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Abstract

This paper is devoted to dimension reduction for linearized elastoplasticity in
the rate-independent case. The reference configuration of the three-dimensional
elastoplastic body has a two-dimensional middle surface and a positive but small
thickness. Under suitable scalings we derive a limiting model for the case in which
the thickness of the plate tends to 0. This model contains membrane and plate
deformations (linear Kirchhoff-Love plate), which are coupled via plastic strains.
We establish strong convergence of the solutions in the natural energy space.

The analysis uses an abstract I'-convergence theory for rate-independent evo-
lutionary systems that is based on the notion of energetic solutions. This concept
is formulated via an energy-storage functional and a dissipation functional, such
that energetic solutions are defined in terms of a stability condition and an en-
ergy balance. The Mosco convergence of the quadratic energy-storage functional
follows the arguments of the elastic case. To handle the evolutionary situation the
interplay with the dissipation functional is controlled by cancellation properties for
Mosco-convergent quadratic energies.

1 Introduction

The derivation of lower-dimensional theories for bodies such as rods, beams, membranes,
plates and shells from a three-dimensional theory is of fundamental importance for en-
gineering applications. A first rigorous justification of the plane membrane system and
Kirchhoff’s plate equation date back to [Mor59b] and [Mor59al, respectively. Here “justi-
fication” means that the convergence of the solutions of the full three-dimensional system
towards the solutions of the limiting model is shown without any additional assumptions
on the solutions. Later results for rods, linear and nonlinear plates, or shells can be found
in [CiD79, Mie88, CiL89, BC*92, Cia00, FJM02, LeR00, CMMO06, FJMO06] and the refer-
ences therein. Most of the recent investigations use a variational approach that is based on
the notion of I'-convergence. This convergence assures, roughly speaking, that (almost)
minimizers of the three-dimensional theory (subject to suitable boundary conditions and
applied loads) converge to minimizers of the limiting lower-dimensional theory.

As the theory of I'-convergence is purely static, there are only very few results concern-
ing the justification of similar dimension reductions for evolutionary problems in nonlinear
continuum mechanics, see [AMMO09] for a recent result. More often, lower dimensional
theories are derived by ad hoc assumptions via formal asymptotic expansions, see e.g.
[IMCHO03, KrS07, GKSO08|.

In this paper, we want to give a rigorous justification of a new lower-dimensional
elastoplastic plate model in the rate-independent case. It is the recently developed the-
ory of I'-convergence for rate-independent systems (see [MRS08]) that allows us to do a
limit passage from linearized elastoplasticity in three dimensions to a model that com-
bines two two-dimensional linear elastic models, namely the membrane model for in-plane
displacements and the Kirchhoff’s plate equation for the out-of-plane displacement, with
the plastic effects.

Rate-independent linearized elastoplasticity can be formulated in different equivalent
forms, e.g. as variational inequality, as differential inclusion, or as energetic system. All



three are formulated in terms of an energy functional
E.(,U,P) = / W.(E(U), P)dz — (L(t),U),
Q

defined as integral over the rescaled plate domain  := w x |—1,1[. Here U and P are
the rescaled displacements and plastic strains, respectively. The small parameter € > 0 is
proportional to the unscaled thickness of the plate and occurs in W, via the corresponding
scalings of the strains.

Additionally we have a dissipation potential

which is assumed to be independent of ¢ after rescaling. Rate-independence manifests
itself in the fact that R is positively homogeneous of degree 1, i.e. R(AP) = AlR(P). A
typical R has the form R(P) = inem\P |, where oyieq is the yield stress.

The solutions have to solve the differential inclusion

0=Dyé.(t,U(t), P(t), 0€d,R(P(t))+DpE(t,U(L), P(L)), (1.1)

where the first equation is the balance of forces and the second is the plastic flow rule.

Since for linearized elastoplasticity the energy (¢, -) is a convex quadratic functional,
the differential inclusion is fully equivalent to the so-called energetic formulation, which is
formulated in terms of an energetic stability condition and the total balance of energy, see
(2.7). The advantage of the energetic formulation is that it is based on & and R rather
than their derivatives. Thus, we can use convergence of functionals such as I'-convergence,
Mosco convergence, and continuous convergence.

The derivation of our limiting elastoplastic plate model will be described in Section 2
together with the underlying scalings. In Section 3 we provide an abstract I'-convergence
result for energetic rate-independent systems (abbreviated RIS) (Q, &., R.), where Q is
the underlying Hilbert space. The theory is a special case of the general theory in [MRS08],
as we assume that E.(t,-) is a quadratic functional that converges to &(t,-) in the sense
of Mosco convergence, see (3.1). Moreover, R. is assumed to converge to Ry in the Mosco
as well as in the sense of continuous convergence in the norm topology.

Under natural technical assumptions it is then shown in Theorem 3.1 that the solutions
¢- : [0,7] — Q of the RIS (Q, &, R.), see (1.1) strongly converge to the solution ¢y of
the RIS (Q, &, Ro). In particular, we emphasize that the exploitation of the quadratic
structure of the energy and of the Mosco convergence allows us to avoid the commonly
used continuous convergence of R. with respect to the weak topology, see e.g. [KMRO05,
MRSO08, MiR09a]. The abstract construction of the mutual recovery sequences is given in
Proposition 3.2 and relies on refined estimates for Mosco-convergent functionals.

The main point here is that the limiting energy & is quite degenerate, as it is only
finite if U lies in the space Uy, of Kirchhoff-Love displacements (see (2.12))

Uy, zs) = (Vily) — 230,,Va(y), Val(y) — 230, Vs(v), Va(y))".

The proof of Mosco convergence of E.(t,-) to &(t,-) is given in Section 4 and is a gener-
alization of the ideas in [BC*92], as we have to take into account also the plastic variable.
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In Section 5 we formulated the limit problem in terms of the in-place displacements
(V1, V3), the out-of-plane displacement V3, and the plastic strain P, which is still defined
on all of €2. For an isotropic material, the limiting model takes the form

0= —div <20(2E1’2(V))—[P1’2]o)> — Gmemb(t, ") in w, (1.2a)

0 = divdiv(So (2D*Va+[P")1) ) = rena(t, ) = div Grena(t,)  inw,  (1.2D)

0 € OR(P) + dev ([ Zo(P"2~E"“*(V)+23D*V3) | 0]) + hP in 0, (1.2¢)
where ¥o(F) = AQJ;\ZL tr B Iy + 2uE. Here, EM*(V) € RZ%: is the in-plane strain tensor
and D*V3 € R2%> the bending strain tensor.

Equation (1.2a) is the second-order membrane equation for (4, V3), which is coupled
to the plastic strain P via the integrals [|p over z3 € ]—1,1[. Equation (1.2b) is a
generalization of Kirchhoff’s plate equation (of order four) for V3. It is also coupled to
the plastic strain P, but now with weighted averages [-];. The flow rule (1.2c) exhibit the
elastic strains as forcing in a very special manner concerning the dependence on x3.

