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Introduction

The subject of this thesis is the efficient solution of elliptic variational inequality problems and
optimization problems with convex constraints defined over some (infinite-dimensional) real
Banach space X. Given some operator A: X — X*, the abstract variational inequality problem is
defined as follows:

Findue X: (A(u),v—u)+jv)—ju)>(v—u), VovekX, (0.0.1)

where j: X — RU {+00} is a nonsmooth convex function and I € X* denotes a bounded linear
functional on X. A large class of variational inequalities is determined as the optimality condition
to optimization problems of the type

inf F(v) —(l,v) +j(v) overveX, (0.0.2)

where F : X — R is a Gateaux differentiable but not necessarily convex function with F/ = A. In
particular, the case of a convex constraint set K C X is formally contained in the above formulation
by setting j(v) = +oo for all v ¢ K. The abstract problems (0.0.1) and (0.0.2) arise in a myriad of
applications involving physics, engineering, finance, life sciences and many more. In this thesis,
the focus is mainly on applications in quasi-static associative elasto-plasticity, where the variable
v describes the material behavior subject to a given external loading I. Material properties and
model parameters determine the operator A and the functional j.

In general, these problems cannot be solved directly apart from special cases. On one hand,
the fact that the above problems are posed in some infinite-dimensional Banach space already
underlines the necessity of an approximation in terms of a suitable finite-dimensional problem,
for example, using finite element methods. On the other hand, it is often preferable to replace
the original problem by some perturbed version even if a suitable discretization is established.
This may be motivated by the fact that the discrete problem is not solvable without unreasonable
effort or that the associated solver displays undesirable properties like mesh-dependence or lack
of robustness. Thus, the analysis of (0.0.1) (or (0.0.2)) is intimately linked to the investigation of
the behavior of the problem with respect to certain classes of perturbations including different
discretization and regularization approaches. In this context, the main paradigm of this work is
that the understanding of the underlying infinite-dimensional problem structure is crucial for both,
the analysis of the consistency of perturbation methods, as well as the properties of corresponding
solution algorithms. Here, we generally employ the term consistency whenever solutions of a
perturbed version converge (in a sense to specify) to a solution of the original problem.

Following a preliminary discussion of basic tools from Functional Analysis and Optimization
in Part I, Part II begins with a unified consistency analysis of standard perturbation methods
comprising, among others, Galerkin approximation, Moreau-Yosida-regularization, singular per-
turbation or a combination of the latter. This will be achieved by introducing the general class of
quasi-monotone perturbations, both, on the level of the variational inequality and the constrained
optimization problem. Using the concepts of I'-convergence [37] and Mosco-convergence [95] in
this general framework, it turns out that certain density properties of intersections of the convex
constraint set K with dense subspaces Y of the Banach space X naturally arise as a necessary and
sufficient consistency criterion. The corresponding I'- and Mosco limits, which can be understood
as appropriate limit problems to a sequence of perturbations, are determined by the closure of
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these intersections.

In the literature on variational inequality problems, density properties classically appear as
intermediate steps towards the convergence results of finite element methods under minimal
regularity [89, 53, 61]. In the context of plasticity problems, density results represent an important
ingredient for relaxation approaches [7, 38, 15]. However, the consideration of density properties
in such a general framework appears to be novel.

In Chapter 5, we mainly focus on the case where X = X () is a usual (vector-valued) Lebesgue
or Sobolev space over a bounded domain Q) C RN, Y = Y(Q) is the subspace of continuous or
smooth vector fields and K prescribes a pointwise bound on the norm of the function value via an
obstacle function a« defined on (), i.e.,

K=K(X(Q)) ={w e X(Q) : |w(x)| < a(x) a.e. in Q}. (0.0.3)

We further introduce the problem formulation and give some new density results in Lebesgue
and Sobolev spaces for continuous obstacles relying on the theory of mollification. These state-
ments extend recent results from [69] which seems to be the only available reference which is
specifically dedicated to abstract density properties of sets of the type (0.0.3). With the help of
Mosco-convergence of convex sets, these results carry over to lower semicontinuous obstacles. A
different approach is proposed for upper bounds a which are supersolutions of an elliptic partial
differential equation (PDE). In the latter case, the smoothing is achieved by solving a sequence
of elliptic PDEs. It is further shown that results of this type cannot be expected in general if the
obstacle is just a Sobolev function, and for this purpose a concrete counterexample is given. In
Chapter 6, we make use of the preceding density results for the continuous setting to prove the
Mosco-convergence of various types of finite element-discretizations of K in the spirit of [53]. As a
consequence, the discretized problems are consistent with the corresponding infinite-dimensional
limit problem; see, for instance, [95, 53] or Theorem 3.1 and Theorem 6.3. In the last section,
we return to the infinite-dimensional setting by studying density properties in the context of
dualization in total variation based image restoration. The majority of the results in Part II have
been obtained within a joint project with M. Hintermiiller and C.N. Rautenberg, and as of May
2016 the results are not yet published.

In Part III, we consider an elasto-plastic contact problem under the small strain assumption.
The problem is characterized by the presence of a rigid obstacle which restricts the deformation
of the material under a loading process. In contrast to elasticity, plastic material behaviour is
irreversible and the set of admissible stresses is constraint by definition. While the literature on
discrete plasticity is extensive (see Chapter 7 for many references), infinite-dimensional algorithms
are rather scarce and essentially only contain linearly convergent subspace correction methods [24].
In Chapter 9, an infinite-dimensional semismooth Newton method is proposed for the one-step
time-discretized contact problem of quasi-static elasto-plasticity with combined kinematic-isotropic
hardening. Neglecting friction, the combination of both effects, contact and plasticity, leads to the
problem of a variational inequality of the mixed kind, i.e., the functional j in (0.0.1) is nonsmooth
on its effective domain and the latter is a proper convex subset of X.

We note that the semismooth Newton method based on the notion of Newton- or slant dif-
ferentiability [31, 75] has received considerable attention throughout the last decade as it has
proved to be a remarkably efficient method, notably for the solution of various problems in PDE-
constrained optimization [75, 66, 67] and of variational inequalities [41, 68, 87], to mention only a
few. The fact that the original elasto-plastic contact problem does not allow for a Newton differ-
entiable reformulation motivates the consideration of a special Fenchel dual problem (Chapter 8)
of the so-called primal problem of quasi-static plasticity [61]. This dual problem turns out to be
amenable to a regularization scheme where the associated solution path is induced by a coupled



Moreau-Yosida/Tikhonov regularization. The approach is presented in Chapter 9. Its consistency
hinges on the density of the intersection of certain convex sets, and we rely on the results from
Part II to prove that the sequence of solutions to the regularized problems converges strongly
to the optimal displacement-stress-strain triple of the original elasto-plastic contact problem in
the space-continuous setting. It is also argued that the mappings associated with the resulting
optimality conditions are Newton- or slantly differentiable in the continuous setting. As a conse-
quence, each regularized subsystem can be solved at a local superlinear rate of convergence and
mesh-independently upon discretization. The latter property marks the crucial difference to the
purely discrete approaches from the literature. For efficiency purposes, an inexact path-following
approach is proposed and the discretized version is derived with the help of a conforming finite
element approach. The chapter is closed with a numerical validation of the theoretical results. The
main results of Part III can also be found in the author’s joint publication with M. Hintermdiller
[72] as well as the short summary [71].

Part IV is devoted to the time-discretized problem of quasi-static evolution in perfect plasticity.
In contrast to hardening plasticity, many difficulties arise from the fact that optimal displacements,
which in general are not uniquely determined, have to be sought in the non-reflexive Banach
space of functions with bounded deformation [82]. The time-dependent Prandtl-Reuss Model
as well as Johnson’s weak formulation [78] and the notion of quasi-static evolution in perfect
plasticity [38] are introduced in Chapter 10. In Chapter 11, we first consider the corresponding
time-incremental primal formulation from [38], which is a convex but nonsmooth constrained
minimization problem. An equivalent inf-sup problem in a standard reflexive Lebesgue space
is derived based on a reduced formulation of the primal problem. It is shown that the standard
incremental stress problem from [78] can be determined as a Fenchel dual problem to this reduced
formulation. In this way, the classical duality results from [7, 119] for Hencky plasticity, which is a
simplified plasticity model of limited practical relevance, are extended to Prandtl-Reuss plasticity,
and neccesary and sufficient optimality conditions can be derived. As an alternative to the
approximation by plasticity problems with vanishing hardening [15], a primal-dual stabilization
scheme based on a modified version of the visco-plastic regularization is proven to be consistent
with the initial problem. As a consequence, not only stresses but also displacement and strains are
shown to converge to a solution of the original problem in a suitable topology without imposing
a higher regularity of the displacements or the plastic strains. The resulting scheme gives rise
to a well-defined Fenchel dual problem, which is a modification of the usual stress problem in
perfect plasticity. Moreover, the dual problem has a simple structure and turns out to be well-
suited for numerical purposes. For the corresponding subproblems, we propose a path-following
semismooth Newton method in infinite-dimensions, which is based on the modified stress problem.
For details, see Chapter 12. Part IV is based on a preprint with M. Hintermdiller which is not yet
submitted.
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1 Functional Analysis

In this chapter, we briefly introduce the general notation as well as the basic function spaces for
this text.

1.1 General Notation

All vector spaces in this thesis are defined over the field of real numbers R. Let X be an arbitrary
Banach space with norm || . ||x. The open ball around an element x with radius r in the norm
topology is indicated by B,(x) := {¥ € X : ||x — &|[x < r}. The topological dual space of X is
denoted by X*, and we write (x*, x) x- x for the duality pairing of an element x* € X* with x € X.
If X is a Hilbert space with inner product (., . )x, the Riesz Theorem states that for any element
x* € X* there exists a unique element xy € X such that (x*, x) x x) = (0, x)x forall x € X, and
we may identify X ~ X* isometrically. For an arbitrary subset A C X we denote by

ZX, axA, intxA

the closure, the boundary and the interior of A in X with respect to the norm topology, respectively.
The complement of A is denoted by A°. Whenever the context leaves no ambiguity, we simply
write ||. |, (.,.),(.,.)and A,dA,int A without indicating the specific space. The functions

ig: X > RU{+0o0}, ia(x)=0,x€ A, ia(x)=4o00,x ¢ A,

and
xXa: X —=>RU{4+}, xalx)=1,x€ A, xa(x)=0,x ¢ A,

are referred to as indicator and characteristic function of A with respect to X, respectively. We also
need the space £(X, W) of bounded linear operators between two Banach spaces X and W. For
A € L(X, W), we designate by ker A := {x € X : Ax =0} and ran A := {Ax : x € X} the kernel
and the range of A, respectively, and we denote by A* € L(W*, X*) its adjoint operator,

(A", x) (x x) = (W, AX) (), W" € W', x € X.

We further write
W— X

if the Banach space W embeds into the Banach space X, i.e., if there exists an injective mapping
1 € L(W,X). For example, if W — X and the embedding  has dense range, then the adjoint
operator

FoXt S WE (O, w) = (3 w),
is also an embedding. In the special case where X is a Hilbert space with W C X, i(x) = x, x € W,
one obtains the Gelfand triple

W s X ~ x* < W,
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and * is simply the restriction operator,
FiXsxe— (x, . )|lwe W

The identity mapping in X is written as idx. The strong convergence of a sequence (xx) C X to
x € X is denoted by xx — x. On many occasions, we also endow X with its weak topology, and
we write x; — x whenever the sequence (x) converges to x in the weak topology. If X = W* is
the dual space of a normed space W, we may alternatively equip X with the weak*-topology and
sequential convergence in this space is denoted by x; — x. By slight abuse of notation, we write
(x¢) C X to indicate that {x;} C X. On some occasions we also use Urysohn’s principle, which
states that a sequence (x) converges to x if and only if each subsequence of (x) has a further
subsequence converging to x. In order to avoid ambiguities, n-tuples [x1, ..., x,| are denoted in
brackets. For a function F : X — R U {+00} on the Banach space X, we also introduce the lower
semicontinuous (l.s.c.) envelopes in the norm and weak topology;

s¢ F(x) =sup{G(x): G < F,Gisls.c.}, (1.1.1)
sc;, F(x) = sup{G(x) : G < F,G is weakly Ls.c.}. (1.1.2)
In this text, | . | stands for an arbitrary norm on RN whereas | . |, designates the standard p-norm
on RN for 1 < p < 0. The dual norm |. |, of | . | is given by
o= sup xF-x.
x€RN, |x|=1

|x

We further make use of the space MM*N which consists of all symmetric matrices of dimension
N X N, as well as its subspace

N
MY"N = {A e MNN ¢ tr(A) = Ay =0}
i=1

The orthogonal projection onto the orthogonal complement of M) in MN*¥ is referred to as
the deviator of A, and it holds that

devA=A-"Ap, (1.1.3)
where Iy is the identity matrix of dimension N x N. On MN*N we usually consider the Frobenius
_ 2
norm |A|fp =, /Zij Aij.
1.2 Some Frequently Used Function Spaces

1.2.1 Spaces of smooth functions

We start by introducing several standard function spaces defined on a nonempty open subset
Q C RN, N € N, which are frequently used in the present text. Let W be a Banach space. We
denote by

CH(O; W) = {f: Q — W : fis k-times continously differentiable on Q}
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the space of k-times continuously Fréchet differentiable functions on (2 with values in W, and we
write C(Q; W) = C%(Q); W) for the space of continuous functions on Q) as well as

Co(L,W) = ﬁ CkH(o; W).
k=0

For QO C RY nonempty, open and bounded, the space of k-times continuously differentiable
functions up to the boundary is given by

CKOW)={f: Q= W: feC (W),
05 f has a continuous extension to QO Vs € IN,0 < |s|; < k}.

Here, o, f designates the classical partial derivative of a function f : (3 — W with respect to the
multi-index s € N}. Equipped with the norm

Hf”ck(ﬁ;W) = Z Hasf“c(ﬁ;wy

[sh<k

where [|0;f || @w) = max, g [|9sf(x)||lw, the vector space Ck(Q); W) becomes a Banach space. A
function f : O — W is called x-Holder-continuous (0 < « < 1), if

sup W < 09, (1.2.1)
xyeQ

and Lipschitz-continuous, if (1.2.1) holds for ¥ = 1. Furthermore, we designate by C**(Q; W) the
space of functions in C¥(Q); W) such that the partial derivatives of order equal to k are k-Holder-
continuous.

Moreover, the subspace of functions in C¥(Q; W) with compact support in Q) is denoted by
Ck(Q; W) and the vector space C°(Q; W) is defined by intersection as above. The space of restric-
tions to Q) of smooth functions on RY is designated by

DO W) == {fla: f € CZ(RN;W)}.

For an arbitrary nonempty subset O C RY, one further defines the space Co((); W) of continuous
functions vanishing at infinity, which means that for all ¢ > 0 there exists a compact set K, C ()
such that

sup || f(x)llw < e
xeQ\K;,

This vector space becomes a Banach space when equipped with the norm
[ £llcotam) = sup [If(x)llw-
xeQ)

Note that Co(Q; W) is the completion of C.(Q; W) with respect to || . ||¢,(;w)- Finally, we define
the space AC(I; W) of W-valued absolutely continuous functions on the interval I C RN.

We further stipulate the notational convention that the indication of W in the definition of the
above spaces is omitted whenever W = RR.
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1.2.2 Smoothness of domains

A nonempty, open and connected subset of R" is called domain. Many of the theoretical results
associated with function spaces on domains demand a certain regularity of the boundary 0} of Q).
The following definition gives rise to a categorization of domains in terms of the smoothness of
their boundary.

Definition 1.1 (C¥*-domain). We say that a bounded domain () has a Ck"‘—boundary, k € Ny,
x € [0,1], if there exists ] € IN such that for each j € {1,...]} there exists an orthonormal basis

e, ..., e} of RN together with a reference point i/ € RN-1, constants #/ > 0 and #/ > 0 as well
1 N g P Y
as a function ¢/ € C**(B,;(y/)) such that the sets

N
Q) = {x:foef eRN: ¥ —y| <¥, |¥,—¢F) <WWeRV},
i=1

with ¥ = [x],...,x,_,], fulfill the following set of conditions:

M) 90 c U, 0

(i) QNI ={x e RN : ¥ —yi| <7, x| =g/(F)},
(i) QNQ={xeRN: ¥ —yi| <1, ¢(F) <},
(v) QNO = {x e RN : |¥ —y| <rl, g(#F)>x}.

Conditions (i)-(iv) ensure, that dQ) is locally the graph of a C**~function and that the domain
is locally situated on one side of its boundary. In particular, this excludes domains with slits.
Domains with a C%!-smooth boundary are referred to as Lipschitz domains, and in this case the
domain cannot have any cusp-like features.

