)) = (h', 5%, b%) € (M>*?)°.

For b we set [|h]|2 = Y27, ||b7||® together with sym(p) := (symb',sym b2, sym §?)
and tr[h] := (tr[p], tr[h2], tr[h®]) € R3. The first and second differential of a scalar-
valued function W (F) are written DpW (F)-H and D%W (F)-(H, H), respectively.
Sometimes we also use dx W (X) to denote the first derivative of W with respect
to X. We employ the standard notation of Sobolev spaces, i.e. L?(£2), H"2(2),
HY?(02), which we use indifferently for scalar-valued functions as well as for vector-
valued and tensor-valued functions.
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