In the final Section 5.3 we show how the last equation can be eliminated using a
vector-valued hysteresis operator of play type. For a suitably defined generalized Prandtl-
Ishlinskii operator P = (‘Bg, Pxr) we obtain the two-dimensional system

—div (20 (E'2(V)) + B [EY2(V), D2V;] (t)) = Coenn (L, ) onw, (1.3a)

div div (20 (D2V3) + Py [EX2(V), D2V] (t)) = Goena(t, )+ div Ghena(t,) on w. (1.3b)

Of course, P = (P, Py ) has a memory, which takes care of all the necessary information
on previous plastic deformations.
Most of the results in this work were derived for the diploma thesis [Lie08].

2 Setup of the elastoplastic plate model

We start from the classical elastoplastic models with hardening. We formulate it in terms
of differential inclusions or equivalently as variational inequalities. In Section 2.2 we then
focus on domains with a plate geometry, i.e. Q. = w x |—¢, €[, and discuss the suitable
scalings to obtain a nontrivial limiting model. The final model will be presented in Section
2.3. The convergence proof is the content of Sections 3 and 4, while Section 5 is devoted
to a discussion of the derived model.

2.1 Linearized elastoplasticity as a rate-independent system

We consider a bounded Lipschitz domain @ C R? where I'n C 02 denotes the part
of the boundary, where we have Dirichlet boundary conditions, i.e. the displacement is
prescribed. We set

Hi (% RY) := {u e H (L RY) | ulp, =0}



We assume that the pair (€2, I'p) satisfies a Korn inequality, i.e.

Jekom > 0Vu € Hp (BRY) : le(u)lz > cxomullun,
where e(u) = %(Vu—i—VuT) eRVI:={AcR™| A=A} 1)

The elastoplastic properties of the body €2 are described in terms of the linearized
strain tensor e and the plastic strain tensor

peRLI={AcRII | trA=0}
via the stored energy density W : R&X x R{X? — R, which is assumed to be a quadratic
functional satisfying
36,0 > 0V (e,p) € REL x RE: c(lef*+]pl2) < W(e,p) < Cllef+]p2).  (2:2)

Moreover, the plastic flow rule of the material can be formulated in terms of a dissipation

potential R : R2*% — [0, oo[, which is assumed to satisfy the following conditions:

R is continuous, convex, and homogeneous of degree 1, (2.3)

where the latter condition means R(Ap) = AR(p) for all A > 0 and p € RY?  This
property guarantees that the material response is rate-independent. The corresponding
elastic domain E C RE? is defined via E := R(0), which is the subdifferential of R at 0.
Given time-dependent volume and surface loadings fii(t, ) and fau(t, ), as well as
time-dependent Dirichlet data up(t, -), the full elastoplastic problem can be written in the
form
—div (8GW(e(u),p)) = fyal(t,*) in Q,
0 € OR(p) + 0,W(e(u),p) in Q,
u(t,) = up(t,-) on I'p,

0eW(e(u), p)v = fout(t,-) on OOQ\I'p,

(2.4)

dxd
sym

while 9,W € Rj:vd contains the deviator of the stress as well as any plastic back stresses.

where v denotes the outer normal vector on 0€2. Here 0 = 0. W € R%*% denotes the stress,

Example 2.1 Throughout we will use the isotropic stored energy density
A 2 h
W(e,p) = §(tr e) + ple—p|?* + 5\]0]2 (2.5)

as an example. Here A\, u > 0 are the Lamé constants and h > 0 is a measure for kinematic
hardening. For this example we have
o =0.W=M\trel;+ ple—p) € R and

0,W = —devo + hp = pu(p—deve) + hp € Réxd

dev »

which shows that hp plays the role of the plastic back stress.



We reformulate the system (2.4) in abstract form for the pair ¢ = (u,p) € Q via the
energy functional £ : [0,7] x Q@ — R and the dissipation functional R : @ — [0, 00| as
follows:

Q= HL, (%R L2<Q RY),

dev

E(t.q) /w p(x))dz — (£(t), g),
R() == / p(a)) da,

where £(t) € Q* is defined via

/ Ffon(to) - u(z) da + /Q o Jo1,2) ) o), (2.6)

Without loss of generality we set up = 0 from now on. Otherwise we could replace u by
u — up, which would just produce an additional term in £(¢). We call the triple (Q,&,R)
a rate-independent system (RIS).

By (2.1) and (2.2) the functional £(¢,-) : Q — R is uniformly convex and can be
written as £(t,q) = B(q) — (¢(t), q) with a quadratic form B(q) = %(Aq, q). The operator
A Q — Q" is a symmetric and positive definite isomorphism and we have D,E(t,q) =
Agq —((1).

We call a function ¢ = (u,p) : [0,7] — Q a solution to the RIS (Q, &, R) (and hence
to the above elastoplastic problem (2.4)), if it solves one of the following three equivalent
problem formulations:

Differential inclusion:

0 € OR(A(1)) + Dyt q(); (2.72)
Variational inequality:

VoeQ: (D&E(tq(t)),v—¢) +R(v) —R(q) > 0; (2.7b)
Energetic formulation:

G IEQ ) < E0D R 270

(E) energy balance: )+ fo £(0,4(0)) — fg(f,q) dt.

We refer to [Mie05, Sect. 2] for the equivalence between these three forms. It turns out
that the energetic formulation will be especially useful for deriving our limiting model in
the process of dimension reduction. Moreover, it is free of derivatives and thus applies
also in the case, where £ or R takes the value oc.

The existence of solutions for (2.7) is classical, see e.g. [Mor77, Gro78, Alb98, Kre99,
MiT04, Mie05].

Theorem 2.2 Assume that (Q,E,R) is as above with ¢ € CYP([0,T], Q*) and that ¢° €
Q is stable at t = 0 (i.e. 0 € OR(0)+D,E(0,q°) or equivalently (S) in (2.7¢) holds with
q(0) replaced by ¢°), then there is a unique solution q € C¥P([0,T], Q) with q(0) = ¢°.



2.2  Scalings for thin-plate domains

We now specialize to the case that €2 is a thin plate, i.e. we assume {2 from above is
replaced by
OF=wx]—ecel, I'p=9px]—¢ec¢l,

where w C R? is a planar, bounded Lipschitz domain, the so-called mid surface of the
plate. The boundary part yp C 0w C R? has a positive 1-dimensional Hausdorff measure.

Throughout we keep the material laws given via W and R fixed and obtain an e-
dependent state space Q° and functionals £° and R° defined over €2°. For each ¢ > 0 all
the assumptions of the previous section are satisfied and Theorem 2.2 provides solutions
¢ = (u5,p%) : [0, T] — Q° of the RIS (Q°, &%, R°). We want to study their behavior for
e — 0. However, to obtain a nontrivial limit we have to do suitable scalings, which we
explain now.