1.2.3 Spaces derived from distribution theory

Lebesgue and Sobolev spaces

Let QO C R be nonempty and open, and let W be a Banach space. Following [4, 127], we define
LP(O; W), 1 < p < oo, as the space (of equivalence classes) of Bochner-Lebesgue measurable
W-valued functions for which the norm

1/p
Il = ([ In@ll dx) 1< <o

[l | Loy = esssup [[u(x)[w,
xeQ)

is finite. Usually, we just need the definition for W = R or W = R¥, which then reduces to the
conventional meaning of the Lebesgue space and we write L?(Q)) = L?({);R). In some cases it is
also necessary to consider the following more general function space: A functionu : Q — W is
called weakly measurable if the mappings

Q> x = (W, ulx)ww €R,

10
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are Lebesgue measurable in the usual sense for any w* € W*. The space LZ(Q; W), 1<p<oo,is
then defined as above, with the only exception that the functions in L}, (Q; W) are only required to
be weakly measurable.

We further denote by W*?(Q)) the usual Sobolev space of real-valued functions which possess
distributional partial derivatives 9, in the Lebesgue space L”(Q)) up to order k. The corresponding

local space Wlko’f (Q)) is given by

Wk’p(Q) := {u: Q — R measurable : u € W (Q) for all )y € Q) open},

loc

where (g € () means that ()y is compactly contained in (), i.e., QO is compact and O C Q. The

subspace Wg’p (Q) of WEP(Q)) is given by the closure of C®(Q)) with respect to the norm in W7 (Q),
which is defined by

lullercy = (32 3cullly )7

sl <k

For p = 2, the Hilbert spaces W*?(Q) and Wy*(Q) are denoted by H*(Q) and HE(Q2), respectively.

The vector-valued versions Wr? (Q; R?), Wg’p (Q; R?) are defined componentwise. If O C RN isa
bounded Lipschitz domain, then there exists a trace mapping

T € LW (Q),LF(9Q)))

such that T(u) = u|yq for allu € C(Q) N W#(Q). As is customary, in the definition of the space
LP(0Q)) it is tacitly assumed that 0Q) is equipped with the (N — 1)-dimensional Hausdorff measure
denoted by HN1.

Time-dependent Sobolev spaces on a given time-interval (0, T), T > 0, with values in a Banach
space X are defined as follows. Let u € L'(0,T; X). A function v € L'(0, T; X) is called weak
derivative of u, if and only if,

/ ug' dx:—/ vpdx Ve¢eCT0,T);
1) (01)

in this case, we write ## := v. Note that the definition of weak derivative only requires local
integrability of # and v. In accordance with the spatial case, we set

WYP(0,T; X) := {u € LP(0, T; X) : u has a weak derivative 1 € LP(0, T; X)},
o) = (0 m + Nl 1) 7
and H'(0, T; X) = W'2(0, T; X). By virtue of the embedding
H'(0,T; X) — C([0, T]; X),

initial (and final) values of a function u € H*(0, T; X) are well-defined. These properties and many
further details on Sobolev spaces can be found, for instance, in [1, 48].

Spaces related to the divergence operator

Many variational problems in mechanics or fluid dynamics require spaces that are related to the
regularity of the distributional divergence. Let ) C R be a bounded domain. We define the

11



1 Functional Analysis

spaces

H(div; Q) := {v € L2((;RN) : dive € L2(Q)},
Q = LZ(Q;MNXN),
H(Div; Q) := {c € Q: Dive € L*((; RY)} = H(div;Q)*N Q,
where we distinguish between the scalar-valued divergence operator div and its vector-valued

counterpart Div;
N

N
divo := Zaiv,-, [DiVU’]k = Zaimk, kzl,,N
i=1 i=1

These spaces become Hilbert spaces when endowed with the scalar products

(U, ﬁ)H(div;Q) = ( 5)L2(Q)N + (diV 0, diVﬁ)LZ(Q),

0,
((T &)H(DiV;Q) = (U,ﬁ)Q + (DiV(T,DiV&)LZ(Q)N.

To establish boundary values and Green’s formulae for these spaces, we rely on various trace
spaces which are introduced in Section 1.2.4. If O C RY is a bounded Lipschitz domain, there
exists a normal trace operator

7, : H(div; Q) — H™2(0Q)) := H/2(0Q))*,
which extends T, |Cl (ORN) by continuity such that the Green’s formula
<T1,U, M> (H-1/2(3Q),H/2(3Q0)) = (le o, M)LZ(Q) + (Z), Vu)Lz(Q)N (122)

holds for any v € H(div; Q) and u € H'(Q). In an analogous fashion, the normal trace operator
on the space H(Div; ()) is defined by extension of T,[. @ n-n)- This yields an operator

7, : H(Div; Q) — H 1/2(aQ)N.

At this point, we remark that the notation 7, is used for normal trace operators on different spaces;
the domain should always be clear from the context. The vectorial version of (1.2.2) is given by

<Tv0’, u) (H-172(3Q)N,H1/2(3Q)N) = (DIV ag, M)LZ(Q>N + ((T, s(u))Q (123)
for any ¢ € H(Div; Q) and u € H'(Q)N, where
e(u) :=3(Vu+vu')

denotes the symmetrized gradient of u.
Now assume that 0Q2 is decomposed according to

N=TyUuXUl, ToyNE=0Q,

where I'y and X are nonempty, relatively open and disjoint, and I = 90X = dI'y denotes a common
Lipschitz interface in the sense of Definition 1.1. The restriction of 7, to X has to be understood in
the sense of Hy,'/?(X) = HYj?*(£)*; for the definition of the space HYj*(Z) we refer to (1.2.16). The

12



1.2 Some Frequently Used Function Spaces

trace operators
7= H(div; Q) — Hy'/?(Z)

and
7= . H(Div; Q) — Hy'/*(Z)N

are well-defined by

<TVZ’0,1/[>(H&J1/2(2)/H30/2(Z)) = (divo,u)2(q) + (v, Vit) 12, (1.2.4)
for any v € H(div; ), u € Hyy (), and

<TVZO',M>(H&)1/2(Z)N,H(1)62<Z)N) = (Divo, u) 2y + (0,e(u))o, (1.2.5)

for any o € H(Div;Q)),u € Hjp (Q)", respectively. Here, the space of H'-functions with partially
vanishing trace is given by

Hir, (Q) :={u € H'(Q) : 7(u) = 0a.e. onTp}, (1.2.6)

where “a.e.” stands for almost everywhere. For the definition of various (trace) spaces for mixed
boundary value problems, we again refer to Section 1.2.4.

Spaces related to Borel measures

For a Borel measurable subset O C RN, M(();IR?) denotes the space of R?-valued Borel measures.
Note that in the literature, the notion of Borel measure is not unified. Here, we refer to a Borel
measure as an R?-valued measure on B(Q), where B(Q) is the Borel o-Algebra of Q. In other
words, a mapping y : B(Q) — R? is a Borel measure, if and only if,

w@) =0, u(UrenBr) =D (B,
keN

for all pairwise disjoint sets (B )ren With By € B(Q)).
Given a Borel measure i € M(Q;R?) and a p-norm |. |, on RY, we denote by ||, the total
variation, which is a (nonnegative) measure (4 € M. (Q)) defined by

|| p(B) := sup{z |1(Bi)|p : (Bx) C B(Q) pairwise disjoint, B = UgenBx } (1.2.7)
keN

for all B € B(Q2). Equipped with the norm ||| pqre) := |1l (Q2), M(Q;R?) becomes a Banach

space. Moreover, the Riesz-Alexandrov Theorem allows to identify M(Q;R?) and [Co(Q; R?)]*
via the isomorphism

M(QRY) >y {(p >—>/ (p~d;1] € Co(O; RY)*. (1.2.8)
o)
In fact, (1.2.8) defines an isometric isomorphism if Co(Q; R?) is endowed with the norm

||(PHCO(Q;IRd) = Sug |(P(x)|p’/ P = %;
xe

13



1 Functional Analysis

see for instance [6, Prop. 1.47]. Moreover, we often consider L!(Q;R?) as a subspace of M(Q;R?)
by understanding any v € L!(€); R?) as a density with respect to the Lebesgue measure A on RV:

LY(O;RY) 50— [q) r—>/ go'vdx} € Co(O; RY)™.
)

Let O C RY be a bounded domain. The space of functions with bounded variation on Q is
denoted by
BV(Q)={ucLY(Q):9,u c M(Q) Vi=1,...,N},

and we set
ullgv(a) := llull ) + IDullpomy)-

Based on the Riesz-Alexandrov isomorphism, we may consider Du as an RN-valued distribution
which is also continuous on C®(Q; RY) equipped with the supremum norm. Likewise, the space
of functions with bounded deformation is defined by

BD(Q) = {u € LY(;RYN) : e(u) € M(Q;MN*N)},
where the standard norm on BD(Q) is defined by
[l Boa) = llull e umrny + €)=y
Further observe that BV(Q)N C BD(Q), and we recall that

BD(Q) — LP(;RY), p< &, (1.2.9)

the embedding being compact for any p < N/(N —1). If 9Q € C?, functions in BD(Q)) admit an
integrable trace on the boundary, i.e., u € L! (09)). In this case, the following Green’s formula for
functions u € BD(Q)) and ¢ € C!(Q) is available:

/ pdeij(u) = —%/ U;i0;@ + u;0;p dx +/ [v(u) ©®v]ij o dHNTT, (1.2.10)
0 o 0

where a ©b = 3(ab” + ba") denotes the symmetrized outer product of two vectors a and b.
Moreover, it can be shown that the functional

w = [l romey + [le(u) [[avaamav)

defines an equivalent norm on BD(Q)) whenever I'; C dQ) is nonempty and open. The space
BD(Q) can be characterized as the dual space of a separable normed space giving rise to a weak*-
topology. For a sequence (u,) C BD(Q)), it is known that (u,) converges weakly* to u in BD(Q}),
if and only if,

U, — uin LNQ), e(u,) = e(u) in M(Q;MN*N). (1.2.11)

For these results and further details on the space BD((2), we refer to [119, 116].
The space BV (0, T; X) denotes the space of X-valued functions with bounded variation on (0, T),
ie., u € BV(0,T; X) if and only if the total variation

I
sup{Y lu(t)) —u(tji1)|x:JEN,0=tg <t <...<t;=t}
j=1

14



1.2 Some Frequently Used Function Spaces
is finite.

1.2.4 Sobolev spaces on manifolds
Trace Spaces

In the present work, we will often make use of the function spaces associated to boundary traces
of Sobolev functions. In this section, we generally assume that () is a bounded Lipschitz domain.
We start by defining the common Hilbert space of trace functions,

H'Y2(3Q) = T(H'(Q)),

where 7 : H'(Q) — L*(9Q) is the usual trace operator for Sobolev functions. This space is
endowed with the norm induced by the fractional 1/2-seminorm on dQ},

. ) 1/2
gh/200 = </aQ /aQ dedy) : (12.12)

1/2

ie.,
Igllne0) = (g1 + 126 200)
An equivalent norm on H/2(9(2) can be obtained by using the quotient space norm of H'(Q)) / H} (Q2),
ie.,
1/2 = inf 3 1 P
&1l ks (2Q) (o) &1l Q)
g=gonaoQ)

because T is also continuous as a mapping 7 : H'(Q) — H'/2(3Q)).
For a relatively open subset I' C 9(), the situation is more delicate. Following [57], one defines
analogously to (1.2.12) the space

HY2(T) = {g € L*(T) : |g|1/2r < +o0}
with ”
_ 2
Igllimamy = (I8l + 18320 ) 18R/ ar = [ [ B8 dxay. (1.2.13)
rJr [x—yl

Alternatively, many authors, e.g. [33, 39, 93], define H 1 2(F) to be the space of restrictions of
functions in H'/2(9Q)). In analogy to the case of an open subset of RN, the two definitions are
equivalent if dI is Lipschitz, cf. [99, Theorem 1.3.1], and in this case the quotient norm

&2y = geHlll;lzf(aQ) 18112 002)
g=gonTl

represents an equivalent norm on H/2(T). The trace space H!/?(T') turns out to be well-behaved
with regard to superposition and multiplication with Lipschitz functions.

Lemma 1.2 (superposition). Let QO C RN be a bounded Lipschitz domain and T C 9Q) relatively open.
Then the superposition operator

0:HYX(T) — HY*(T), g+ 0(g).

is well-defined and continuous for any Lipschitz function 6 € C%(RR).

15



1 Functional Analysis

Proof. The assertion follows from the definition of the 1/2-seminorm in (1.2.13). O

Lemma 1.3 (multiplication). Let QO C RY be a bounded Lipschitz domain and T C 9Q nonempty and
open. Then the following assertions hold true.

(i) It holds that ¢ - ¢ € HY?(T) forall g € H?(T') and ¢ € C*(T).
(i) Ifu € HY(Q) and ¢ € CO1(Q), then T(ug) = t(u)T(9).

Proof. (i) The assertion follows from the equivalent definition of H/?(T') via the pullback operation
onto the local charts and basic results on multiplication with smooth functions in Sobolev spaces;
see for example [57, 1].

(ii) Standard results on the multiplication of Sobolev functions prove that up € H'(Q). Since
the equation is satisfied for all u € C(Q)) N H!(Q), the assertion holds by a density argument. [

Corollary 1.4 (normal trace). Let Q) C RN be a bounded Lipschitz domain with a nonempty, relatively
open CY\-boundary portion T C 9Q. Then u, := u-v € HV?(T) forallu € H'(Q)V.

Proof. Since T is C!"!-smooth, the unit outer normal v to Q) is Lipschitz on I and the assertion
follows from Lemma 1.3(i). O

Under the conditions of Corollary 1.4, the vector-valued space H'/2(T)N can be decomposed
into a tangential and a normal component,

H'2(MN = Hy2(M)N @ H2(D)Y, (1.2.14)
where
H{2(T)N := {g e H/*(I)N : gv =00nT},
HYX(T)N .= {g € HY*(T)N : 3¢ € HY*(T') with g = §vonT}.

These spaces need to be suitably adapted for mixed Dirichlet-Neumann problems. Suppose the
boundary Q) has the decomposition

N =ToUSUI, ToNZ =0, (1.2.15)

with a nonempty relatively open Dirichlet boundary part I'g, a nonempty relatively open comple-
mentary boundary portion X and a common Lipschitz interface I = 0~ = dI'y, which has zero
surface measure as a consequence. If the Dirichlet boundary condition posed on Iy is homogeneous,
one defines the space

Hir, (Q) = {u € H(Q) : (u) =0onTo},

equipped with the H'(Q)-norm. The image of this space under the trace operator is a strict
subspace of H'/2(%) denoted by

Hy*(Z) == {g € L*(Z) : 3u € Hyr, (Q) with T(u) = gon T}. (1.2.16)
Again, this space becomes a Banach space when endowed with the quotient space norm

= inf G ,
Hg”H;gz(z) gerty () ||g||H1(Q)
g=gonXk
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1.2 Some Frequently Used Function Spaces

such that the associated trace operator restricted to the complement of the Dirichlet boundary
™ Hyp, (Q) — HA(X), t™=(u) =1(u)lx,

is surjective and continuous by definition. This implies that Héé 2(%) corresponds to the space of the
same name from [90] which is defined for C*-submanifolds > with C*-boundary 0% independently
of an associated domain (). In case these smoothness properties are not given, the definition of
this space and its relation to the space from (1.2.16) remains rather obscure. For related issues, we
refer to [62] and [98, Chap. 5].

In case the trace operator is further restricted to a nonempty relatively open set I with I' C X and
Lipschitz boundary oI, a standard cut-off function argument shows that any function ¢ € H'/2(T')
can be extended to a function ¢ € Hyj?(Z) such that the trace mapping restricted to T,

' Hyp, (Q) = HYA(T), t'(u) = t(u)lr, (1.2.17)

is surjective. With the help of the decomposition of H'/2(T')N into normal and tangential compo-
nents, we can derive the following statement.

Corollary 1.5. Let Q0 C RN be a bounded Lipschitz domain with a boundary decomposition according to
(1.2.15) and a nonempty open C*'-boundary portion T with T C X and Lipschitz boundary oT. Then the
normal trace mapping restricted to T,

T Hyr (N = HY2(T), 7 (u) = (t(u) - v)]r,
where T' is applied componentwise to u, is surjective.

Proof. Note that the decomposition (1.2.14) defines an isomorphism between H'/2(I')N and

HI?(T)N x H'2(T). Applied componentwise, the surjectivity of ' (1.2.17) yields the assertion.
O

In contact problems, a constraint of the type u - v < 1 is imposed on a given nonempty subset I'c
of X. If I'. does not have a positive surface measure, the inequality understood in the pointwise
almost everywhere sense represents a void condition. As a remedy, one considers the following
more general ordering in the space Hyj?(X), which is similar to the well known ordering in H'(Q0)
appearing in the theory of capacity, cf. [80, 103] for an introduction. In the following, we simply
write u, = u - v for the normal trace on a subset of the boundary.

Definition 1.6 (Cone of nonnegative functions in Hé({ 2). We say that a function g € Hég 2(z) is
nonnegative (¢ > 0) on I, in the sense of Hyj?(X), if there exists a sequence (¢,) of functions
@n € CON(Z) N HY?(Z),n € N, with

@n — gin HY*(Z), @n(x) >0 Vx €T
For a given upper bound ¢ € H}}*(X) and under the assumption that
¥ is C*-smooth, T. C & arbitrary, (1.2.18)

the definition of the cone is then used to define the constraint set

Ki={u€eHjr, (W) :u, <9 onTcin Hy*(L)}, (1.2.19)
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where the inequality is defined in the obvious way using Definition 1.6. To justify this definition,
we state the following corollary of Lemma 1.3(ii).

Corollary 1.7. Let Q) be a bounded Lipschitz domain with the boundary decomposition (1.2.15) with
Cl1-smooth boundary portion L. Then the normal trace mapping restricted to ¥,

T Hyn ()Y = H?(B), o (w) = (v(u) -v)lx,

is well-defined and surjective.

Proof. Letu € Hjr (Q)N. By Kirszbraun’s Theorem [81] we may extend the field v of unit outer
normals to a Lipschitz function 7 € C%(Q)). Then it holds that u - 7 € H!(Q)) and Lemma 1.3(ii)
implies that T(u7) vanishes on I'y and equals u, on X, such that u, € Héo/ 2(2), which proves that
7= is well-defined. The surjectivity can be argued analogously to the proof of Corollary 1.5. [
Alternatively, if

I'. C dQisopen, oI Lipschitz, I'. C %, (1.2.20)

it is customary to impose the constraint in the usual pointwise almost everywhere sense,
Ky = {u € Hjr, ()N :u, <¢ ae onTc}. (1.2.21)

In this case, only I is required to be C'!-smooth. We refer to the classical monographs on elastic
contact problems [98, Chap. 5-6] and [76] for further details.

Sobolev spaces on smooth manifolds

The trace spaces from the preceding section may be considered in the much more general context
of Sobolev spaces on manifolds. Let QO C RN be a C**-domain. Using the local parametrizations
given by Definition 1.1, the boundary dQ defines an (N — 1)-dimensional C**-submanifold of RN
in a canonical way, see [126, Theorem 2.15]. When defining a Sobolev space on an open subset
I' C 9Q), three major complications arise which do not occur in the Euclidean case:

(i) The smoothness of the manifold limits the order of the distribution.
(ii) The definition of the space has to be independent of the atlas (i.e., the local parametrizations).
(iif) The definition of the (distributional) gradient has to be independent of the atlas.

Based on the smoothness of the localized mapping, the space C!(T) is only well-defined (i.e.,
independent of the local chart) for I < k, as, by definition, coordinate changes are only in C**.
Accordingly, the definition of the Sobolev space W"/(T') on I has to be based on lower order
distributions. Alternatively, some authors define the spaces W"(T) via the corresponding regular-
ity of the localized mapping using the local chart. Again, the regularity of the Sobolev space is
limited by the smoothness of I', cf. [57]. However, the literature on the calculus in these spaces is
rather fragmentary, see [14, p.353 ff.], [57, p.20]. In particular, the definition of the (distributional)
gradient, Poincaré type inequalities and embedding properties are not available.

By contrast, Sobolev spaces on smooth manifolds are easier to handle. Therefore assume that
[is an (N — 1)-dimensional C*-submanifold of RY. More precisely, since () is assumed to be
some CF*-domain, dQ) (possibly after an appropriate orthogonal coordinate transformation) is
given locally by the graph of functions ¢/ € C**,i =1,...,m, on a bounded open subset of RN~!
(Definition 1.1); we assume that those ¢/ whose graph have nonempty intersection with I are not
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only in Ck* but in C*. Consequently, for each x € T, the tangent space T, at x then represents an
(N — 1)-dimensional subspace of RY and we may define the Riemannian metric

gy T X T,T = R,  gi(v,w) := (v, w)Rn,

using the Euclidean inner product. The resulting construction (T, g) is the standard example for a
Riemannian manifold. In connection with the associated Riemannian measure (which corresponds
to the surface measure in this case), this approach leads to the definition of Sobolev spaces on
Riemannian manifolds to which the distribution theory from the Euclidean case carries over, cf.
[56]. For the alternative approach via the completion of smooth functions with respect to the
WEP-norm see [63]. Following the former reference, we define the space

—

LP(T), 1<p<+oo,
as the set of equivalence classes of measurable vector fields

u:T—=Tr, u(x)eT,[ VxeT,

1/p
Jull = ([ lrarer) 1222
r

is finite. Analogously to the Euclidean case, the space W' (T) is then defined as the subspace of
LP(T') which consists of all elements with p-integrable distributational gradient:

for which the norm

WYP(T) = {u € L/(T) : Vu L7 (I)}.
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2 Optimization in Banach Spaces

Let F: X = RU {400} be an extended real-valued function. Then
domF := {x € X : F(x) < +oo}

stands for the effective domain of F, and F is called proper if dom F # @.

2.1 Abstract Existence Results

In this section, we briefly introduce the standard paradigm of the existence theory for optimization
problems in Banach spaces which is known as the direct method in the calculus of variations. To
begin with, let X be an arbitrary nonempty set and, in order to include constrained problems, the
functional F : X — IRU {+00} is assumed to be an extended real-valued function. Consider the
general optimization problem (without topology)

inf F(x) overxe X. (2.1.1)

A nonstandard way to formulate the existence result is the following:
Theorem 2.1. If there exists a topology t on X such that
(i) there exists ¢ > infycx F(x) such that the lower level set
{xeX:F(x)<c}
is sequentially compact and
(ii) F is sequentially l.s.c.,
both with respect to t, then (2.1.1) has a solution.

In this way, the richness of the topology t is supposed to represent an appropriate trade-off
between the two competing goals (i) and (ii).

Proof. Let (x,) be an infimizing sequence, i.e., F(x;) — infyex F(x). Hence, it holds that F(x;) < ¢
for almost every k € IN. Using the sequential compactness of the lower level set, we find a

converging subsequence (xy,) such that x;, — %, i.e., (x;,) converges to £ with respect to t. Using
the sequential lower semicontinuity of F, one obtains that

inf F(x) = liminf F(xy,) > F(%) > —oo,
xeX =00

which implies that x is indeed a minimizer of F on X. O

Remark 2.2. For the existence of a minimizer to (2.1.1), it is sufficient that the objective function is
Ls.c. along one infimizing sequence.
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In this work, we mainly focus on optimization problems in Banach spaces (X, || . ||x) where the
objective function F is coercive, i.e.,

F(x) — +ooif ||x||x — oo.

In this case, the lower level sets are necessarily bounded, and we may evoke classical results on
the sequential compactness of bounded sets in the weak topology (Eberlein-Smulian Theorem) or
in the weak*-topology (Banach-Alaoglu-Bourbaki-Theorem); see for example [127].

Corollary 2.3. Let F : X — R U {400} be coercive. If one of the two following conditions is fulfilled, then
(2.1.1) has a solution.

(i) (X, || |lx) is reflexive and F is sequentially weakly L.s.c..

(ii) (X,]|. ||x) is the topological dual space of a separable normed space and F is sequentially weakly*
Ls.c.

In these cases, the existence result simply follows from Theorem 2.1 by choosing t to be the weak
or the weak* topology, respectively.

2.2 Convex Optimization and Fenchel Duality

In this section, we collect some standard results from convex optimization. Let X be a Banach space
and suppose that F : X — R U {400} is proper, L.s.c. and convex. The usual convex subdifferential
oF (x) at x € X is defined by

OF(x) :={x* € X" : F(x) + (x", ¥ —x) < F(%¥) V¥ € X},
such that any solution ¥ to the optimization problem (2.1.1) is characterized by
0 € oF(%).

Under these assumptions, the (sequential) weak lower semicontinuity of F is given by Mazur’s
Theorem such that the existence of ¥ is guaranteed by Corollary 2.3(i) provided, in addition, that F
is coercive and X is reflexive. In this text, we make consistent use of the following well-known
property [46]: It holds that

x* € 0F(x) <= x € OF"(x") <= (x",x) = F*(x") + F(x),
where F* : X* — R U {+o0c0} denotes the Fenchel conjugate function to F;

F*(x*) :=sup {(x*,x) — F(x)}.

xeX

As an important example for the computation of conjugate functions, we mention the following
result.

Lemma 24. Let 1 < p < ooandd € N. Let B : QO — R be measurable with B(x) > 0 a.e. and
|. | : RY — R an arbitrary norm on R with dual norm |. |.. Let j : LP(Q)4 — R U {+o0} be defined by

jlu) == /Q,B(X)\u(xﬂ dx.
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Then the convex conjugate of j is given by j* : LF' (Q)* — R U {+oo} with
j(u*) = ix(u) with K = {u* € LV (Q)*: [u*|. < Bae inQ}.

Proof. Since the function j(x,u) := B(x) |u| is a Carathéodory integrand, we obtain by [46, IX,
Prop. 2.1],

() = /Q 7 (x, " (1) dx,

where j* denotes the Fenchel conjugate of ] with respect to u. It is further easy to show that

N

7 (x,u*) = ig (u*) with K, = {v* € R?: |o*|. < B(x)}. O

Let W be another Banach space and A € £(X,W). Let G : W — R U {+o0} be proper, Ls.c. and
convex. Consider the abstract optimization problem

{inf F(x) + G(Ax) 2.2.1)

over x € X.

In order to derive optimality conditions and duality results for (2.2.1), the following constraint
qualification is required:
0 € int(dom G — AdomF). (2.2.2)

In the literature, one often encounters the following constraint qualification as a particular case.
Jxp € X: F(xg) < 400, G(Axg) < +00, G is continuous at Ax, (2.2.3)

cf. [46]. In fact, (2.2.3) is a stronger condition then the constraint qualification (2.2.2). Provided
(2.2.2) is satisfied, the following chain rule for the subdifferential of the objective in (2.2.1) is valid:

3(F+GoA)(x) = dF(x) + A*dG(Ax);

see [11, IV, Theorem 5]. In this case, the necessary and sufficient optimality condition for ¥ to be a
solution to (2.2.1) is characterized by the existence of an element

w* € 0G(AX)

such that
0 € OF(x) + A"w".

In some situations, it is further favorable to consider the Fenchel dual problem to (2.2.1). This
problem is defined by

{mf F*(—A*w*) + G*(w*) 224
over w*e W™
The analogous constraint qualification for the dual problem reads

0 € int(A*dom G* + dom F*), (2.2.5)

and the following result relates the two problems, see [11, p. 221].

Theorem 2.5. Under the above hypotheses on the spaces X, W as well as F and G, the following assertions
hold true.
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(1) Assume that (2.2.2) is satisfied. Then there exists a solution @w* to the dual problem (2.2.4) and there
is no duality gap, i.e., it holds that

inf(2.2.1) = —inf(2.2.4), the infima being finite. (2.2.6)
(ii) Let X be reflexive and assume that (2.2.5) is satisfied. Then there exists a solution X to the primal
problem (2.2.1) and (2.2.6) is fulfilled.

In case one can show that there exists no duality gap, the primal-dual solution pairs are charac-
terized by the following statement.

Lemma 2.6. Under the standing assumptions on F, G and X, W, the following assertions are equivalent.

(i) % is a solution of (2.2.1) and @* is a solution of (2.2.4) and there is no duality gap, i.e., (2.2.6) holds
true.

(ii) [x,@*] is a solution to the following system of inclusions:
0 € OF(%) + A*w*, Ax € 9G*(@"). (22.7)

Proof. Suppose (i) is given. By (2.2.6), one obtains
F(x)+ F*(—A"@0") + G(A%) + G* (@0") (2.2.8)
(P(x) + F(—A"w") — (=AN"@", X)) + (—(@", AX) + G(AX) + G*(@")).

By definition of the Fenchel conjugate function, each expression in parentheses is nonnegative,
which implies (ii).

The other implication can be shown as follows: First note that the biconjugate of the convex
marginal function

h: W — RU{+o}, h(w):=inf (F(x)+ G(Ax+w))

xeX
is given by

P (w) = — in‘fv F*'(-A'w") 4+ G"(w") — (w*, w),
w*eW*

cf. [11, Chap. IV], such that the extremal values of the primal and the negative dual problem are
given by the value of /1 and its biconjugate #** at 0. From the inequality /**(0) < 1(0), one obtains

—(F(—=AN'w*) 4+ G*(w")) < F(x) + G(Ax), VxeX, Vw' € W*. (2.2.9)
Suppose [, @*] is a solution to the system of inclusions (2.2.7). Then it follows from (2.2.8) that
—(F*(=A*@*) + G*(@")) = F(%) + G(Ax),

and together with (2.2.9) one obtains statement (i). O

2.3 The Semismooth Newton Method

2.3.1 Basic properties and calculus

The notion of Newton differentiability that is of interest in this work can be found in [75] and reads
as follows.
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2.3 The Semismooth Newton Method

Definition 2.7 (Newton differentiability). Let X, W be Banach spaces and U C X an open set. A
mapping ¥ : U — W is called Newton differentiable in U if there exists a family of mappings
Gy : U — L(X, W) which satisfy

i PG 1) = ¥(x) = G (x + Wl

= 0,
h—0 k|| x

forall x € U.

Note that the Newton derivative Gy is not necessarily uniquely determined, e.g., the mapping
¥Y:R—->R, Y(x):=|x|-b beR,

has the Newton derivative

-1, x<0,
G\y(x) = 5, x=0,
1, x>0,

where § € R is arbitrary.
Now suppose that we want to solve the equation

¥(x) =0 (2.3.1)

for some (nonlinear) operator ¥ : X — W. For instance, the operator ¥ may represent the
stationarity condition of the optimization problem (2.1.1). Assuming that the nonlinear equation
(2.3.1) admits a solution X € X and that ¥ is Newton differentiable in an open neighborhood U(%)
of ¥ with nonsingular Newton derivative Gy (x) for all x € U, we consider the generalized Newton
iteration

) = x® Gy (x0T (x®)), keN, 2.32)

for some starting point x(*) € U(%). The following local convergence result is well known, cf.
[31, 75]:

Theorem 2.8. If {||Gy(x)7!|,x € U(%x)} is bounded, then there exists a radius r > 0 such that the
sequence (x'X)) generated by the generalized Newton iteration (2.3.2) is well-defined and converges super-
linearly to % provided x(©) € B,(%) := {¥ € X : ||¥ — ||x < r}.

Various applications of the semismooth Newton method in infinite dimensions, notably for
the solution of PDE-constrained optimization [75, 66, 67] and variational inequality problems
[41, 68, 87], have been investigated in the recent past.

We further recall two important calculus rules related to the Newton differentiability of several
nonsmooth functions. Let QO C R be a given domain. For 1 < g < p < oo, consider the Nemytskii
operator [. | defined by

[.]T:LP(Q) — LI(Q),
v+ (x — max(0,v(x))).

The following remarkable result, which can be found in [75], represents a striking contrast to
the semismoothness of its finite-dimensional analogue in that the operator [. | is only Newton
differentiable for special combinations of domain and image space.
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2 Optimization in Banach Spaces

Lemma 2.9 (Newton differentiability of the pointwise maximum). The pointwise maximum function
Y(.):=[.]%,
¥:LP(Q) — L1(Q),

is Newton differentiable for 1 < q < p < 4-o00. A corresponding Newton derivative is given by

~J0, onZ(u),
Gr(u)h:= {h, on A(u),

where A(u) :={x € Q:u(x) >0} and Z(u) :== Q\ A(u).

The analogous result is valid for Lebesgue spaces on HN~!-measurable subsets of the boundary
of a Lipschitz domain.

In optimization problems with pointwise constraints on the norm, it is further customary to treat
(the indicator function of) a constraint of the form

lu(x)]2 < B(x), uel*(Q),Becl?*Q),f>0ae inQ,

by a Moreau-Yosida regularization in L?(Q)); for an overview of the most important properties
of the Moreau-Yosida regularization, we refer to [10, Prop. 17.2.1]. The resulting regularized
functional involves the Fréchet differentiable mapping

e 3l [lul2 = B 12 )

whose derivative is given by

m(u) := [Jul> — B q(u),
where q(. ) : L2(Q)? — L*(Q) is defined by
o if )
a0y = { i Hlok>0 (2.33)
0 else.

The following result on the Newton differentiability of the mapping m is available; see [68].