For linearized elasticity the scaling of the strains is arbitrary, because it is an infinites-
imal theory by definition. In contrast, the theory of linearized elastoplasticity is no longer
scaling invariant, because the boundary of the elastic domain E = 90R(0) contains the
given yield stresses of order 1, i.e. independent of €. Thus, our theory needs a scaling
where the plastic tensor p as well as most of the strains in e are of order 1.

It is already known from the theory of linearized elastoplasticity, see [Mor59b, Mor59a,
CiD79] that the strain of in-plane displacements (membrane modes) are smaller than the
out-of-plane modes (bending modes). Thus, we look for a scaling of the form

uf(2°) = e*S.U(S.2%), pf(a°) = €’ P(S.2°) where S, = diag(1,1,1/¢). (2.8)

To simplify the presentation we will choose @ = 3 = 0 at this stage and refer to Remark
2.3 for more general scalings.

Since z° € Q° is mapped to x = S.2° € Qy, the rescaled function @ = (U, P) will be
defined in

Q :=Hp (% R?) x L*(;RYSY), where Q:=Q and I'p := yp x |—1,1[.

dev

The scaling acts differently on the components of the strains in e(u®), as follows

En(U) En(U) 1EnU)
e<u€)<l’€) = SE E(U)(SEZ’E) SE = Elg(U) EQQ(U) %EQ;J,(U) < Rg;(rr?;7
1E3(U) 1En(U) 5Es(U)
where here e(u) is calculated via the gradient with respect to z° € Q°, while E(U) is
calculated via the gradient with respect to z € 2. We continue to use capital letters for
functions defined on Q@ = w x |—1,1].

When substituting ¢° = (u°, p©) into £° and R* we still have to take care of the change
in the volume measure, namely dz® = edx. Hence we set

1 1
ga(t7 U7 P) = gga(tvueupe) and Ré(P) = gRs(p6>

To control the loading part of ¢ defined in (2.6), we also have to assume a corresponding
scaling of the loadings namely

fool(t, %) = e*ST Fyo1(Sea®) and foue(t, 2°) = e ST Fue(S22°) for 2° € wx{—¢, ¢},
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where o = 0 as above. For simplicity, we assume that there are no surface loadings on
Ow\p X |—¢,¢[. They could be easily included easily, but need a different scaling. Then,
&. and R, take the form

E(4,U.P) = B.(U.P) — (L(t), U}, R.(P) = / R(P(2))dz, (2.92)
B.(U,P) — /Q W(S.B(U)(2)S., P())dz (2.9b)

(L(t),U) = /QFvol(t,x) cu(x)de —|—/ Faut(t, z) - u(z)da(x). (2.9¢)

wx{-1,1}

Thus, the only dependence in € occurs through the scaling of the elastic strains.
By (2.1) and (2.2) and € € ]0, 1] we have the uniform convexity

B.(U, P) > ¢(||S.E(U)S. |22+ P|22) > ¢(| E(U) |2+ P||2.) (210
> cxomc|| U2 + || Pl|2 '

independently of e.

Remark 2.3 In principle we could use a different scaling for elastic and plastic strains
in (2.8), i.e. a # 3. Moreover, for the dissipation potential one may consider the scaling
Re(p) = eYR(p). Finally, the scaling of the total energy and total dissipation potential can
be assumed in the form E.(t,U, P) = 5E(t,u",p?) and R.(P) = SRE(p%). The scaling
of both energetic terms must be the same to stay consistent with the energetic formulation
(2.7¢). One may now explore the space of all possible scalings and will find the same model
as above, whenever we take o = 3 =y and § = 14-2a.

In the case o # [ the proper scaling for the energy leads to § = 1+2min{a, 3}.
Applying that § to the dissipation potential we see that R. tends to 0 if v > d—1—7,
which leads to the degenerate situation that plasticity does not dissipate energy. Hence it
occurs immediately in such a way that all plastic stresses are 0. In the case v < d—1—/3
plastic changes would dissipate infinite energy and hence we find P = 0, which leads to
pure elasticity. Only the case v = d—1—[ produces classical plasticity.

Now returning to the choices of a and 3. For o > (3, the hardening becomes infinite
and we are lead to pure elasticity with P = 0. For a < 3 one obtains rigid plasticity
where u = 0.

2.3 The limiting elastoplastic plate model

Obviously, the energy B, blows up for € — 0 if the strains E;3(U) do not vanish. Thus, we
expect the limit model to be defined on a reduced space, namely the so-called Kirchhoff-
Love displacements

The restrictions in Uy, take the explicit form

axlUg + astl = 812(]3 -+ 8I3U2 = 8x3U3 =0 a.e. in €.



The last equation equations implies that Us is independent of x3. Using this the first two
equations imply that U; and Us are affine in x3. Defining

Vi={V =V, V3) e H (w;R%)| V3 €H*(w), VV3-v=0o0n1p}
the space of Kirchhoff-Love displacements can be characterized via

Vi(z1, 22) — 230, V3(21, 22) (2.12)
’CV(xl,mg,.’L'g) = ‘/2(1‘17332) - x3a$2‘/3(x17x2) )
‘/3(1’171‘2)

see e.g. [CiD79, Cia97]. Note that the component Us in Ugp, has gained higher smooth-
ness, namely Us € H?(Q).

The limit model will be defined in such a way that it is restricted to Uky,. The reduced
energy is obtained by relaxing the strains E;3 in the following way. We decompose the
6-dimensional space R2X3 into two three-dimensional components by setting

sym
E; E
E"? = ( 12 12) €RZ2, E’:=(Ey,Ey, Ey) € R (2.13a)
Epp Ep
For A € RZ5 and b € R® we define [A|b] € R253 such that E = [EY? | E?], ie.
A A b
[A|b] = | Az Az by |. (2.13b)
by by b3

Now we define a relaxed energy density depending only on E»?, namely
W(E"?, P) := min{ W([E"?|b],P) | b€ R*}. (2.14)

The minimization of the energy density W with respect to b = E3 is a common feature
of linear and nonlinear plate theories, cf. [BC*92, Cia97, LeR00, FIMOG].
The definition of W in (2.14) implies the important lower estimate

W(S.ES., P) > W(E"* P) foralle € [0,1], (E,P) € R¥3 x R3X?, (2.15)

sym dev

Moreover there is a linear mapping N : R2%2 x R3%? — R? such that

N(E'? P) = argmin{ W([E"*|b],P) | b€ R*}.
Some linear algebra shows that these definitions lead to the formula

W([E"|b], P) = W(E"?, P) + W, (b—N(E"?, P))

with WQIRSH[O’OO[; b’_)W([[O”b]],O) (2.16)

Explicit formulas for a special case will be given in Example 2.5.



We now define the limit RIS (Q, &, Ro) as follows:

E(t,U, P) = By(U, P) — (L(t),U) and Ry(P) = / R(P(x))dx, where

_ 2.17
B(U, P) if U € Uk, ( )

oo else.