Lemma 2.10 (Newton differentiability of a generalized maximum function). Let § € L*(Q)) with
B(x) > ¢ > 0a.e. in Q). Then the mapping

m: LP(Q)* — L(Q)*
is Newton differentiable for 3 < 3s < p < +o0. A corresponding Newton derivative is given by
G (1) = Xa@u) - M (u)

where
p(u) = ([ul = B s
Mu)(.) =p)(.)+Q1-
Alu) ={xeQ:|u(x

plu)) i, (23.4)
)2 > B(x )}

Again, the contrast to the discrete situation is blatant.
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2.3 The Semismooth Newton Method

2.3.2 Mesh independence

Let ¥ : X — W be a nonlinear operator. Consider again the problem of finding an x € X that
solves the equation
¥(x)=0. (2.3.5)

Assume that the finite-dimensional counterpart of (2.3.5) is to find an x;, € Xj, such that
Y(xp) =0, (2.3.6)

where ¥}, : X;, — W), is an approximation of ¥, and the finite-dimensional spaces X}, W), represent
appropriate discretized versions of the spaces X and W, respectively. The parameter / is associated
with a mesh size 1 > 0 which characterizes the discrete spaces. Further suppose that we are given
an algorithm for the solution of (2.3.5) that generates a sequence of iterates (x(*)) converging to a
solution ¥ of equation (2.3.6), as well as a family of discrete versions of this algorithm that generate
sequences (x,(lk)) converging to a solution ¥, of (2.3.6). A desirable feature of this algorithm is
mesh-independence. From a computational point of view, mesh-independent convergence is often
characterized by iteration numbers of the underlying problem solver that are uniformly bounded,
or, in the ideal case, essentially constant with respect to a decrease in the mesh size. More precisely,
the concept is related to the local property that the convergence quotients

||Xﬁ+1 — fh”Xh

2 — %l x,

are, in a certain sense, stable with respect to mesh refinement. For instance, in the context of
semismooth Newton (SSN) methods, mesh-independence typically refers to the property that for
any given linear convergence rate 6 € (0,1), there exists a radius p > 0 and a mesh width kg such
that

12— xllx < 0)lx" — xllx,
™t = ullx, < 0llh — Tullx,,

provided that i < hy and max(||x* — %||x, [|x) — 4| x,) < p. For many solvers of variational
inequality or constrained optimization problems, mesh-independence cannot be proven rigorously.
However, semismooth Newton methods do admit mesh-independence results; cf. [65],[64]. In this
context, mesh-independent convergence requires the generalized differentiability (Definition 2.7)
of the nonlinear mapping associated with the root finding problem in infinite dimensions (2.3.5);
see [74, Theorem 3].

For variational problems, the property of Newton differentiability is closely related to a suffi-
ciently high regularity of the solution (or the Lagrange multipliers) in order to find a reformulation
that fulfills the norm gap requirement; cf. e.g. Lemma 2.9 and Lemma 2.10. Such an increased
regularity is often not available. This may result in a considerable computational overhead when
computing on very fine meshes; see for instance [16, Table 5.3] for the case of state-constrained
optimal control problems. In this regard, it is indispensable to analyze the infinite-dimensional
algorithm rather than just the corresponding discrete counterpart.
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2.4 T- and Mosco-convergence

The general concept of I'-convergence, which was introduced by De Giorgi (cf. [40]) in the 1970s, is
a very useful tool to analyze the stability of an optimization problem

inf F(x), overxeX,
with respect to certain perturbed problems
inf F,(x), overxe€X,
in a very general framework. Here, we denote by X an arbitrary topological space and
F:X -5 RU{+o0}, F,:X — RU{+o0o},

are extended real-valued functions on X. For any x € X, we denote by N (x) the set of all open
neighborhoods of x. Taking the perturbed problems as a starting point, I'-convergence can be
considered as a way to define a limit function F which is suitable from an optimization point of
view. In this section, we give a basic account of the theory of I'-convergence and its relation to
pointwise convergence. For a detailed discussion we refer to the monographs [37, 21].

Definition 2.11 (I'-limits). The I'-lower and the T-upper limit of (F,) at x € X are defined by

I-liminfF,)(x) = sup liminfinf F, 2.4.1

(I-lim inf F,) (x) (Sup it Inf (¥) (24.1)

(T-limsup F,)(x) = sup limsup inf F,(y), (24.2)
n—4oc0 UeN(x) n—oo YEU

respectively. (F,) is said to I'-converge to F : X — R U {+o0}, if and only if,

F(x) = (I-liminf F,)(x) = (I-limsup F,)(x),

n——+oo n— oo

for all x € X. In this case, we write F(x) = (I'-lim,_, 4« Fy) ().

If X is a Banach space, it is further convenient to write I';,-limsup,,_, . ., F, and T'y-liminf,, 1 F,
for the T-upper and I'-lower limit of (F,), respectively, in the weak topology of X. We also write

Ip- lim E, =Ty-limsup B, = T'y-liminf F,
n—+oo =400 n—-+oo
for the weak TI'-limit of (F,) provided the latter equality is satisfied.

Furthermore, it is sufficient to use a local neighborhood base instead of the set A/(x) in the
definition of the I'-limits (2.4.1) and (2.4.2). For example, for the I'-limits in the norm topology
of the Banach space X, one may use the open balls with center x, and for the limits in the weak
topology one may resign to sets of the form

U=Ux)={yeX: [(xj,y—x)|<r iel},

with a finite index set I, x; € X* foralli € [ and r > 0; see, e.g., [10, Prop. 2.4.5]. In particular, the
fact that the strong topology is finer than the weak topology implies that

I'p-liminf F, <T-liminfF,, TIy-limsupF, <T-limsupF,; (2.4.3)

n—+o0 n—+oo n—4-oc0 n—4-00
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2.4 T'- and Mosco-convergence

see also [37, Prop. 6.3].
An alternative sequential definition of I'-convergence is also customary.

Definition 2.12 (Sequential I'-convergence). The sequence (F,) sequentially I'-con-verges to F, if
and only if,

(i) F(x) <liminf, ,e F(x,) Vi, — x,
(i) F(x) =lim,_e0 Fy(yn) forsomevy, — x
In this case, we write F = I'*-lim,,_, 1 o F;.

Note that there is at most one sequential I'-limit of the sequence (F,). Following [37, Chap.
8], we summarize some sufficient conditions which ensure that I'-lim,, .« F, and I'*-lim,,_ « F,
coincide.

Proposition 2.13. The following relations between I'-convergence and sequential I'-con-vergence hold true:

(i) Let the topology of X be first countable. Then (F,) I'-converges to F if and only if (F,) sequentially
I'-converges to F.

(ii) Let X be a Banach space equipped with its weak topology whose normed dual X* is separable. If there
exists a coercive function H : X — R U {400} with F, > H for all n € IN, then (F,) T'-converges
to F if and only if (F,) sequentially T-converges to F.

(iii) Let X be a reflexive Banach space equipped with its weak topology. Assume there exists a weakly L.s.c.
and coercive function H : X — R U {+o0} such that F, > H for all n € IN. If the functional F
fulfills conditions (i) and (ii) from Definition 2.12, i.e., F = I'*-lim,_, y F,, then (F,) T'-converges
toF.

A point x, is called e-minimizer of F if

F(x.) < inf F(x) +¢, if inf F(x) > —oo.
xeX xeX

Otherwise, if infyex F(x) = —o0, any x, € X with F(x.) < —% qualifies as an e-minimizer. For a

sequence (x,) in a general topological space X, each point x € X is called cluster point of (x;,,) if

any U € N (x) contains infinitely many sequence members of (x,). The following theorem shows

that the I'-limit I'-1im,_, 1 F; is defined such that it inherits its minimizers from appropriate limit

points of generalized minimizers of the functions F,. The proofs can be found in the literature; see
for instance [10, Theorem 12.1.1], [37, Corollary 7.2].

Theorem 2.14 (Convergence of minimizers). Let (x,) be a sequence of €,-minimizers of F, where
e, — 0, &, > 0 forall n € IN. The following assertions hold true:

(i) Assume (F,) T-converges to F. Then each cluster point of (x,) in X is a minimizer of F, and it holds
that
limsup F,(x,) = inf F(x).
n—oo xeX
(ii) Assume (F,) sequentially T-converges to F. Then the limit of each converging subsequence (x,,) in
X is a minimizer of F, and it holds that
lim Fy, (x,,) = inf F(x).

k—o0 xeX
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2 Optimization in Banach Spaces

It is further important to know the relation between I'-convergence and pointwise convergence.
At this point we recall that sc” denotes the lower semicontinuous envelope; cf. (1.1.1).
Proposition 2.15 (Relation to pointwise convergence). The following assertions hold true:

(i) If (F,) is an increasing sequence, then I'-1imy,_, ;o F;, = lim,_s0 sC” F;.

(ii) If (F,) is a decreasing sequence converging pointwise to F, then I'-lim,_, o F, = sc”F.

Another important concept is the notion of Mosco-convergence which is widely used in the
perturbation analysis of convex functions and variational inequalities including regularization,
penalization and discretization methods. The following definition was first stated in [95].

Definition 2.16 (Mosco-convergence). Let X be a Banach space. The sequence (F,) Mosco-
converges to F if

(i) F(x) <liminf, e Fy(xy) V(x,) C X withx, — x,
(i) F(x) = limy_e Fy(yn) for some (y,) C X withy, — x.

In other words, (F,) Mosco-convergences to F if and only if F is the sequential I'-limit of (F,)
in both, the weak and strong topology of X. The sequence (y,) from Definition 2.16(ii) is called
recovery sequence.

Proposition 2.17. Let X be a Banach space. Suppose (F,) I'-converges to F in both, the strong and weak
topology. Then (F,) Mosco-converges to F.

Proof. First notice that Proposition 2.13(i) implies that F coincides with the sequential I'-limit in the
norm topology and thus (ii) of Definition 2.16 is valid. Secondly, let x € X and x,, — x. For given
U € N (x), where N (x) is the set of all weakly open neighborhoods of x, there exists 1y € IN with
x, € U for all n > ny. Consequently, one obtains

liminf inf F,(y) < liminf F,(x,)

n—oo yEU n—00

forall U € N (x) such that
| liminf F.(x) < liminf F,(x,).
n——+0o n—00

Together with F = I';,-limy,—, y oo F; = ['p-liminf,, ;o F,, one obtains

F(x) < lirr_1>inf Ey(xy),

which is precisely part (i) of Definition 2.16. O

As an example, we consider the following abstract class of perturbations of the indicator function
ix : X = RU {+co} to a nonempty, closed and convex subset K C X of a Banach space X. This
general class turns out to be very useful when several types of perturbation methods, such as
discretization, regularization or penalization are considered or possibly combined.

Definition 2.18 (Quasi-monotone perturbation). A sequence of mappings

Ry : X = RU{+co}

30



2.4 T'- and Mosco-convergence

is called a quasi-monotone perturbation of the indicator function ix with respect to a dense subspace Y of X

if there exist functions R, : X = RU {400}, R, : X = R U {+o00} such that
0<R,<R,<R, VneN,

having the additional properties

Ry <Ryp1 V€N, lim, 0 Ru(x) =ix(x) Vx € X, (2.4.4)
R, is sequentially weakly l.s.c. Vn € IN, o
and B - B
R, > R,1q, VneN, lim Rn(x) = iKﬂY(.x) Vx e X. (245)

n——+00

Note that no additional assumptions are assumed for R,,.

Proposition 2.19. Let X be a Banach space and K C X a nonempty, convex and closed subset. Suppose
that (R,) is a quasi-monotone perturbation of the indicator function ix with respect to some dense subspace
Y C X. Additionally, assume that the lower bound R, from Definition 2.18 is weakly l.s.c.. Then if

KNy =K,
i.e.,, KNY is dense in K with respect to the norm of X, then (R,) Mosco-converges to ix.

Proof. The proof is identical to the proof of Proposition 4.6 because the additional weak lower
semicontinuity assumption on R, implies sc;, R,, = R, such that (4.1.5) holds true with F := 0. O
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3 Variational Inequalities

3.1 Some Generalities

Consider the following optimization problem on a Hilbert space X:
inf F(v) —(l,0) +j(v) overv € X. (3.1.1)

Here, F : X — R is assumed to be Gateaux-differentiable, j : X — R U {+c0} is an extended real-
valued proper and convex functional and I € X*. Note that this general setting absorbs nonsmooth-
and convex-constrained problems at the same time. The necessary optimality condition (the
existence of a solution not being established yet) for a solution u to (3.1.1) is given by

(A(u),v—u)+j(v)—ju) > ({L,v—u), VovelX, (3.1.2)

where A := F/, and (3.1.2) is even a sufficient optimality criterion whenever F additionally is
convex. This type of problem falls into the class of variational inequality (VI) problems which
generalizes (3.1.2) to operators A which are not necessarily of potential type.

For the study of the existence theory for variational inequality problems, the following standard
class of variational inequalities suffices for our purposes: Leta : X x X — R be a continuous and
elliptic bilinear form, i.e., there exists ¢, x > 0 such that

la(u,v)] < cllullxlvllx, a(u,u) > x|ul,

for all u,v € X. Further suppose that j is L.s.c., proper and convex. Then the Lions-Stampacchia-
Theorem states that the variational inequality problem of finding

ueX: a(uv—u)+j) —ju)>{Lv—-—u), VvelX, (3.1.3)

has a unique solution. For a general convex function j, the variational inequality in (3.1.3) is usually
referred to as of second kind whereas the case j = ix for some convex set K C X gives rise to a
variational inequality of the first kind. Existence results for the problem class (3.1.2) may be obtained
for nonlinear operators A which fulfill much weaker continuity and monotonicity assumptions,
and we refer to [128] for an extensive study of this matter.

3.2 Approximation of Variational Inequalities

The following result can be considered as a generalization of known approximation results for
variational inequalities, cf. [53, 89, 61, 54]. Furthermore, the method of proof is analogous to the
latter references but the formulation avoids the lower semicontinuity of the perturbed function.
This allows to also include singular perturbations of the elliptic operator governing the inequality
which is not contained in the original work on Mosco-convergence, cf. [95, Theorem B]. Here, all
possible perturbations are understood as perturbations of the nonsmooth function j. Moreover,
we call a sequence of functionals j, : X — R U {400} uniformly proper if there exists [ € X* and
¢ € R such that

jn(0) > (L,v) +¢, VoveX (3.2.1)
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Theorem 3.1 (Perturbation of VIs of the second kind). Let X be a Hilbert space,a : X x X — Ra
continuous and elliptic bilinear form, j : X — R U {400} convex, l.s.c, proper and | € X*. Consider the
elliptic VI of the second kind,

findue X: a(w,v—u)+jl0)—ju)>(,v—u), VovekX, (VI)
and the perturbed versions,
findu, € X a(un,v—ty) + ju(0) — ju(un) > (L,v—u,), VoveX, (VL)
for a sequence of uniformly proper functions j, : V. — R U {4o0}. Assume that
(i) (jn) Mosco-converges to j (Definition 2.16), and that

(ii) each problem (V1,) admits a solution u,.

Then it holds that
uy — uwin X and j,(uy) — j(u).

Proof. (i) Boundedness of (u,):
Let v € X. By assumption (i), there exists a sequence (v,) C X with v, — v and j,(v,) — j(v).
From (VI,,) it follows that

a(un/ un) +jn(un) < a(un, Un) +jn(Un) - <l/ Uy — un>' (3.2.2)

Since (j,(vy)) and (v,) are uniformly bounded and (j,) is uniformly proper (3.2.1), one obtains
from (3.2.2), using the properties of 4,

lunll* < crllunll +c2,

for some constants c1,¢; € R. This implies the boundedness of ().

(ii) Weak limit of (u,):

Since (u,) is bounded, there exists a weakly convergent subsequence, which by abuse of notation
is also denoted by (u,), with u, — i in X. By taking the liminf in (3.2.2) and making use of
Definition 2.16(i), one obtains

a(d, i) + (i) < hﬂglf(“(”mvn) + Jun(On) = (1,00 — n))
=a(i1,0) +j(v) — (I,v — 1),
i.e., 71 = u is the solution of (VI), and by Urysohn'’s principle the entire sequence (u,,) converges
weakly to u.

(iii) Strong convergence of (u,):
The assumptions on a as well as (3.2.2) yield

el — ul® 4 i (1) < @ity 1) + fin () — att, 1) — aut, 1) + au, 1)
a

(ttn, 0n) + ju(vn) — vy — un) — auy, u) —a(u,u,) +a(u,u),

IAIA
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which implies

j(u) < liylgrl}infj,,(u,,) < limsup j ()
< timsup(x i, — ul* + ju (1))
n—oo
< limsup(a(un, vn) + ju(vn) — vy — un) — auy, u) —a(u, u,) +a(u,u))

n—oo

=a(u,v—u)+jv) —(l,v—u),

on account of u, — u, v, — v and j,(v,) — j(v) as n — oo. Since v was arbitrary, it is possible
to set v = u in the last estimate which proves j,(u,) — j(u) and thus also ||u, — u|| — 0 as
n — oo.

We remark that the assumption (ii) compensates for the fact that j, is neither assumed to be L.s.c.
nor convex. It is further standard to generalize the above result to nonlinear strongly monotone
operators on reflexive Banach spaces [128].
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4 Motivation

The analysis of optimization problems and variational inequalities over a convex subset K of a
Banach space X as well as the design of suitable solution algorithms often involve the general
concepts of dualization and perturbation methods where the latter may comprise regularization,
penalization or discretization approaches, or possibly a combination of the latter. While keeping
the abstract framework in this chapter, it is shown that the stability properties of the respective
problem class with regard to a large class of perturbations rely on the closure property

K(Y)" =K, (4.0.1)
where Y is some dense subspace of X with respect to the norm topology of X and K(Y') is given by
KY):={xeY:xeK} =KnNY.

In general, for a Banach space X, an arbitrary dense subspace Y C X as well as a convex and closed
subset K C X the inclusion
KNy CcKnX (4.0.2)

is not necessarily dense even for a linear subspace K: In fact, consider the following example.

Example 4.1. Let Q = (—1,1),X = L[?(Q),Y = HY(Q) and K = {c fus : ¢ € R}, where fus
denotes the Heaviside-function,

fas(w) :==0 forw <0, fus(w):=1 forw > 0.

It follows that KN'Y = {0} and the density property (4.0.1) is violated.

4.1 Optimization Problems with Convex Constraints

In many variational problems one seeks the solution in a given convex, closed and nonempty
subset K of a Banach space (X, ||.||). To illustrate the problem, let us consider the following abstract
class of optimization problems:

41.1
st. xeK. ( )

{inf F(x), overxeX,
We assume that F : X — IR is continuous, coercive and sequentially weakly lower semicontinuous
but not necessarily convex. Thus, if X is reflexive, problem (4.1.1) admits a solution. The problem
class (4.1.1) is ubiquitous, encompassing numerous fields, such as the variational form of partial
differential equations, variational inequality problems, optimal control of partial differential
equations with constraints on the state and/or control and many other.

The starting point of our analysis is the conjecture that the stability of (4.1.1) with respect to a
large class of perturbations depends on the density condition (4.0.1). In order to substantiate this
conjecture, we investigate the consistency of various perturbations with the help of the theory
of I'-convergence, which is briefly introduced in Section 2.4. To begin with, we consider two
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important examples which are particular instances of the class of quasi-monotone perturbations, cf.
Definition 2.18. Thereupon, the more general case will be discussed. Note also that by convexity of
K there is no difference between the closure with respect to the norm in (4.0.1) and the weak and

the sequential weak closure taken in X. We will therefore write K(Y) instead of K(Y) when no
confusion may occur.

Example 4.2 (Tikhonov-Regularization). Let (Y, ||. ||y) be a Banach space which is densely and
continuously embedded into X. For a sequence of positive non-decreasing parameters (-, ) with
Yn — 400 and fixed & > 0, consider a Tikhonov regularization of (4.1.1) defined by

inf F(x)+ Ru(x), overxeX, (4.1.2)

where R, (x) := ix(x) + %%Hx”g‘(, and it is understood that R,(x) = +ooif x ¢ Y. Setting
Ry(x) = ix(x) + ﬁ ||x]|§, it is easily seen that (R,) is a quasi-monotone perturbation according to
Definition 2.18: In fact, set R,, := ix for all n € IN and R, := R,. Obviously, (2.4.4) and (2.4.5) are
satisfied.

The density property (4.0.1) naturally arises when considering the I'-limit of the objective
function in (4.1.2).

Proposition 4.3. Let X be a Banach space which is reflexive or has a separable dual space X*. Let (Y, || . ||y)
be a subspace of X which is densely and continuously embedded in X. Assume K C X to be nonempty,
closed and convex and F : X — R continuous, coercive and sequentially weakly l.s.c.. Then it holds that

T tim (F i+ o] ) = T lim (Fix+ 20| [§) = F + iz,
i.e, the objective function in Example 4.2 T'-converges to F + ix=y in both, the weak and strong topology of
X.
Proof. Using the definition of the I'-limits as well as its relation to pointwise convergence, cf.

Proposition 2.15, one obtains

I-limsup(F +ix + ﬁ” IY)

n—4o00

=T Hm (F+ i+ 2| I9) = s (F + k) = F + i

where the last equality follows from the additivity of the lower semicontinuous envelope (F is
continuous) and the fact that sc” ixny = ig~y. From the definition of the I'-limits, it follows that the
strong I'-lower limit is bounded below by the weak I'-lower limit, cf. (2.4.3), such that

P . 1 . . 1
F-lrlllllll;f(F +ik+ gl 1Y) = rw'l}ﬂ}lﬂ‘of(lr +ik+ 7 1)
> l"w-l;lgli?of(lf +ixny) = sy (F +ikny) > F + igmy-
To justify the last estimate, note that the coercivity and the sequential weak lower semicontinuity
of F implies that the level sets {u € X : F(u) < t}, t € R, are bounded and sequentially weakly
closed. Under the stated conditions on X, the level sets are also closed, since in these cases, the

sequential weak closure of bounded subsets coincides with the weak closure, see [37, Prop. 8.7,
Prop. 8.14]. This implies that F is weakly lower semicontinuous. With

F+igqy < F-lrigqirolof(lf—i-iK—i- %H I¥) < I-limsup(F + ix + %H 1Y) < F+igey,

n— 400

40



4.1 Optimization Problems with Convex Constraints

the assertion is proven. O

Example 4.4 (Galerkin approximation). Let X be a separable Banach space. Let (X,,) be a Galerkin
approximation scheme of nested finite-dimensional subspaces X,, i.e., X, C X and X, C X, for
all n € IN with the Galerkin approximation property

X

an =X.

nelN

Consider the discrete version of problem (4.1.1) given by
inf F(x)+R,(x), overxeX, (4.1.3)

where R, := ixnx,. Again, (R,) fits into the framework of quasi-monotone perturbations: In fact,
setting R, := ik, (2.4.4) is clearly fulfilled. Let Y = |J, .y Xu, then (2.4.5) is fulfilled with R, := R,.

In some cases, for example PDE problems with curved boundaries, it is hardly possible to ensure
that the subspaces (X,,) are nested. In this situation, density results are still useful; see section 4.2.

Proposition 4.5. Let X be a separable Banach space which is reflexive or has a separable dual space. Let
(Xy) be a nested Galerkin approximation scheme and K C X nonempty, closed and convex. Further assume
that F : X — R is continuous, coercive and sequentially weakly .s.c.. Then it holds that

T- lim (F + iKan) =T, ngTw(F + iKan) =F+ iﬁ,

n——+00

i.e, the objective function in Example 4.4 I'-converges to F + ig~y in both, the weak and strong topology of
X.

Proof. The proof is analogous to the one of Proposition 4.3. O

At this point, the remarkable feature of Examples 4.2 and 4.4 should be emphasized: Although
the pointwise limit of the perturbed problems is given in both examples by

inf F(x)+ix(x), overx €Y,

which is the same problem as (4.1.1) only posed on a dense subset of X, we in general do not
retrieve the same infimum. This aspect stands in certain analogy with the Lavrentiev phenomenon
in the calculus of variations, cf. [35].

We now turn to the general case. To subsume as many different perturbation methods as possible
we consider the sequence of perturbed problems

inf F(u)+ Ry(u), overue€X, (4.14)
defined by a given quasi-monotone perturbation
R, : X - RU{+o0}

of the indicator function ix : X — R U {+o0} with respect to a dense subspace Y C X. The follow-
ing result extends the previous propositions to the abstract class of quasi-monotone perturbations.

Proposition 4.6. Let X be a Banach space which is reflexive or which has a separable dual space X*. If
the density property (4.0.1) holds true, then F + ix is the T-limit of (F + R,,) in both, the weak and strong
topology, and, in particular, (F + R, ) Mosco-converges to F + ix.
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Proof. Using (2.4.3) and the relations between I'- and pointwise convergence (Proposition 2.15),
one obtains with (2.4.5) and the continuity of F,

I'y-limsup(F + R,) < T-limsup(F + Ry)

n—+oo n—+oo

< T-limsup(F + R,,) = s¢ (F +ixny) = F + igay,

n—-oco
since (R,) is monotonically decreasing and pointwise converging to ixny. Similarly, (2.4.4) implies

Furlimnf(F R 2 T lminf(F + )
:nl_i)Toosc;N(F—l—&) = HETOO(F+&) = F +ig, (4.1.5)

where the second last equality follows from the fact that F + R,, is weakly Ls.c.. This property can
be argued as in the proof of Proposition 4.3. Eventually, it holds that

F +ig < Ty-liminf(F 4+ R,) < Ty-limsup(F + R,) < I-limsup(F + R,,) < F + ig=y,

n—+oo n—+oc0 n—+co

such that T-lim,,_, 1 (F + R;;) = Ty-lim,—, 1o (F + R,;) = F + ig if (4.0.1) holds true. The second
assertion follows directly from Proposition 2.17. O

Under the density assumption (4.0.1), one may infer that each (weak) cluster point of a sequence
of (generalized) minimizers (x,) of the perturbed problem (4.1.4) is a minimizer of (4.1.1). For
details see Section 2.4.

Algorithmically, it is often more favorable to replace the constrained problem (4.1.1) by a
sequence of unconstrained problems. For this purpose, we combine the approximation methods of
the examples above with a penalty approach using the Moreau-Yosida-regularization from convex
analysis. The resulting perturbations are shown to belong to the general class of quasi-monotone
perturbations and thus pertain to the abstract sequence of problems (4.1.4).

Example 4.7 (Conformal discretization and Moreau-Yosida regularization). Let X be a separable
Hilbert space and (X,,) a nested Galerkin scheme as in Example 4.4. With each n € IN, we also
associate an arbitrary sequence (7, ) of positive non-decreasing parameters converging to +oo. The
combination of regularization and discretization leads to the definition

Ri(x) := % inf lx = yI* + ix, (x), (4.1.6)

where the spaces X, are defined as in the previous example. Setting R, (x) := % inf,ex [|x — y||?,
(2.4.4) is fulfilled owing to standard properties of the Moreau-Yosida regularization; see [10, Prop.
17.2.1]. Defining R, := ixnx,, (2.4.5) is fulfilled for Y := |J, o X» and the framework of (4.1.4)
applies.

Consequently, the perturbation approach of the preceding Example 4.7 is stable with respect to
(4.1.1) provided the density result (4.0.1) is satisfied. In particular, this is true for any combination
of n and v, in (4.1.6). Let us give a different perspective on this result: One may show the existence
of a suitable coupling of n and 1, in order to retrieve F + ik as the sequential I'-limit of (F 4+ R,) in
the strong topology without invoking the density property, see [94, Proposition 2.4.6]. However,
the proof is non-constructive and thus this coupling is not useful for algorithmic purposes. On
the other hand, if the density property (4.0.1) is not fulfilled there also exists a strictly increasing
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4.1 Optimization Problems with Convex Constraints

sequence (7,) with 7, — 400 such that the F + ix is not the I'-limit in the strong topology. This is
a consequence of the following result.

Lemma 4.8. Let the assumptions of Example 4.7 be satisfied. Further suppose that KN'Y C K. Then for
all x € K\ KNY there exists a strictly increasing sequence (vy,) with v, — oo such that there exists no
strong recovery sequence at x, i.e.,

F(yn) + Ru(yn) - E(x)
forall (y,) C X with y, — x, where (Ry,) is given by (4.1.6).

Proof. Let x € K\ KNY and p > 0 such that B,(x) NKNY = @ where B,(x) := {% € X :
[l — x[| < p}.
(a) We first prove the following result:

VYneN v, >0: [(y € Y Adist(y, KN B,(x))? < %) — vy X} . (4.1.7)

Assume the opposite, i.e.,

Jng €N : [VnelNaxn € Xy 0w € KNBy(x) |2y — va|2 < ﬂ.

Since v, € B,(x) N K foralln € N and B,(x) N K is convex, bounded and closed, there exists a
subsequence (v,,) of (v,) with v, — vand v € B,(x) NK. As x, — v, — 0, one also obtains

xn, — vand thus v € X,,. Hence, v € X,,, N KN B,(x) = @, which is a contradiction.

(b) Non-existence of a strong recovery sequence:

Choose () according to (4.1.7) and assume that there exists a recovery sequence (1,,) to x which
means that y, — x and F(y,) + % dist(y,, K)? +ix, (yx) — F(x). The continuity of F implies that
Yn € X, and % dist(y,, K)* — 0. Consequently, using y, — x and x € K, there exists n; € N such
that

dist(y, K)? = dist(ys, K N By(x))* < -

for all n > ny. With the help of part (a), we conclude that y, ¢ X, for all n > n; which is a
contradiction.
O

Example 4.9 (Combined Moreau-Yosida-Tikhonov-Regularization). Let X be a Hilbert space and
(Y, |l |ly) a Banach space which is densely and continuously embedded into X. For two sequences
of positive non-decreasing parameters (7, ), (7,,) with v, 7, — +oo and fixed a > 0, consider the
simultaneous Moreau-Yosida and Tikhonov regularization,

R, (x) = %;ggllx—y|\2+%%llx||§, (4.1.8)

with & > 0 fixed, where it is understood that R,,(x) = -ocoif x ¢ Y. Setting R,,(x) := 2+ inf,cx ||x —
y||? and R, (x) := ix(x) + zi% [|x||§, (2.4.4) and (2.4.5) are verified as in the previous example.

Again, it is possible to show that the density property is a necessary condition for the existence
of a strong recovery sequence. This is the purpose of the following result which is similar to
Lemma 4.8.

Lemma 4.10. Let the assumptions of Example 4.9 be satisfied. Further suppose that KN'Y C K. Let the
corresponding sequence (y;,) be fixed. Then for all x € K\ KN'Y there exists a strictly increasing sequence
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(7vn) with vy, — oo such that there exists no strong recovery sequence at x, i.e.,

F(yn) + Ru(yn) - F(x)

forall (y,) C X withy, — x, where (R,,) is given by (4.1.8).

Proof. Letx € K\ KNY and p > 0 such that B,(x) NKNY = @.
(a) We first prove the following result:

VneN Jy,>0: [y €Y A dist(y, KN By(x))* < &+ = [yl¥ > 7;,} : (4.1.9)

Assume the opposite, i.e., there exists 1o € IN with

Vn € N3y, €Y,0, € KNBp(x) 1 [llyn —0al* < 5 Allyally < vmo] -

As in the proof of Lemma 4.8 it follows that there exists a subsequence (v,, ) of (v,) with v,, — v

and v € B,(x) NK. As y, — v, — 0, one also obtains y,, — v. From ||y, |3 < vs, foralln € N, one

deduces that v € Y and thus v € YN KN B,(x) = @, which is a contradiction.

(b) Non-existence of a strong recovery sequence:

Choose (y,) according to (4.1.9) and assume that there exists a recovery sequence (y,) to x
which means that y, — x and

F(yn) + % dist(yn, K)* + 27 lyall¥ — F(x).

The continuity of F implies that .- [|y[7 — 0 and % dist(y,, K)> — 0. Consequently, using
Yn — X, there exists n; € IN such that

dist(yy, K)* = dist(y», KN By(x))* < -

for all n > ny. With the help of part (a), we conclude that |ly,|*> > 7/}, for all n > ny; which

contradicts %%HynH%, — 0.
O
As a consequence of the above statements, the density property KNY = K is also a necessary
condition for the consistency of the perturbation approaches (4.1.6) and (4.1.8) with respect to the
limit problem (4.1.1) in the norm topology. It should also be emphasized that these examples only

represent an assorted variety of perturbations which fit into the problem class (4.1.4).

4.2 Elliptic Variational Inequalities

Closure properties of convex intersections of the type (4.0.1) are also of fundamental importance
for the analysis of perturbations of variational inequalities. Let X be a Hilbert space and K C X a
nonempty, closed and convex subset. In this section we consider the general variational inequality
problem of the first kind:

Findue X: (A(u),v—u)>{(Lv—u) Vovek (4.2.1)

44
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for some, in general, nonlinear operator A : X — X* and ! € X*. This problem can be equivalently
reformulated using the indicator function ix to K.

Findu € X: (A(u),v—u)+ix(v) —ix(u) > {L,Lv—u) VveX (4.2.2)
The operator A is assumed to be Lipschitz continuous, i.e., there exists L > 0 with
|A() = A@)]| < Lilp—ul  VuoeX,
and strongly monotone, i.e., there exists x > 0 with
(A(v) — A(u),v —u) > «llv—ul*> VYuoveX

Under the standing assumptions, the Lions-Stampacchia-Theorem ensures that problem (4.2.1) has
a unique solution i . In the following, we investigate three main classes of perturbations of (4.2.1)
and their relation to the density properties of K.