Q
Bo(U, P) = { with B(U, P) = / W(E(U)(z), P(x))dz.
Q

The following convergence result, which is the central aim of this paper, shows that
the solutions Q. = (U, P:) of the RIS (Q, &, R.) converge, for ¢ — 0, to solutions
Qo = (Uy, By) of the limiting RIS (Q, &, Ro). The proof will be established in Section 4
on the basis of the abstract I'-convergence theory for evolutionary problems developed in
Section 3. The specific properties of the limit system are discussed in Section 5. There
we will highlight in what sense the limit problem can be understood as an elastoplastic
plate model.

Theorem 2.4 Assume that the RIS (Q, ., R.) are given as above for all e € [0, 1], where
L € CY([0,T];Q*). Consider a family of solutions Q. : [0,T] — Q, as defined in (2.7c)
for all e € [0,1]. If the initial conditions satisfy

Q=(0) = Qo(0) and E-(0,Q(0)) — &(0,Qo(0)) fore — 0,

then for all t € [0,T] we have the convergences

Qe(t) — Qu(t), E(t,Qe(t)) — &ol(t, Qo(t) / R(P.(s))ds — /Ot R(Py(s))ds.

We end this section by showing the result of the relaxed energy density W for the
isotropic W considered in Example 2.1.

Example 2.5 We return to the isotropic W defined in (2.5), now for d = 3. Using
tr P =0 we obtain the relaxed enerqy density

A

W(E"?, P
(EX5,P) = o

h
g (B2 =P2))* s y[BR2 P12 4 DI PP?

as well as the relations

N(E'"2, P) = (Pr3, Pog, —5 25 tt BV + 22 Pis)T, Wo(b) = 2ub? + 2ub3 + 222403,

AM2p A+2u

3 TI'-convergence for RIS with quadratic energies

In this section we consider general families (Q, &, R:)=cj0,1) of RIS and study the con-
vergence of the associated solutions ¢. in the limit ¢ — 0. The aim is to establish fairly
general conditions on the convergences of (€., R.) to (&, Ry) that guarantee that the
solutions ¢. converge to the solution ¢ of the limit system (Q, &, R), which we then call
the I'-limit of the above family.

For rate-independent systems a general strategy for I'-convergence was developed in
[MRSO08], which found numerous applications in, e.g., fracture [GiP06a], homogeniza-
tion [MiT07], numerical approximation [KMRO05, GiP06b, MiR09a], and delamination

9



[RSZ09, MRT10]. Here we specialize this theory to the case that £.(¢,-) : Q — Ry is
a quadratic functional, as it is the case in linearized elastoplasticity. Thus, the abstract
theory is simplified in two respects. First, the systems under consideration have unique
solutions and we do not need to consider subsequences. Second, the quadratic nature of
the energy allows for a simpler construction of recovery sequences by using the quadratic
trick introduced in [MiT07], see Proposition 3.2.

3.1 Abstract setup and I'-convergence result

Our result is formulated abstractly in terms of I' convergence of £.(¢, ) towards &Ey(t, -),
where we use the weak and the strong topologies in the underlying separable Hilbert
space Q. We use the notions of Mosco convergence (cf. [Att84, Dal93]) and continuous

convergence for functionals Z,,, denoted by Z, M 7 and T, ~ I, respectively. The
definitions are as follows:

(i) Liminf estimate:

n — — 1I(q) <liminf,_.7Z,(q,),
LT { B0 0 @ (31)
(ii) Limsup estimate (existence of recovery sequences)

VGEQ 3@ Gu— 7 and Z(@) = limsup, o, T(G)
L5 = (69 = To) —1(0). (3:2)

Our precise assumptions on the family (Q, &, R:)-cpp,1] are the following. Note that
often the limit functionals & and R are included in the assumptions via € = 0. The
assumptions (3.3a)—(3.3c) provide some uniform a priori estimates, while (3.3d) and (3.3e)
are the main convergence assumptions.

E(t,q) = B.(q) — (£(t),q) with B. quadratic and wlsc

and £. € C'([0, T]; Q°): (3:38)
R.: Q — [0,00] is 1-homogeneous, wlsc, and convex; (3.3b)
38,C >0V (t,q) €[0,T] x Q Ve €[0,1] :

B(a) = Sl 16-0lla. < C. 1o, < C: (330
B. L By, and Vte[0,T]: L(t) — Lo(t) in Q*; (3.3d)
R. % Ro and R. 5 Ry (3.3¢)

In the last condition “~5” means that every strongly converging sequence is a recovery

sequence. The additional condition «M» s need to guarantee Ry(go) < liminf. o R.(q.)
whenever ¢. — ¢o. Note that we only ask for continuous convergence in the norm topology,
which is in contrast to [KMR05, MRS08, MiR09a|, where the more restrictive continuous
convergence in the weak topology is used. Thus, we follow [MiT07] and exploit the
quadratic structure (3.3a) of &, for the construction of the mutual recovery sequence, see
Proposition 3.2.

Our aim is to establish the following convergence result for the solutions ¢. of the
RIS (Q, &, R.). We obtain strong convergence of the solutions ¢. towards solutions ¢g of
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the limiting problem (Q, &, Ry). Moreover, the solutions ¢.(t) are recovery sequences for

qo(t), see (3.5b).

Theorem 3.1 Let the assumptions (3.3) hold. Moreover, choose a family (¢°).cjo.1] of
wnitial data such that the following conditions hold:

Veel0,1]Vge Q: &(0,¢2) < E(0,) +R(q— ), (3.4a)

¢ —q and E.(0,¢7) — &(0,q)). (3.4b)

Then, the unique solutions q. : [0, T] — Q for the RIS (Q, ., R.) with q-(0) = ¢° satisfy,
for allt € [0,T], the convergences

q:(t) = qo(t), (3.5a)
Ee(t, ¢=(t)) — &o(t, qo(t)), (3.5b)
Dissg. (¢, [0,t]) — Dissg,(qo, [0,1]), (3.5¢)
(Ce(t), g-(1)) — (Lo(t), ao(2)). (3.5d)

Here, for any ¢ : [0,7] — Q and 0 < r < s < T we used the notation

N
Dissz(q, [r, s]) := sup{ ZR(q(tj)—q(tj,l)) INeN, r<ty<t;<---<ty<s}
j=1

which is defined for all functions (defined for all ¢ € [0,7]). For absolutely continuous
functions we have

Dissr(q, [r,s]) = /S R(q(t))dt.

Using the liminf estimate from R. M, Ry it is standard to show that Dissg, is lower
semicontinuous in the sense that

(v € 0.7]: a(t) = o(t)) = Dissr,(90.[0.7]) < liminf Diss. (gz. [0.7)).  (3.6)

3.2 Quadratic forms

Here we discuss some abstract results on quadratic forms and their I'-convergence. We
refer to [Dal93, Ch. 13] for the general background and more details.