4.2.1 Quasi-monotone perturbation

Suppose (R,) is a quasi-monotone perturbation of ix (Definition 2.18). Consider the perturbed
variational inequality problem,

findu, € X: (A(uy),v—u,) + Ry(v) — Ry(uy) > {L,Lv—u,) VoveX, (4.2.3)

where (R,) is a quasi-monotone perturbation of ix with respect to a dense subspace Y of X
according to Definition 2.18. The stability of the approximation scheme (4.2.3) hinges on the
density property (4.0.1). If the latter condition is fulfilled and, additionally, the lower bound R, is
weakly l.s.c., then Proposition 2.19 implies that (R, ) Mosco-converges to ix. Thus one may invoke
Theorem 3.1 to conclude the consistency of the perturbation scheme.

4.2.2 Galerkin approximation

In general, finite-dimensional approximations of K are neither conformal nor nested as was the
case in Example 4.4 and Example 4.7, where K was "discretized” by K N X,, which is numerically
realizable only in special cases. Instead, it is often more favorable to consider non-nested approxi-
mations K, C X,, with K, Q K in general, such that the finite-dimensional variational inequality
problems,

findu, € X:  (A(un), v —uy) +ix, (v) —ix, (uy) > (Lv—u,) VveX, (4.2.4)

do not fit into the framework of quasi-monotone perturbations. According to Theorem 3.1, the
Mosco-convergence of (K, ) to K, or equivalently, the weak and strong sequential I'-convergence of
ik, to ig, suffices to ensure that the approximation (4.2.4) is stable with respect to the limit problem
(4.2.2). This property is maintained in a very general context, that is, the monotone operator A and
the right hand side f may also be perturbed. Under mild monotonicity assumptions on A and its
possible perturbations one may even derive strong convergence for the discrete solutions (u,), see
[95] for details. However, Mosco-convergence requires the existence of a recovery sequence for any
element u € K. To construct this sequence in the context of finite element methods, one typically
uses an interpolation procedure which is only defined on the (supposedly) dense subset KNY of
K where typically Y = C*(Q) or Y = C(Q), cf. [53], which again leads to problem (4.0.1). At this
point, we refer to Section 6.1 for details and a variety of examples.
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4.2.3 Singular perturbation

In the context of variational inequalities, the closure property (4.0.1) also plays a role in the theory
of singular perturbations. Let A; : Y — Y* be a Lipschitz continuous and strongly monotone
operator on the Hilbert space (Y, || . ||y) which is supposed to embed densely and continuously
into X. For a sequence of regularization parameters (7, ) with v, — 400 consider the perturbed
problems,

findu, e KNY: ((A+ %Al)(un),v —up) > (Lv—u,) VoveKnY. (4.2.5)

Provided KN Y is closed in Y, observe that problem (4.2.5) admits a unique solution u,, € KNY.
In this case, the appropriate limit problem is given by

Findue KNY : (A(w),o—u)> (Lo—u) YoeKnY, (4.2.6)

which corresponds to the initial variational inequality problem if the density property (4.0.1)
holds true. In this case the sequence (u,) converges strongly in X to the solution of (4.2.6). Here,
the assumptions on A; may be alleviated. For details, [103, Section 4.9] may be consulted. In a
similar fashion, the closure of KNY also plays an important role in the analysis and the design of
algorithms for hyperbolic variational inequalities of first order in that it determines the limit of
vanishing viscosity approaches; see, e.g., [104, p.160 ff.].
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5 Density Results for Pointwise Constraint Sets in Sobolev
Spaces

From the discussion of the preceding chapter it follows that density properties of the given convex
constraint set K represent the basis for the consistency of various perturbation methods to solve
associated variational inequality or optimization problems over K. In this chapter, we are primarily
interested in density properties of pointwise constraint sets in Sobolev spaces which typically
arise in many variational problems involving PDEs and comprise a myriad of applications such as
elasto-plasticity, image restoration or Bingham flow problems, to mention only a few. They also
naturally appear as a physical or budgetary restriction in optimal control problems.

5.1 Cone Constraints

Before elaborating on sets involving pointwise constraints on the norm, we deal with the simpler
setting where the pointwise constraint represents a cone constraint. The subsequent results are
implicitly used on many occasions in this text, especially in the context of contact constraints in
elasto-plasticity. The most basic situation occurs when the metric projection is known to preserve
the regularity. This setting applies to some unilateral constraints.

Lemma 5.1. Let X be a Hilbert space and Y C X a dense subset of X. Let K C X be nonempty, convex
and closed. If the projection mapping nx : X — K is Y-invariant, i.e.,

k(Y) CY, (5.1.1)

thenKNY " = K, ie., KNY isdense in K with respect to the norm in X.

Proof. By density, there exists for x € K a sequence (x,) C Y with x, — x. Now, mg(x,) € Y for
all n by assumption, such that

170k () = x[[x = [[7tKc(xn) = 7 (%) [|x < {200 = x[[x =0,

asn — oo.
O

Example 5.2. Consider the space X = L2(Q) for a Lipschitz domain QO C RN and the dense sub-
space Y = H'(Q). Define K = L2 (Q) := {u € L*(Q) : u < 0 a.e. in Q} as the cone of nonpositive
functions in L2(Q)). Hence, the projection onto K is given by 7k (u)(x) = min(0, u(x)), x € Q,
where g (1) € Y for all u € Y. Thus it holds that

12
{fuc HI(Q):u<0ae. inQ} @ _ L* (Q).
Example 5.3. Let O C RY be a bounded Lipschitz domain. Consider the space X = L?(I') on a

nonempty open subset I' C 9Q). Define K = L2 (T) := {z € L*(T) : z < 0 a.e. on I'} as the cone of
nonpositive functions in L?(T). The projection onto K is given by 7k (z)(x) = min(0,z(x)), x € T.
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As a consequence of Lemma 1.2, it holds that 7tx (1) € Y = H'/2(T) for any u € Y which implies

72
{z€ H/2(T):z<0ae.onT} @ L2 (Q). (5.1.2)

In general, the Y-invariance (5.1.1) of the projection operator is not given. Therefore, density
properties require alternative proof strategies. Consider, for instance, the following result which
provides a stronger statement than Example 5.2. For Sobolev spaces on manifolds, we refer to
Section 1.2.4.

Lemma 5.4. Let T be a k-dimensional C®-submanifold of RN (k < N) and consider (T, g), g := (., . )r~,
as a Riemannian manifold. Then the density property,

LA(T)

L2(T)NCe(T)  =L2(T) (5.1.3)

holds for L* (T') := {u € L*(T) : u < Oa.e. onT}.

Proof. Let u € L*(T). Since C(T) is dense in L?(T) [56] there exists a sequence (@) C C(T),
such that ¢; — u in L*(T). We further denote by

e € C¥(R)NC™(R),k € N,

non-positive functions with uniformly bounded Lipschitz modules Ly, i.e. sup, Ly < +oco, which
satisfy
¥r(t) = min(0,t) VteR.

Such a sequence (¢x) can be easily constructed [56, Example 5.3]. Using the triangle inequality we
infer

[ = (@)l 2y < [ min(0, ) = () [ 12r) + [9e() = (i) l2(r)

-0 SLk””_(ﬂk”LZ(r)

where the convergence of the left summand follows from the Dominated Convergence Theorem.
This completes the proof. O

If (X, (., .))is aHilbert space, the above results may be employed to draw useful conclusions
on the closure of KNY in the topology of the dual space. For the statement of the subsequent
result, we denote by

Ko:={xeX:(x,v) <0 VoveK}

the polar cone to a subset K C X in X upon the identification X ~ X* provided by the Riesz
isomorphism.

Lemma 5.5. Let (Y, || . ||y) be a reflexive Banach space which embeds densely and continuously into the
Hilbert space (X, (., . )) with embedding operator 1 : Y — X and adjoint 1* : X — Y*. Let K C X bea
nonempty convex cone. Provided the density property (4.0.1) is satisfied, it holds that

)

FKNY) = (K°NY),

where
(K°NnY) :=={y"eY*: <y*,y>(y*,y) <0 VyeK'nY},

i.e., (K°NY)* denotes the polar cone of K® N'Y with respect to the pairing (Y*,Y).
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Proof. By the Bipolar Theorem [102], it holds that /*(K N Y)Y* = (*(KNY))™, where the bipolar

cone (*(KNY))™ is defined by
((KOY)™ = {5 € Y5 (" ym <0 Yy € (F(KNT))' ).

Here, we employ the identification Y** >~ Y for the elements of (:*(KNY))* C Y**. For that reason
it suffices to show that
SKNY) =K°nNY,
and indeed, the definition of the polar cone implies that any element y € :*(KNY)" is characterized
by
W'Dy = v,7) <0 VieKNY.

With the density assumption one retrieves (y, x) < 0 forall x € K and thus y € K° NY, which ends
the proof. O

Example 5.6. By virtue of the density property (5.1.2), we obtain

H~1/2(T)

*({z€ HY2(T):z<0ae.onT}) = HY*(T)*,

where
HY2(T)" ={z" ¢ HY2(T): (z*,z) <0 Vz € HY*(),z > 0ae. onT}

denotes the polar cone to the nonnegative functions in H'/2(T') and ! is the canonical embedding
of H'/2(T) into L(T).

5.2 Continuous Obstacles

From now on, we mainly focus on the case where X = X(Q) C L'(Q)? is a usual (possibly vector-
valued) Lebesgue or Sobolev space over a bounded Lipschitz domain O C RN and Y = Y(Q) is a
dense subspace of continuous or smooth vector fields. The constraint set K5 prescribes a pointwise
bound on the norm of the function value, the gradient or the divergence, i.e.,

Ka(X(Q))) :=={w € X(Q) : |Aw(x)| < a(x) a.e. in O}, (5.2.1)

with A € {id, V,div}. Here, | . | designates an arbitrary norm on R?, RN*? or IR, respectively, and

a: Q) — RU {400} is assumed to be a nonnegative Lebesgue measurable function. In the case
A = id, we simply write K = Kjq. The space of functions that are restrictions to () of smooth
functions with compact support on RY is denoted by D(Q)), that is,

D(Q) = {glo: ¢ € CTRY)}.
For real-valued uniformly continuous obstacles with

essinfa(x) > 0, (5.2.2)
xeQ)

the following important result can be found in the recent paper [69].

Theorem 5.7. Let 1 < p < +ooand a € C(Q) with (5.2.2). Then the following density result for
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X(Q) € {LP(Q;RY), Wy" (O; RY), Ho(div; Q)}, holds true:

X(Q)

K(C2()") = K(X(Q)), (5.2.3)

where d = N if X(Q) = Ho(div; Q)). Moreover, it holds that

X(Q)

KA(CP(Q)D)" = Ka(X(Q)),

for A =V,X(Q) = W,”(Q)? and A = div, X(Q) = Hy(div), where d = N in the latter case.

To analyze the case without homogeneous Dirichlet boundary conditions, a small modification
of the approximating sequence constructed in [69] is sufficient in order to arrive at the following
statement.

Theorem 5.8. Let 1 < p < +o0. Let o € C(Q) fulfill (5.2.2). Then it holds that

fwl"'(ﬂ)d
K(D(Q)%) = K(W'(Q)9), (5.2.4)

ie., K(D(Q)?) is dense in K(WP(Q)?) with respect to the norm topology in WV¥ (Q)%.

Proof. Letw € K(WP(Q)4). Since Q is a bounded Lipschitz domain we may extend w to a function
in W7 (IRN)? using for each component the extension-by-reflection operator. The resulting operator
E: W (Q)? — WYP(RN)? has the properties Ew|n = w and E € L(W'?(Q)?, WL (RN)?). The
extension is constructed as follows [4]: We first choose a partition of unity 77;,j = 0,...],

J
7 €CX(Qy), 7, =0, Y m(x)=1VxeQ,
j=0
subordinate to the covering
N
aclja, (5.2.5)
j=0

where ), j =1,...,], are the sets given by the Lipschitz regularity of 0Q) (Definition 1.1) supple-
mented by an open set () with (}y € Q) such that (5.2.5) holds true. The extension problem is
localized writing

w = Z njw. (5.2.6)

Since 7y has compact support in (2, we have yow € Wg’p (Q)? and we define
Eo : WoP () — WP (RN)?

as the componentwise extension-by-zero operator. With the notation from Definition 1.1, we further
note that since B,;(y/) has a smooth boundary, the local parametrizations g/ can be extended to
functions @ in C**(R"1) [51, Lemma 6.36]. For j € {1,..., ]}, one observes that 7jw € W'*(€};)4,

where Q); denotes the interior of the epigraph of ¢/, i.e.,

Q= {x e RV : g(#) < 2 }.
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5.2 Continuous Obstacles

Recall that ¥ = [x}, .. .,xgvfl] where x = [x,..., x| ] are the coordinates of x in the j-th local

coordinate system according to Definition 1.1. The functions #jw are then extended to RN by
reflection on the graph of g;:

w(x), x € Qj,
E; = ! ) . o .
() {w(ff,zgfoz) _¥), FE) > A,

such that Ejw|q = w. Moreover, it can be shown that E; € L(W"?(€);)¢, WP (RY)7), cf. [4]. Using

(5.2.6), we set
]

Ew = Ej(njw), (5.2.7)

j=0
which represents the desired extension operator E € L(W"?(Q)4, W'#(IRV)?). From the definition
of the operators Ej, it can be deduced that (5.2.7) also defines an extension operator E¢ g, : C Q) —
C(RY) which satisfies (Ec)a)|a = @, and, since E;(1ja;) € C.(RV), also Ecgya € Co(RY). In
addition,
|Eo(1ow) (x)| < Eo(oa) (x),  |Ej(njw)(x)| < Ej(nja)(x), j=1,...],

for a.e. x € RN. Hence, we have

J J
|[Ew(x)| < Z |Ej(njw)(x)] < Z Ej(nja)(x) = Ecma(x), ae x€ RV, (5.2.8)
j=0 j=0

N

For a sequence (p,) of smooth mollifiers p,(x) = n" p(nx) where

p € D(RY),p >0,p(x) = 0 for |x| > 1,/ p(x)dx =1, (5.2.9)
RN
we define the approximating sequence S, (w, )) to w by

Su(w, Q) (x) := (pn * Ew)(x) = / Ew(y) pu(x —y)dy, x € RV, (5.2.10)

RN

It is well known that S, (w, Q)|q — w in W'"?(Q2)¢ as n — oo and, since Ew has compact support in
RY, it holds that S, (w, Q) € C=°(RN)4 and in particular S, (w, Q)|q € D(Q)?. In order to achieve
feasibility, we use the scaling sequence

-1
B = (1 4 PerN """(")Ecm)"‘(")) € (0,1],

min, g a(x)

where a,(x) == ((Ece) * pn)(x), x € RN. Since Ecgya € Co(RY), () converges to Eq )
uniformly in RN and thus B, — 1 as n — . In addition, (5.2.8) together with (5.2.10) yields
|Su(w, Q)| < ay(x) for x € RN and thus

SUp, N \zxn(x)fEC(a)oc(x)\

Brla(x) = a(x) + i~ a(%) a(x) > a,(x) > 1S, (w, Q)] (5.2.11)

for all x € Q. Consequently, 8,S,(w, Q) € K(D(Q)4) and B,S,(w, Q) — w in W' (Q)? which
accomplishes the proof. O
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5 Density Results for Pointwise Constraint Sets in Sobolev Spaces

Remark 5.9. In [69], an additional reparametrization appears in the definition of the approximating
sequence (5.2.10) in order to safeguard the homogeneous Dirichlet boundary condition. This is not
necessary in the context of Theorem 5.8.

5.3 Discontinuous Obstacles

5.3.1 A counterexample for obstacles in Sobolev spaces

Note that Theorem 5.8 requires continuous obstacles. In some applications, such as in the regular-
ization and discretization of elasto-plasticity or image restoration problems, it may be useful to
consider obstacles which are not continuous. Under such circumstances, the results of this section
show that density properties of the type (5.2.3) or (5.2.4) cannot be expected if the obstacle is just a
Sobolev function.

To begin with, the following Lemma generalizes the construction in [48, Example 4, p.247].

Lemma 5.10. Let QO C RN be a bounded domain and {xy : k € N} C Q a countable dense subset, i.e.,
{xk 1k e N} =0.

Further let 1 < p < +oo. Then it holds that for any u € Wli’f(]RN ) and any absolutely convergent series
Y ken ks Ak € R, the function g defined by

g(x) = apu(x —xy), (5.3.1)
k=1

is well-defined and belongs to W (Q)).

Proof. We write Q) — {x} := {x — x; : x € Q}. Since Q) is bounded, there is an open set Oy € RN
which fulfills J,cp (Q — {x¢}) C Qo. To prove the convergence of the series Y ; au(. —x) in

WP (Q)), we first note that u € Wllof (RY) implies that ||u(. —xx)|lwis(q) is bounded uniformly in
k:

I =)l =[x =sPdr= [ uGpar< [l s
Q Q—{x} Qo

The same argument is valid for 0;(#(. —x)) = 0;u(. —xx). Therefore one obtains

n n
D Mau (. =) lwiriq) < lullwiray) Y lakl,
k=1 k=1

which means that the series Y ;- axu(. —xx) is absolutely convergent and, since W'#(Q) is a
Banach space, also convergent in W7 (Q)). 0O

Remark 5.11. Since any absolutely convergent series in L () is also converging pointwise a.e. to
its L?(Q)) —limit function [29, Theorem 2.9], the function g defined in (5.3.1) is also the pointwise
(a.e.) limit of the series > | axu(x — xi).

We are now ready to construct the counterexample. Without loss of generality, assume 0 € () C
RN with N > 2 and denote by

Be(x):={y e RN : |x —y|» < e},
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5.3 Discontinuous Obstacles

the open ball with radius € > 0 and center x € RN with respect to the Euclidean norm | . |, in RV,
Let {x; : k € IN} be a countable dense subset, i.e.,

{xk ke N} = 6,
and r > 0 such that B,(0) C Q. Consider the function
@(x) == ¢(x) - In(In(c|x|;1)), ¢ >er fixed, (5.3.2)

where ¢ € CX(B,(0)) is a smooth cut-off function with $(x) > 0 for all x € B,(0) and ¢§ = 1 on
B,/2(0). We note that ¢ is nonnegative with a singularity at the origin and it belongs to W'V (RY),
cf. [1, Example 4.43]. Further set

g(x):=> kp(x —xv), (5.3.3)
k=1

and note that ¢ € W'V (Q)) with ¢ being unbounded at each x;, see Lemma 5.10. Further take a
function ¢ € C'(R) with 0 < ¢(t) < 1, ¢(t) — 1 fort — +oco and |¢'(t)| < ¢ forall t € R. Then
the obstacle

x:=2—¢og (5.3.4)

belongs to W (Q)) (see, e.g., [80, Lemma A.3]). Notice also that a is bounded away from zero and
it is basically equal to 1 on the dense set {x : k € N}. Consequently, any continuous function w
withw < w a.e. in Q) fulfillsw < 1 on O:

Assume the latter is not the case. Then, there exist kg € IN as well as > 0,J > 0 such that

w(x)>1+pu Vx & Bs(xg). (5.3.5)

Let R > 0 be such that ¢(t) > 1 — § forall t > R. By continuity, there also exists 6’ > 0 such that
@(x — x,) > Rk3 a.e. in By(x,) such that

g(x) > ky?p(x —xi,) > R, ae. x € By(xy),

which implies
w(x) <a(x) =2-¢(g(x)) <14+5  ae x € By(xy),

contradicting (5.3.5). Hence, any sequence of continuous functions approximating « from below
is bounded above by 1. However, as a(x) > 1 for a.e. x € Q) by definition, and convergence in
the norm topology of L?(Q)) implies convergence pointwise a.e. (along a certain subsequence), we
obtain

x € K(LP(Q))\ K@) nLr@)) ), (5.3.6)

forany 1 < p < 4ooand

« € KW' () \ K(c()ynwira)”" ", (53.7)

for all p < N where « is defined by (5.3.4). At this point, we recall that
K(X(Q)) = {w e X(Q) : |w(x)| <a(x)ae. onQ}, X(Q)cC L'(Q),

in accordance with the notation from (5.2.1).
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5 Density Results for Pointwise Constraint Sets in Sobolev Spaces

Remark 5.12 (Complements on the counterexample). An interesting point in the preceding coun-
terexample is the structure of the set of singularities S where g(x) is not well-defined as a real
number by the infinite sum (5.3.3) if ¢ from (5.3.2) is understood as the function (and not its
equivalence class), which is well-defined and continuous on Q) \ {0}. Extending ¢ to Q) by setting
¢(0) = +co, we obtain g(xx) = +oo for all k € N and, understanding ¢ : 3 — R U {400} as an
extended real-valued function, we arrive at the following definition:

S:={xeQ: g(x) = +oo with g(x) defined by (5.3.3) where ¢(0) = +oo}.

By definition, the set {x; : k € IN} is contained in S. Besides, it is certain that S, and thus the
points where the infinite series does not converge, must have measure zero. If not, then the limit
function g which is also the pointwise a.e. limit, see Remark 5.11, would be equal to +co on a set of
positive measure, which contradicts the fact that ¢ € H!(Q)). On the other hand, S is in a certain
sense much “bigger” than {x; : k € N}. A first indication of this fact is the observation that the set
{xx : k € N} is strictly contained in S. Otherwise, we could consider the concrete representative
of « from (5.3.4) given by

oc(x):{l’ on {x; : k € N}
2—¢(g(x)), onQ\ {x:ke N}

This well-defined function & : () — R is continuous on {xx : k € IN} and discontinuous on
Q\ {xx : k € N} by the density property of {x; : k € N} in () and the fact that (x) > 1 for all
x ¢ {x; : k € N}. However, this is a contradiction, as the following standard topological argument
shows: It is well known that the set of discontinuities of a function defined on a metric space
is an F,-set [9, Theorem 8.2.6], i.e., it can be expressed as the countable union of closed subsets.
Applying this result to the above representative « : () — IR, one obtains a sequence of closed sets
F C RN such that

O\{x:keN}y=JEn)=J|EnJG | = ENG), (5.3.8)

ieN ieN jeN ijeEN

where the second equality in (5.3.8) makes use of suitable sets G; C RY which are closed in RY
and fulfill Q = ien Gj. Also note that F; N Gjis closed and nowhere dense in RY. Finally, we
obtain the countable decomposition

o= J{xu |JENG)

keEN ijeEN

of () into nowhere dense subsets which is inconsistent with the Baire category theorem. Conse-
quently, it holds that {x; : k € N} C S.

The set S even turns out to be nonmeager. At this point we remark that in the literature related
to the Baire category theorem, a nonmeager set is often called of second category, i.e, it cannot
be expressed as the countable union of nowhere dense subsets of RY. To prove this property, we
define the nested sets ,

S, = U B, (xx)NQY, 1y = ce " ,
keN

which consist of the union of open balls with diminishing radius around the points x. It can be
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5.3 Discontinuous Obstacles

verified that
() S.cS.

nelN

To show this, let x € [, . S» and n € IN arbitrary. By definition, there exists an index ko with
x € B, (x,) N Q. Hence,

(o)

g(x) = Zk’z(p(x —xx) > ko2 Inln(clx — xi, |5 1) > 1.
k=1

Letting n — oo yields g(x) = 400 and thus x € S. On the other hand, we observe that any
complement S is closed and a similar argument as in (5.3.8) shows that

(ﬂ s,,) na=JE,na)= J(S;nG)).

neN neN jmeN

Since all sets S,, contain the dense set {x; : k € N}, S; N G; also has empty interior. Therefore the
complement of [,,. Sy in ) is meager, or, in other words, of first category. The Baire category
theorem implies that (), Sy, and thus S, must be nonmeager. To summarize, the set S of
singularities of g has the following properties:

o forx € O, > 17 k2¢(x — x¢) diverges, if and only if, x € S,
e A(S)=0,
e S is nonmeager (of second category),
o {xp:keN}C()emwSn CS.
Remark 5.13 (Erratum). The preceding counterexample shows that the density property

— L)
K(Ce()) ™ = K(L*(Q)7)

which is stated in [72, Lemma B.3] does not hold for arbitrary obstacles « € L%(Q)) which are
bounded away from zero unless further conditions on « are imposed, cf. below. Using the notation
of the latter reference, the proof of that Lemma fails in the case where the subsets

K;-S = {x € K; : dist(x, O\ K;) < J},

do not fulfill
A(K?) =0 asé— 0. (5.3.9)

Here, K; = K;(4) C Q) denotes a compact set such that the restriction to K; of the approximated
function w € K(L?*(Q2)?) is continuous and A(Q\ K;) < &. The existence of K; is ensured by Lusin’s
theorem. Note that (5.3.9) fails, for example, if I%j = @. In this situation, the continuous cut-off
function o
w<5,]'(JC) — mm(&,dls’;(x,Q\K,v))wj,

where w; are the components of w, simply vanishes everywhere on () and the suggested approxi-
mating sequence defined in the proof of [72, Lemma B.3] does not fulfill the desired approximation
property. Observe that this is the case in the above counterexample, i.e., ford = 1 and w = «, as
the respective K; from Lusin’s theorem cannot contain interior points since no representative of « is
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5 Density Results for Pointwise Constraint Sets in Sobolev Spaces

continuous on an open subset of (). However, the results of the subsequent sections in this chapter
indicate that the density property remains valid for a large class of discontinuous obstacles.

We summarize the preceding results on general discontinuous obstacles in the following state-
ment.

Theorem 5.14. The following density results hold true:

(i) Let N > 2and 1 < p < +oo. Then there exists an obstacle « € W'N(Q) N L*(Q) satisfying
(5.2.2) such that,

7

Kc@nor@)y” Y ¢ k),

the inclusion being strict.

(i) Let N > 2and 1 < p < N. Then there exists an obstacle « € WN(Q) N L*(Q) satisfying (5.2.2)
such that,

WP (Q2)

K(C(Q)nWir(Q)) C KW' (),

the inclusion being strict.

(iii) Let N < p < 400 or p = N = 1. For any measurable obstacle function o : Q) — R U {+o0} which
satisfies (5.2.2), it holds that

— W)
K(D(Q)Y) = KW' (Q)").

Proof. We only prove assertion (iii) since (i) and (ii) follow immediately from (5.3.6) and (5.3.7). As
a consequence of the Sobolev Imbedding Theorem, any w € K(W'#(Q)?) is contained in C(Q)“.
Letw € K(WY(Q)%). Setting

a(x) = max(|w(x) |,esx§€ié1f«x(x)),

it follows that |w(x)| < &(x) a.e. in Q. Since & € C(Q)) and (5.2.2) holds with & instead of &, we

may invoke Theorem 5.8 to infer that there exists a sequence (w,) C D(Q)? with w, — w in

W (Q)? and |w,(x)| < &(x) < a(x) such that w, € K(D(Q)?)) which accomplishes the proof.
O

Adapting the approximation sequence in a suitable way, one may also infer the corresponding
statements for Sobolev spaces incorporating homogeneous Dirichlet boundary conditions.

Corollary 5.15. The following density results hold true:

(i) Let N > 2and 1 < p < N. Then there exists an obstacle x € WN(Q) N L®(Q)) satisfying (5.2.2)
such that,

i W, ¥ (Q) 1
K(C(0) Ny () < KW, " (),
the inclusion being strict.
(i) Let N < p < 400 or p = N = 1. For any measurable obstacle function a : Q) — R U {+o0} which
satisfies (5.2.2), it holds that

K(Cx()?)

c
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5.3 Discontinuous Obstacles

Proof. (i) For the upper bound « from (5.3.4), the set K(Wé’p (Q)) contains « - ¢ for a suitable cut-off
function ¢ € C*(Q),0 < ¢ < 1 with ¢ =1 except on a small neighborhood of dQ). The assertion
now follows directly from the discussion preceding Remark 5.12.

(ii) Taking account of Theorem 5.7, statement (ii) can be proven analogously to Theorem 5.14(iii).
At this point we want to give an alternative proof of (ii) which serves to clarify the proof of
Theorem 5.7 and its dependence on the regularity of (). Letw € K (W& ?(Q)%). As a consequence
of the Sobolev Imbedding theorem, w is contained in Co(Q))“.

Step 1: On star-shaped bounded Lipschitz domains, we consider the approximating sequence
from [69, Lemma 2] which preserves zero boundary conditions: After a suitable translation, we
may assume that () is star-shaped with respect to the origin. For ¢ > 0let A € (0,1) such that
wy = Aw fulfills [wy — w||wipq) < €/2. Define 6, := (1 — A)essinfreqa(x) > 0 and observe
that

|wr(x)] < a(x) — 3y forae xe Q. (5.3.10)

Induced by a sequence of monotonically increasing parameters (6,,) with 6, 1 1, we consider the
following approximating sequence to w,,

Su(wy, Q) := p, x @Y. (5.3.11)

Here, p, is defined as in (5.2.9) and @' (x) := @ (5;) where @, denotes the extension by zero of

w; to RN. This implies S, (w,, Q) € C=(Q)“ for sufficiently large . Furthermore, [69, Lemma 2]
entails that
Su(wr, Q) = wy in WP (Q), S, (wy, Q) = wy in Co(Q), (5.3.12)

as n — oo. Moreover, let n = n(A) be sufficiently large to yield
[Sn(wr, Q) — wallwrrye <€/2,  ||Su(war, Q) — wallcy <
Consequently, we obtain S, (w,, Q) € K(C*(Q)4) from (5.3.10) and
1S (wr, Q) = wl[wry <€
by the triangle inequality.
Step 2: For a general bounded Lipschitz domain (), we cover dQ) by open sets O;,j = 1,...],

such that () N O; is an open set with Lipschitz boundary which is star-shaped with respect to one
of its points, see [120]. Supplementing O; by an open set Oy € () such that

acljo, (5.3.13)
j=0

we consider a partition of unity (7;),7; € C°(Oj), subordinate to (5.3.13) and set

J
Wan = Pu x (owp) + Y Su(5wa, AN O;),
j=1

where S, is well-defined by (5.3.11) since 7w, € W&’p (AN 0O;)* and QN O; is star-shaped. Using

(5.3.12), this implies

Wry —> W) in WOL‘D(Q)d, WHy —> W) in Co(Q)d,
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5 Density Results for Pointwise Constraint Sets in Sobolev Spaces

as n — +oo. Employing the estimate (5.3.10), we obtain w, , € K(C®(Q)“) for sufficiently large n
and an e/2-argument ends the proof. O

5.3.2 Lower semicontinuous obstacles and L”-spaces

Up to now, only the uniform continuity of the obstacle guarantees the validity of density properties
of the type (5.2.3) or (5.2.4). The following idea allows to enlarge the space of obstacles which are
compatible with the density property: If a set can be approximated in an appropriate way by a
sequence of sets for which the density result holds, then the density property is transferred to the
limit set. Employing this strategy directly leads to the following class of obstacles fulfilling a kind
of generalized lower semicontinuity requirement.

Definition 5.16. The set of functions ILC(Q2) comprises all measurable functions « : O — R U
{+oo} for which there exists a sequence of functions &, : Q — R with

a, € C(Q), JE?(f)acn(x) >0, a,<a, (5.3.14)

for all n € IN, such that lim,, &, (x) — a(x) fora.e. x € Q.
Theorem 5.17. Let 1 < p < 4o0. Ifa € ILC(Q), then it holds that

LP (Q)¢

K(Cz(Q)Y) = K(L()")

Proof. Letw € K(LP(Q)“) for « € ILC(Q). For a sequence (&) given by Definition 5.16 consider
the functions
wn(x) = min{|(x)], & ()}

where it is understood that w, (x) := 0if w(x)=0. It follows from Lebesgue’s theorem on dominated
convergence that w, — w in LP(Q)“. Further observe that w, € K,(L?(Q)?) where

Ka(X(Q)) = {w € X(Q) : |w(x)| < an(x) ae. on Q}.

By the properties of a,, w, can be approximated by smooth functions @, € K,(C*(Q)) with
respect to the norm in LP(Q)? according to (5.2.3). Since a, < «a for all n € N, we also have
W, € K(C®(Q)?) and an &/2-argument completes the proof. O

Under these assumptions, the statement of [72, Lemma B.3] holds, too. We proceed by consider-
ing some important special cases.

Corollary 5.18. Let 1 < p < 4o0. Let & : Q) — R U {+o00} be lower semicontinuous and fulfill (5.2.2).

Then it holds that

Lr(Q)

Kc=@n)" Y = kL)),

Proof. Letw € K(L?(Q)). Without loss of generality, we may assume that a is proper and that

J}ggf)oc(x) > 0.

Denote by & the extension by zero of «, i.e.,

& =, on(), &zOOn]RN\Q,
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5.3 Discontinuous Obstacles

which is 1.s.c. on RN. The Lipschitz regularization of &,
an(x) = inf {a(y) + nllx —yll},
yeR

is known to yield functions &, € C%'(RN) with infyeq a, (x) > infyeqa(x) > 0and a,(x) 1 a(x)
for all x € RN. Hence « € LC(Q)) and Theorem 5.17 applies. O

For instance, an important class of obstacles are the piecewise continuous functions: Suppose
there exists a partition of the bounded Lipschitz domain (2 into open subsets ); C (2 with Lipschitz
boundary such that

Q= Ulelﬁl, ;N Qj =Q@fori # j, 06|QI S C(ﬁl) (5.3.15)

The preceding theorem shows that for obstacles of this class the density result in the norm topology
of the L? —spaces holds true, provided the obstacle is bounded away from zero. Additionally,
constraints that are only imposed on a regular subset of () may also be handled.