A functional B : Q — R, is called a quadratic form, if it is homogeneous of degree 2
and satisfies the parallelogram identity, i.e.,

B(Aq) = N°B(q), Blq+q) + B(q—q) = 2B(q) + 2B(q)

for all A € R and ¢, ¢ € Q. Note that B may take the value +o0o here. Throughout we
assume that our quadratic forms are coercive and weakly lower semicontinuous, i.e.,

30>0V4eQ: Bla) > Dql”
4 —q = B(g) <liminfB(gy).

11



We define the domain V = domB = {¢ € Q| B(¢) < oo}, which is a Hilbert space, when
equipped with the norm ||q||z = B(q)'/?. Clearly, V is continuously embedded into Q.
We denote by Qg the closure of V in Q.

There is a symmetric bounded linear operator A : V. — V* such that

1
2(Aq,q) forqeV,
_ ) 3
Blq) = { 00 for ¢ € Q\V.

ense dense

d
Using the Gelfand triple V. C Qg = Qi C V¥, we also define a unique self-adjoint
operator AT : D — Qj with

Di={qeV|IC>0vGeV: [(4g,d) < Cldl}

and (A%q,q) = (Aq, q) for q, ¢ € V. Clearly, we have

dense dense

C V. C Qs (3.7)

with respect to the strong topology in Q. We also introduce the Q-orthogonal projection
P :Q — Qg and observe that for each ¢ € Q" the minimization problem

q € argmin{ B(q) — ({,q) | ¢ € Q}

has the unique minimizer ¢ = A~'P*/.
We now consider a family (Bc).cp,) of quadratic forms that are all weakly lower
semicontinuous and uniformly coercive, i.e.,

18>0vee01]VeeQ: B.g)> §||q||2. (3.8)

We denote the corresponding subspaces by D, C V. C Q. = V. C Q and the operators
by AT :D. — Qf, A.: V. — VZ, and the projections P. : Q — Q..

We now study the situation that By is the Mosco limit of B.. We follow the ideas
in [Mie08, Sect. 2.2], where the case of Mosco convergence leads to the stronger recovery
condition (R3)*. The following result contains first the construction of the mutual recovery
sequence (q:)e>0, which will be crucial for Step 3 in the proof of Theorem 3.1. Second we
show that under our assumptions every recovery sequence converges strongly.

Proposition 3.2 Assume B, M, By and the uniform coercivity (3.8). Then the following
three statements hold:

(i) For gy € Dy let . = A7 PrATGo = argmin{ B:(q) — (A5, 9) | ¢ € Q}, then

= — Qo (3.9a)
B.(4:) — Bo(qo), (3.9b)
if e — qo and sup.¢jo 4y Be(ge) < 00,

then Be(qe+q:) — Be(g:) — Bo(qo+a0) — Bo(qo)-

(ii) Ewvery recovery sequence for qo with By(qo) < oo converges strongly.

12



Proof: Throughout this proof we will use the following simple observation:

V&€ Q' Vg with Be(ge) <o00:  (F€,¢:) = (£, ¢e). (3.10)
This follows simply from ¢. € V. giving P.q. = ¢..

Ad (i). For gy € Dy the essential feature is Ajqy € Q*, which implies that £ : ¢ —
(Ag Qo q) is continuous. Hence, we conclude that B.—L LR Bo—L, and the classical prop-
erties of I'-convergence provide convergence of minimizers and of the minimum energies,
thus we have g — go and (3.9b).

To prove q. — ¢ we use that Mosco convergence implies the existence of at least one
strongly converging recovery sequence, let us call it g., i.e. ¢- — qo and B.(q-) — By (qo)-
Hence, (3.9a) will follow from ||g-—g:|| — 0. Since ¢, g € V. we have

Dl < Bldi) = Ba@) — (A @)+ Buld)
= Bu(q:) — (PFAGqQ0, @) + B(G:) = Be(q:) — (A5, Ge) + B-(q:)
- BO(%) - < (J]raOaa\O> + BO(%) = 07
where we used (3.8), the quadratic structure, the definition of g, and (3.10) for ¢.. Thus,

(3.9a) is established.
To obtain (3.9¢) we use (3.10) for ¢. and obtain, for all € € [0, 1], the convergence

Be(qge'f‘é\e) - BE(QE) - Be(z]\s) + <A€Z]\€7 Q€>
= B(q-) + (A5 G0, ¢=) — Bo(Go) + (Ag o, 90) = Bo(go+a0) — Bo(qo)-
Hence, the desired relation (3.9¢) is established.
Ad (ii). To obtain strong convergence of every recovery sequence, we proceed as in

the previous part but approximate gy € Vo = dom By. We first construct a family (¢%)sso
such that

¢® €Dy and §]|q5—q0|]2 < Bo(¢°—qo) — 0 for 6 — 0. (3.11)
Next we consider the family @ = AZ1P*Af¢°. From the above we know that
V6>0: @ —¢ fore—0. (3.12)

Now consider an arbitrary recovery sequence g. — qo such that B.(q.) — Bo(qo). We
estimate the norms via

lg==aoll < lla-—@2Il + 132 =4’ || + ll¢’ —goll- (3.13)
To estimate the first term on the right-hand side we proceed as above and obtain
Sla-—@N? < B(g-—@) = B(g-) + B(@0) — (PX AT, ¢e)
— Bo(q0) + Bo(q’) — (A5 ¢", q0) = Bo(¢’—qo)-
Now, by (3.11) for any p > 0 we can fix 6 > 0 such that
lg°~aoll < p/4 and  Bo(q’—qo) < 5p%/8.
By (3.12) and (3.14) we can choose an ¢y > 0 such that for all € € |0, o[ we have
1/2
l@2=d" < p/4 and Ja-~ll < (3Bo(¢’~a0)) " + p/4 < p/2.

Inserting this into (3.13), we have shown ||¢.—qo|| < p for all € € ]0,g0[, which is the
desired strong convergence. [

(3.14)
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3.3 Proof of Theorem 3.1

In this section we provide the full proof of the abstract I'-convergence result for the
quadratic rate-independent systems given in Section 3.1.

Proof: [of Theorem 3.1] We first note that the assumptions (3.3a) and (3.3b) imply that
for each € € [0, 1] and each stable initial condition ¢°, see (3.4a), there is a unique energetic
solution (see Theorem 2.2). The convergence result will be a special case of [MRS08,

Sect. 3]. However, we will provide the main steps of the proof for the convenience of the
reader. We will follow the same six steps of the argument as in [FrM06, MRS08, MiR09b].

Step 1: A priori estimates. Using (3.3¢) and (3.4b) we obtain the uniform bounds

gellcoqomiq) + [1¢ellLe<om:q) < Ch

for all e € [0, 1].

Step 2: Selection of subsequences. Via the selection principle of Arzela-Ascoli we find a
subsequence (¢ )reny and a limit function ¢, € CHP([0,T]; Q) such that for all ¢ € [0, 7]
we have

0<er—0 and ¢, (t) — ¢(t) for k — oc. (3.15)

The aim is to show that ¢, is the unique solution ¢q, then we conclude the convergence of
the full family (g.)., without taking a subsequence. By (3.4b) we already know ¢.(0) = ¢,
and it remains to show that ¢, is an energetic solution.

Step 3: Stability of the limit. We want to establish the stability of g.(¢), i.e.
Vtel0,T]Vqge Q: &t q.(t)) < E(t,q) + Ro(Gg—q.(t)). (3.16)

For this we use the quadratic structure of & by employing the results of the Section
3.2. We fix from now on the time ¢ and write gy and ¢. for ¢.(t) and g.(t), respectively.
Obviously, stability is equivalent to

VieQ: 0<B(g+q) — B(gc) — (l=, q) + Re(q)- (3.17)

We have this condition for ¢ > 0 and want to establish it for ¢ = 0. Clearly, we have
B.(g.) < oo for all € € [0, 1], and it suffices to check (3.17).—¢ for § € Vy = dom By only.

For this we restrict first to the case gy € Dy and consider the mutual recovery sequence
¢- constructed in Proposition 3.2. We insert ¢. into (3.17) and see that we can pass to
the limit in all terms. The first two terms converge to By(go+qo0) — Bo(qo) by (3.9¢). The
third term converges since both factors in the duality product converge strongly, and for
the last term we have R.(q.) — Ro(qo) using (3.9a) and (3.3e). Thus, (3.17) with e =0
holds for all gy € Dy, i.e.

Vg€ Do: 0<T(q) = Bolgo+q) — Bo(qo) — (€0, q0) + Ro(qo)- (3.18)

The functional 7 : Vg — R is coercive and convex. Moreover, it is continuous, if V
is considered as the Hilbert space equipped with the norm ||¢||v, = Bo(q)*/2. Since Dy is
dense in Vj (see (3.7)), the minimum of J over V| is equal to the infimum of J over Dy,
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which is 0. Thus, we conclude J(g) > 0 for all g € V. As J(q) = oo for g € Q\V, we
have established the desired stability (3.16) of gy = ¢.(?).

Step 4: Upper energy estimate. The energy balance for ¢. reads

E.(t q.(1)) + Dissr. (g0, [0, 1]) = £:(0, ¢.(0)) — /O (0.(5), go(s)) ds.

Using (3.15) we can pass to the limit €, — 0 by employing (3.3d) for the first term, (3.6)
for the second term, (3.4b) for the third term and (3.3d) and (3.15) for the fourth term.
This leads to the estimate

go(ta Q*(t)) + DiSSRo (Q*a [Oat]) S 80(07 QO(O)) - /Ot<é0(8)7 Q*(S»ds'

Here we use liminf-estimates on the left-hand side (viz. (3.3d) and (3.6)), while conver-
gences hold on the right-hand side.

Step 5: Lower energy estimate. The lower energy estimate for g, follows solely from the
stability of ¢, derived in Step 3. For any partition 0 = tg < t; < -+ < ty_1 <ty =T,
the stability of ¢,(¢;_1) implies

Eo(tj—1,x(tj—1)) < Eo(tjm1,q:(t;)) + Rola«(t;) — qu(tj—1))
= &o(t),q:(t)) + Rolga(t )—q*(tjl))—/tj (Co(s), q.(t;)) ds.

Jj—

Rearranging and summing over j € {1, ..., N} gives

o(T, q.(T +ZR0 0. (8)— (1)) = £0(0, 4.(0)) — / (io(s), 2,(5)) ds,

where g, is the piecewise constant interpolant with the value ¢, (¢;) for t € |t;_;,;]. Taking
the fineness of the partitions to 0 the right-hand side converges while the left-hand side
can be estimated from above giving the desired lower energy estimate

&o(T, q«(T)) + Dissr, (g, 0, T]) = £(0, ¢+(0)) —/0 (Co(s), q-(5)) ds. (3.19)

Together with the results of Steps 3 and 4 we conclude that ¢, is equal to the unique
energetic solution g for (Q, &, Ro) with ¢o(0) = ¢J.

Step 6: Improved convergence. We already have established weak convergence instead
of the the strong convergence stated in (3.5a), see (3.15). Using (3.3d) the convergence
(3.5d) follows immediately. The convergences (3.5b) and (3.5¢) follow, since we have the
obvious liminf estimate for both of them. However, Steps 4 and 5 show that the sum
converges to the correct limit. This implies that each of them converges to the desired
limit.

Using the energy convergence (3.5b) and the weak convergence q.(t) — qo(t) we see
that ¢.(t) is a recovery sequence for gy(t) for B, M, By. Thus, using Proposition 3.2(ii)
we conclude the strong convergence ¢.(t) — qo(t) as stated in (3.5a). n
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4 Justification of the elastoplastic plate model

In this section we provide the proof of the limit passage stated in Theorem 2.4. The main
step is the Mosco convergence of the quadratic forms B, defined in (2.9) for ¢ > 0 and

(2.17) for € = 0, respectively. All notions of convergence (weak and strong) as well as the
norm will relate to the basic Hilbert space Q C H'(€;R3) x L2(Q; R3*?). The proof is

dev
similar to the approach devised in [BC*92], but needs to be repeated as we use a more
general material law involving also the plastic variable.

Proposition 4.1 Under the assumptions of Section 2 we have the Mosco convergence
M
B. — By.

Proof: Liminf estimate for weak convergence. For all sequences Q). — Qo we have to
show B()<Q0) S lim infe_@ B&*(Qs)

First consider the case Uy ¢ Uky,. Since U +— ||E*(U)]|2, is convex and lower semicon-
tinuous, we find lim inf, [|E*(U.)||12 > 0. Using the coercivity of B in (2.10) we conclude

B.(Q:) 2 el SB(U)S e 2 Z[BA UL — o0 = Bo(Qo).

For Uy € Uk, we use By(Qo) = B(Qo) and employ estimate (2.15) giving B.(Q) > B(Q).
Since B is convex and lower semicontinuous, we conclude via

lilgglflgs(@s) 2 lirgn_)ing(Qs) > B(Qo) = Bo(Qo)-

Limsup estimate for strongly converging recovery sequences. The result is trivial for
Up & Uky, as By(Qy) = oo, since we may take Q. = Qo.

For Uy € Uk, we have to do a nontrivial construction. We use the splitting of W into
W and W, as given in (2.16). This leads to the splitting

B.(Q) = B(Q) + J (:S.E*(U)-N(E'*(U), P)) with J(b) = /Q Wy (b(x))da.

Since B is strongly continuous on Q and J on L2(2; R?), it remains to be shown that for
each Qg € Q there exist Q. € Q such that

Q.= (U.,P.) - QyinQ and 1S.E*U.)— N(E"?(U.),P.) — 0in L*(Q;R%). (4.1)
We construct @), in the form
Q. = (U, Py) with U. = Uy + S 'We,

where W, is constructed as follows. Set n® = N(E"?(U), Py) € L*(€;R3) and define the
regularization n° = (nj, n§, n§) via the unique solutions of the elliptic equations

— 0 . _
—eAn; +n; =n; in Q; n;=0ond.
Standard elliptic estimates give the a priori estimates

el|[Vns|ts + [Inslt> = [Infll> and n® — n® in L*(Q;R?). (4.2)
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Now We = (W5, W35, W$) is defined via integration over xs, namely
z3
Wi(z) = cj/ n5 (1, 79,€)dE,  where (c1, ¢, ¢3) = (2,2,1).

This implies |W¢||2 + Y/2||VW? |2 < C, and we conclude ||Q. — Qol| = [|eST We||m <
e!/2C' — 0, which is the first condition in (4.1).
Moreover, using Uy € Uk, we find

LS. EX(U.) = 0+ LS. E ((eWr,eWs,eW5)T) = n® + £(0,, W5, 0,,Ws5,0)7.
Thus, we obtain the estimate

ILS.E*(U.) — N(E"*(U., P)|Jr
= ||n° + (0., W5, 00, W5,0)T — n® — N(EM(eS7'W#),0) 1.2
< HnE — TLOHL2 + EHVW;HLz + 8|N|HVW€HL2 < Hns — n0||L2 + 081/2.

Using (4.2) we obtain the second convergence stated in (4.1). =

Proof of Theorem 2.4: We show that the abstract result presented in Theorem 3.1
can be applied. For this we need to check that the assumptions (3.3) are satisfied for the
elastoplastic problem discussed in Section 2. Note that for this case we have (.(t) = L(¢)
and R. = R, since no dependence on ¢ is present. The conditions (3.3a) and (3.3b) are
obviously satisfied. Condition (3.3¢c) holds after taking (2.10) into account.

The Mosco convergence B. —» By was established in Proposition 4.1, thus (3.3d) holds
since /. = L is independent of ¢.

For the e-independent dissipation potential R. = R the continuous convergence R, ~>
Ry reduces to strong continuity of R, cf. the definition in (3.2). By condition (2.3) the
strong continuity of V + R(V) for V € L?(Q;R3*?) is obvious. The Mosco convergence

dev
R. M, R, additionally asks for weak lower semicontinuity, which follows immediately
from convexity and strong continuity. Hence (3.3e) is established as well.
Thus, Theorem 2.4 follows as a direct consequence of Theorem 3.1. n

5 Discussion of the elastoplastic plate model

In this section we show that the limit model obtained in Section 2.3 can be reduced to a
two-dimensional elastic problem coupled to plastic effects that can either be described by
a three-dimensional model without memory or by a Prandtl-Ishlinskii operator associated
to each point y € w.

For notational simplicity, we will restrict now to the special isotropic energy W and
its relaxed stored energy density W treated in the Examples 2.1 and 2.5. Thus, we are
also in the same framework as [GKS08], and can compare the results easily.

5.1 Coupling of stretching, bending, and plasticity

The main observation is that the Kirchhoff-Love displacements U € Uk, can be character-
ized by functions defined only on the midplane w. Thus, the energy & can be reduced by
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integrating over the variable 3. We will use the letter y to indicate points in w. From now
on, V and A will only act on y € w, i.e. V = (9,,,0,,)", A =9} +93,, and D*V3 € R2%2

Y27 sym
denotes the Hessian of V3 : w — R. Moreover we will use the two dimensional in-plane

strain tensor

1
2 (VV12 (VV1’2)T)7 where V3% = (17, 5)7,

which does not depend on V3.
Concerning the variable P € L2(€; R37?) we will use Q = w x ]—1, 1] and the identifi-
cation

El Q(V)

L(w x |-1,1[; R}?) = L*(w;L) with L:=L*(]-1,1[;R3Y).

dev dev

Thus, with each point y € w we associate an internal variable P(y,-) € L.
Using the isomorphism K between V and Ugy, (see (2.12)) we see that the rate-
independent system (RIS) (Q, &, Ro) is equivalent to the RIS (Qxr, £k, R) with

Qkr =V x L*(w;L), R(P f R(P(y, x3)) dxs dy,

w -1
ExL(t,V, P) := / W(EY(V),D*Vs(y), P(y))dy — (fxL(t), V), where
W(E,H,P) = Wmemb(E [PY]o]) + Whena(H, [PY]1) + Wotast (P),
Winemb (E, 1T) = )\+2 L ((tr E)? — tr E tr1l) + 2u(|E] — E:I),
Whend (H, IT) = 2’\—“(—(tr H) +trH trH) + 2u (5| H|? + H:I1),

/\+2u
Whtast(P) = 5352 [ tr + 5Pl

)\+2,u

<€KL(t)a V> = / Czmemb(t y) : VLQ(y) + gbend(tv y)‘/?)(y) + Gbend(t7 y) : v‘/fﬂ(y) dya

Gmemb(t7 y) [Fvlolz(t? Y- )} Fsluff(t Y 1) Fsluff(t Y _1)7
gbend(ta y) - [FVOIS(ta Y, ')]O_I_FsurfS(ta Y, 1)+Fsurf3(t> Y, _1)7
Clbend(ta y) = Fsllff(tu Ys _1)_Fs1uff(t7 Y, 1)
Here V12 = (V},V5)T € R? and E, H, 11 € R2%? are placeholders for EV?(V'), D2Vj, and

sym
[P12];, respectively, and we used the short-hand notations

A:B = E AiiBij, lglo = f g(x3)des, [g]) = f,ll z39(xs)das, |95 = f,ll |g9(3)] das.

7,7=1

The important structure in the form of W is that the membrane strains E = E?(V) only
couple to the (even) averages [P'?], while the bending strains H = D?V3 only couple to
the (odd) averages [P1?];.

To highlight the structure of the derived evolutionary system obtained via the RIS
(QkL, kL, R) we know write down the corresponding differential inclusion, cf. (2.7a)
versus the energetic formulation (2.7¢). It consists of two elliptic systems, one for the
membrane part and one for the bending part, and the plastic flow law. Both elliptic
systems are nontrivially coupled to the plastic part via the strain tensors

OpWinemb (B, IT) = So(2E—-11) € RS2, OpWhena(A,p) = So(2H+IT) € RS

sym? sym>
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where Xo(E) := otr E I, + 2uF with o := 22 The system reads

A-2u
0= —div (Zo(2E"*(V))—[P"%]5)) — Grmemb (2, ) in w, (5.1a)
0 = divdiv (Zo(2D*V3+[P"*]1)) — goena(t, ) — div Gpena(t, *) in w, (5.1b)
0 € OR(P) + dev ([ Zo(P"2~E"*(V)+23D*V3) | 0]) + hP in Q, (5.1¢)

where we recall the notation [A|b] € Rx? for A € RZ%? and b € R? from (2.13b).

We see that (5.1a) is a second-order membrane equation for the in-plane displacements
V12 = (V}, V,) with the average plastic strains [P1?], acting as plastic strains. The fourth-
order equation (5.1b) for the out-of-plane displacement V3 generalizes Kirchhoff’s plate
equation, where now the first moments [P'?]; (odd averages) act as plastic strains. The
flow law (5.1c) is still posed on = w x ]—1,1], but the important point is that the
coupling with E?(V) and D?V3 occurs only via special x3-dependent profiles, namely 1
and x3, respectively.

5.2 Nontrivial coupling of the membrane and bending mode via
plasticity

We want to exemplify the nontrivial coupling by comparing two simple examples of load-
ing, which would give the same result, if there is no coupling.

In Example 1, we first load and unload the plate in a uniaxial stretch in direction x.
Then, we load in a bending mode and unload again. In Example 2 we first do the bending
and then the uniaxial stretching.

In both situations we assume strains independent of y € w leading to the displacements

V(t.y) = (0(t)yr, 0ty () (yi+y2)/2)", (5-2)

where the scalar stretch ¢ and the the scalar bending 7(¢) are to be determined. Clearly,
we have EV2(V) = §(t) 5 and H(t) = D*V3 = v(¢) .

Assuming that the dissipation potential R is of the form R(P) = r|P|, we can now
find a solution P of the flow rule (5.1c) in the form

P(t7 Y, .leg) = 7T<t7 x3> dlag(L 17 _2>7 ﬂ-(tu ﬂfg) = 0. (5?))

For this it is necessary and sufficient that (¢, ) € R solves the scalar hysteresis problem
given by the differential inclusion

0 € r Sign(7) + 2(o+p) (7 — 6 + 37) + hr. (5.4)

To simplify the computations, we choose r = 2(o+u) = 1 and h = 0.
Using the hat function x(¢) = max{0,2—|2—t|}, Example 1 is given by the loadings
d(t) = x(t) and y(t) = x(t—4). The solution is given by

max{0, min{t—1,1}} for ¢t € [0, 4],
1 — x3(t—4) for t € [4,6] and 23 > 0
(1) _ 3 ; 320,
m(t 7) 1 for t € [4,6] and x3 < 0,
min{l, 1-2z3} for ¢t € [6, 8].
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Now we consider Example 2 with stretching after bending, i.e. v(t) = x(¢) and §(t) =
X(t—4). The solution reads

[0, 2]

) _ (2, 73) for t € [2,4],
T (t, x3) min{5—t, (2, x3)} for t € [4,6],
-1 for ¢t € [6, 8]

By comparing the two solutions, it is clear that the bending and stretching phases behave
differently if they start from the unstressed initial condition from the pre-stressed state
left over from the over phase.

We refer to [Lie08] for more details.

5.3 Reduction to 2D model via Prandtl-Ishlinskii operators

We now show how the plastic flow law (5.1c) can be encoded into a hysteresis operator,
which does not explicitly show the dependence on the variable x3. This generalizes the
idea in [GKSO0S].

We first note that (5.1c) can be rewritten in the form

0 € OR(P)+AP —L(t), P(0)=0, (5.5)
where R is as before and A is a symmetric and positive definite linear operator on Rﬁ:j’,
while L € CHP([0,T];R3X?) is some loading. For simplicity we have added the trivial

initial condition P(0) = 0 and we will further assume L(0) = 0. (In fact, it would suffice
to assume the stability condition 0 € 9R(0) + AP(0) — IL(0), cf. Theorem 2.2.)
For each loading L € C§®([0,T]; R3*?), where the subscript o stand for the initial

dev

condition IL(0) = 0, there is a unique solution P € Cy™®([0,T];R3*%). This defines the
(vector-valued) play operator P (cf. [Vis94, BrS96, Kre99]) associated with E = 9R(0)
and A via

PeIL)(t) := P(1).
We define the “parallel extension” of Pg from R3*? to L = L?(]—1,1[; R3*?) via

Pe[L](t,x3) := Pe[L(-, z3)](t),

where now L € C§([0,T]; L). We call this a parallel extension as the play operators at
different values of x3 do not interact.

We want to use the play operator Pg to describe the coupled system (5.1) for the
elastoplastic plate. We do this by superimposing such play operators by using the special
coupling structure. Recall that the first two equations for V' are coupled to P(t,-) €
L = L%(—1,1[; R3*?) only via the averages [P(t,-)]o and [P(t,-)];, and additionally the

equation for P is forced by E = EM?(V) and H = D?V only via the “dual construction”.
The forcing via £ and H in (5.1c¢) can be described via the mapping

Sym dev

M R2X2 XR2X2 s L = LQ(] 1 1[ R3><3)’
' (B, H) — dev([So(zsH—FE)|[0]).
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A simply calculation shows that the adjoint mapping takes the form

o[ L=R(-LILREY) — R X R,
M { i = (~Zo([P ), Zo([P12)).

Note that M* P contains exactly all the P-dependent terms occurring in (5.1a) and (5.1b).
Thus, we are able to define a generalized Prandtl-Ishlinskii operator as a generalized
contraction of an infinite family of play operators as follows

sym Sym Sym sym

{ CLIP([O T] R2%2 w« R2x2) - CLlp([O T] R2X2 R2><2)
L (E, H) —  MPg[M(E, H)).

The usage of M and M* in the contraction means that the hysteresis operator 3 still has
the usual symmetry properties and is compatible with the energetic formulation.

Denoting the components of 3 corresponding to E' and H by ‘P r and By, respectively,
we are now able to rewrite the coupled system (5.1) for the elastoplastic plate in terms of
the elliptic partial differential equations only, since the plastic evolution law is hidden in
the hysteresis operator J3:

- div(Eo(El’Q( )) + Pz [EX2(V), D2V] (t)) = Gnemn(, ), (5.62)

div div (3o (D?V5) + P [E*2(V), D2V3] (1)) = ghena(t, )+ div Grana(t,). (5.6b)

We can restrict to the pure bending case, as was done in [GKS08], if we assume that
Guemp = 0 and that P(t,y,-) is odd. Then, V1? = 0 for all times. Then, we can forget
about E and restrict our attention to H only. This allows us to give By a more explicit

form, which appear to be a true Prandtl-Ishlinskii operator. To see this, we use a classical
scaling law for play operators, namely

Prlall] = aPig[L] for every constant a # 0.

This leads to the final formula
PBu[H] = [Eo(Pelzs dev([Eo(H()) [0])D]

_ (/1 xgmﬂ;[dev ([So(H () ||o]])] d:cg) 7

1 3

Thus, our hysteresis operator is just a simple transformation of the operator F derived
at the end of Section 2.2 in [GKSO08], namely Pg = ¥ o F o 3.
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