Corollary 5.19. Let 1 < p < +oo. Let a : QO — R U {+oco} fulfill (5.2.2) and one of the following
additional assumptions.

(i) w is piecewise continuous in the sense of (5.3.15),
(i) w is lower semicontinuous on a Lipschitz domain Qp C Q and a = 400 on QO \ Q.
Then the density property

- d
k(e

= K(L"(Q))

is satisfied.

Proof. It suffices to observe that in both cases, « may be modified on a subset of measure zero to be
Ls.c. on Q). O

5.3.3 Lower semicontinuous obstacles and Sobolev spaces

Conditions on the obstacle « so that the density results for Sobolev spaces hold can be relaxed from
assuming that « € C(Q)) to lower regularity requirements with the aid of Mosco-convergence of
closed and convex sets. The following definition goes back to [95].

Definition 5.20 (Mosco-convergence). Let X be a reflexive Banach space and (K,) a sequence

of closed convex subsets with K,, C X. Then K, Mo Kasn — +0o0, ie., (K;) is said to Mosco-
converge to the set K C X, if and only if,

KDo{veX:(3(n) CX:v €Ky VkEN, v =)}, (M1)

Kc{veX:(3(vy) X, AINEN:v, €K, Vn>N,v, —0)}. (M2)

Note that the Mosco-convergence of (K,) to K is equivalent to the Mosco-convergence or,

equivalently, the sequential weak-strong I'-convergence, of the corresponding indicator functions,
cf. Section 2.4. We further define the following unilateral constraint sets for measurable functions
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5 Density Results for Pointwise Constraint Sets in Sobolev Spaces

0,00 Q) — RU{+oo}:

K; (X(Q)) :={w € X(Q) : w(x) > —ay, a.e. in O},
KHX(Q)) :={we X(Q) : w(x) < a,ae. inQ},
K_(X(Q)) :={we X(Q) :w(x) > —axae inQ},
Ki(X(Q))) :={w e X(Q) : w(x) < aa.e. in O}

From the theory of varying obstacle problems, i.e. X(Q2) = Wg 7(Q), it is known that the Mosco-
convergence of the unilateral sets,

KE(WeP () X5 K=(W, 7 () (5.3.16)

is characterized by the convergence of the capacities of the level sets of «,, see [36]. In order to use
the more tractable sufficient conditions for (5.3.16) from Boccardo and Murat [19, p.87], we define
the following class of functions fulfilling a generalized lower semicontinuity condition in the space
Wi(Q).

Definition 5.21. For g4 > 1 we denote by W7(Q)) the set of functions a € W (Q) for which
there exists a sequence of functions (a,) with a, satisfying (5.2.2), &, < aa.e.inQ and «a, €
C(Q) NWH(Q) for all n € N such that a,, — a in W1(Q)).

Note that the class W1(Q)) is strictly contained in W1 (Q) NILC(Q)). Additionally, if the sequence
(«,) is non-decreasing, then the obstacle « is lower semicontinuous for being the pointwise limit of
a non-decreasing sequence of continuous functions: In fact, W7(Q) embeds compactly in L!(Q)
and hence «;, (x) — a(x) a.e. in Q for j — oo for some subsequence (a,,) (here we consider « as an
extended-real valued function). However, the functions in W4 are not necessarily continuous: Let
N >1,Q = B,(0) and

a(x) = In(In(c|x|™)), x€Q, c>er (5.3.17)

It follows that « € W™(Q) for all g < N buta ¢ C(Q), cf. (5.3.2). The sequence (a,) defined as
&, (x) = min(a(x),n) for n € N satisfies the requirements of the definition of W7(Q)).

In order to be able to invoke the above results for the unilateral situation, we consider the case
where K(X(Q)) is defined by the maximum norm, i.e.,

K(X(Q);|. o) :={w € X(Q) : |w(x)|o < a(x) a.e. in Q}. (5.3.18)
The density result involving the class W7(Q}) for 4 > 1 can now be established.
Theorem 5.22. Let 1 < p < oo and o € WI(Q) with p < g < +o0. Then it holds that

W, (Q)?

K(C2(Q)% ] |o) = K(Wy" (%] |o), (5.3.19)
where K(X(Q)?,|. |) is defined in (5.3.18).
Proof. Withoutloss of generality, consider the one-dimensional cased = 1. Letw € K (Wé’p (Q);]. |eo)-

Since &,, — a in W14 (Q) with g > p > 1, one obtains the Mosco-convergence result (5.3.16) from
[18, p.87]. Consequently, there exist two recovery sequences,

wy € KE(W,7(Q)), (5.3.20)
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with wf — win Wé’p(()). Using the continuity of max( . ,0), min(. ,0) : WS’F(Q) — Wé’p(ﬂ), it
follows that the sequence
w, = max(w, ,0) + min(w,,0),

converges to w in Wg’p (Q)). Moreover, it holds that |w,| < a,. The assumptions on a, allow to use
Theorem 5.7 to infer the existence of a smooth function @, € C*(Q) with |@,| < a, < w a.e. in Q)
which approximates w,, arbitrarily well. Using w, — w in Wg ?(Q)4, the assertion follows by an
e/2-argument. O

For piecewise continuous obstacles « : (3 — R according to (5.3.15), the above result can be
further refined in the following sense. If the Sobolev function which is to be approximated is
continuous along the jump interfaces determining the obstacle, then it is the limit of feasible
smooth functions. For instance, this is the case when the function originates from the solution of
an elliptic PDE such that the singularities are only expected near the boundary of (), for example
at a reentrant corner.

Therefore we define for 17 > 0 the enlarged interior boundaries of Z = UM 90} \ 0Q as

T, :={x € Q:dist(x,7) <7},
and we consider the space of functions C(Z; ()) which are uniformly continuous across Z,
C(Z;Q) :={f : Q= R: f|z, € C(Z;) for some 77 > 0}.

Theorem 5.23. Let 1 < p < oo. Let a be piecewise continuous in the sense of (5.3.15) and assume that
(5.2.2) is fulfilled. The following density result holds true:

— Wi () wir Q)
KD@Q)Y) =KW (Q) N CZ; Q)

Proof. Letw € K(W'(Q)?) so that |w| < & a.e. in Q and assume that w is uniformly continuous
on Z,. Consider Ew € W7 (IRN)“ to be the extension of w to the entire RV via the extension-by-
reflection operator E defined previously in (5.2.7). Let Ex : RN — R be the analogous extension of
. As shown in the proof of Theorem 5.8, this extension is bound-preserving: |[Ew| < Ea a.e. in RN.

Denote by S, (w, Q) := p, * Ew and &, = p, * Ea the mollifications of Ew and E« from (5.2.10),
respectively. Since & is continuous on E,, where E, := (Z,)° N (), it follows that a, — a uniformly

on E,. Further define
SUP,cg |au(x) — & ()] -
,Bn = 1 + ! 7

ess infyeq a(x)

where we use that essinfyeqa(x) > 0. It follows that B, 1 1 as n — oo and we have that
Buan(x) < a(x) forall x € E,. Since |Ew(x)| < Ea(x) a.e. in RV, this implies

BulSn(w, Q) (x)| < a(x), VxcE,. (5.3.21)

To enforce the feasibility on the enlarged interface set Z,, we decompose 7,, as I, = A" N A~
where A" = {x € Z, : |w(x)| > s} for fixed s > 0 with s < essinfreqa(x),and A~ =7, \ A*.

Define i
SuUp, 4+ [w(x) — Sy (w, Q)(x)|)

rYn:(l'i‘ s
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5 Density Results for Pointwise Constraint Sets in Sobolev Spaces

Since S, (w, Q) — w uniformly on Z,, then 7, 1 1 as n — co. Moreover, the estimate
Yu|Su(w, Q) (x)| < |w(x)| <a(x), Vxe AT, (5.3.22)

can be shown analogously to (5.2.11). By definition, |w(x)| < s < essinfyeqa(x) forallx € A™.
Using once again the uniform convergence of S,,(w, Q) to w on Z,, one observes that, for sufficiently
large n,

|Sn(w, Q)| < essinfa(x), forallx e A™. (5.3.23)

xeQ)

Finally, the sequence w,,(x) = 7,B,S:(w, Q) (x) satisfies w, € D(Q) for alln € N and
w, »w nWY¥(Q)? and |w,(x)| < alx), ae. inQ, (5.3.24)

for sufficiently large n; where we have used (5.3.21), (5.3.22) and (5.3.23). This completes the proof.
O

5.3.4 Supersolutions of elliptic PDEs
By now, density properties for pointwise constraints in Sobolev spaces of the type

Wi Q) wir(Q)

KCE(@N™ 7 =KWe"(@)),or K(D@Q)F) " = K(W'(Q)),

have been obtained on the basis of mollification and a subsequent procedure to enforce feasibility.
An alternative approach is the approximation of a function via the solution of an appropriate
sequence of elliptic PDEs. Using standard regularity theory, one may prove higher regularity of the
approximating sequence and one is left to prove feasibility. In this section we focus on obstacles
which are solutions of an elliptic PDE. Therefore consider a second order differential operator in

divergence form:
N, 3 N 5
A= ; “on (5 T ; bi(x) 5, +e(x) (5.3.25)

where a;;, b, c € L*(Q)) for 1 <i,j < N, the matrix [a;;(x)] is symmetric a.e. and uniformly elliptic,
i.e., there exists x, > 0 such that

N
S ay(x0)&E > ke, VEERY,

ij=1

fora.e. x € Q. Itis further assumed that a;;, b;, c are such that A is strongly monotone over Hé (Q),
i.e., there exists ¥ > 0 such that

(Au, u) (1), 1)) 2 K||“Hf43(g)/ Vu € Hy(Q).

For example, this is the case if b; = 0 for 1 < i < N and ¢(x) > 0 a.e. in Q). We call a function
a € H'(Q) a weak supersolution with respect to the elliptic operator A, if Ax > 0in the H™1(Q)-
sense, that is,

(Aw,v) >0, Voe€ H)Q),v>0ae inQ. (5.3.26)

The subsequent theorem covers density properties for obstacles that are weak supersolutions of an
elliptic PDE of type (5.3.25).
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Theorem 5.24. Suppose that & € H'(Q) is a weak supersolution for some A as in (5.3.25) in the sense of
(5.3.26) with a > 0 on 9Q). For X(Q) € {L2(Q)?, H}(Q)?} it holds that

in the following cases.

() 90 a5 e CONQ) oray € CHQ):  Y(Q) = (HA(Q) N HY(Q)),
(i) 9Q € CH' or Q) convex, aj; € CO'(Q): Y(Q) = (H*(Q) N HL(Q))4,
(iii) 90 € CO, ay, by, c € C™(Q), m € No: Y(Q) = (HI(Q) N HY(Q)),
(i) 90 C"2, 4y, byc € C™L(QY), m € No: Y(Q) = (H™2(Q2) 1 HA(Q))".

Proof. Without loss of generality, assume d = 1. To begin with, observe that the maximum principle
implies a(x) > 0 a.e. in Q. Let w € K(X(Q)) be arbitrary. Consider the sequence (w,) where for
n € N, w, is defined as the unique solution to

findy € H}(Q) : %Ay +y=w inH Q). (5.3.27)

We denote by T), the solution mapping to (5.3.27), i.e., w, = T,(w).
Step 1: Ty-invariance of K(Hg (Q2)). We now prove that for any n € IN, we have that —a < w, < a
a.e., ie.,
T, : K(L*(Q)) — K(H(QQ)), (5.3.28)

given that Aa > 0in H™!(Q)). Proceeding as in [121], we consider (w, — a)" as a test function for
(5.3.27). Then,

K 1
= (w0 =) [y ) + 100 = 0)* [y < (G A+ D =), (05— a))

<(w—a-— %Azx, (w, —a)™)
1
< — (A, (w, — ) ") <0,

where we have used that w —a < 0 a.e. in Q). Therefore, w, < a a.e. in (). Analogously, we
obtain that w, > —u a.e., by considering (—a — w, )" as test function and by adding to both sides
—(2Aa+a, (—a — w,) ™). This proves (5.3.28), i.e., w, € K(H}(Q)).

Step 2: Some convergence results for singular perturbations.

The desired convergence modes of the approximating sequences rely on standard arguments for
singular perturbations, cf. [103, Theorem 9.1, Theorem 9.4] for the case of singularly perturbed
variational inequalities. For the sake of coherence, we give here some details of the proofs. We first
prove fory € L*(Q)):

v = yinL*(Q) =  §,:= T.(y,) — yin L*(Q). (5.3.29)

In fact, §, solves
LAY+ 9n =y, nHY(Q), (5.3.30)

for all n € IN. Testing this equation with 7, shows that (9, ) is bounded in L?(Q) and ((1/+/1)§,)
is bounded in H}(Q)). Consequently, (5.3.30) implies that §, — y in L?(Q2). One may further
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5 Density Results for Pointwise Constraint Sets in Sobolev Spaces

subtract 2 Av + v from (5.3.30) to obtain
GA+ D —0) =yu = GA+ D)o,
where v € H}(Q) is arbitrary. Upon testing this equation with (7, — v) one obtains
£ 90— 01Bus o + 10 — 0Py < (v — 50 — ) — H{Av, 90 — o),
which entails

timsup (]9, — oll3 0 + 190 — 010

n—oo

< ly = 0llf2(q + limsup — 1 (Av, 9, —v), Vo € Hy(Q). (5.3.31)

n—oo

Since ((1/+/n)9x) is bounded in H}(Q), and H}(Q)) is dense in L?(Q)), estimate (5.3.31) ensues
that for any ¢ > 0, there exists v, € H}(Q) with

limsup || — vcl|f2q) < €y = vellizo) <&
n—oo

One immediately infers that §, — y in L%(Q)). Thus, (5.3.29) is true.
Secondly, for y € H}(Q)), one may also prove

Yo —yin HY(Q) = §,:= T.(y,) — yin H}(Q). (5.3.32)

In fact, since y, € H}(Q) and A is strongly monotone, we observe that

A

K. . R 1 R R
90 = yallfy oy + 19 = vulltzq) < <(nA + I) (G = Yn)s Jn = Yu)

1 .
= (AYn, Yn = Jn)

1 .
;||Ay"||H*1(Q) lyn — }/n||H3(n)f

IN

where we have used that 7, solves (5.3.27) with y, as a right hand side. From this estimate, one
may infer that

«[|Gn _yVlH%—][l)(Q) < c|lyx _yn”Hg(Q)r

owing to the boundedness of (y,) in Hi(Q)). Hence, also (7)) is bounded in H}(Q). Employing
(5.3.29) one obtains 7, — yin H}(Q) along a subsequence, and by uniqueness, it holds that 7, — y
for the entire sequence (7,). Finally, from the inequalities above, we obtain that

xlimsup ||§, — yn”%{gm) < limsup(Ayn, Yn — Jn) =0,

n—oo n—oo

such that §, = T, (y») — y in H}(Q) and thus (5.3.32) is proven.
Thirdly, we define for w{, := T{(w) where T} (w) := T,(T] " (w)) for g € N\ {1} and T} (w) :=
T, (w). It can be deduced from (5.3.29) and (5.3.32) by induction that, as n — oo,

wh —w  inL2(Q), Yk e NuU{0}, (5.3.33)
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for w € L?(Q)) and
wh —w  in HY(Q), Vk e NU{0}, (5.3.34)

for w € H}(Q)), respectively.

Step 3: Regularity and convergence of the approximating sequences.

The regularity of the H} (Q) solution T, (w) to (5.3.27) is different with respect to the statement
cases: If () has a Lipschitz boundary 9Q) and a;; € C*'(Q) or a;; € C'(Q) for1 < i,j < N, the
solution T, (w) belongs to H} (Q) N HE .(Q) (see [96] for the first case and [48] for the second one).
The solution T, (w) belongs to H} () N H2(Q) if Q) is C'-smooth [96] or when Q is convex [57].

In case w € K(L?(Q)), (5.3.29) with y,, = w ensures that w, — w in L?(Q)). In conjunction with
the regularity and the feasibility of w, = T,(w) described above, we have then established (i) and
(ii) for X(Q) = L*(Q)). Secondly, note that if w € K(H(Q))), then w, — w in H}(Q) by (5.3.32)
with i, = w and as seen above, w, € K(H}(Q))). This, together with the regularity of w, = T, (w)
established above proves in turn (i) and (ii) for X(Q) = H}(Q).

It is left to argue for (iii) and (iv) as follows. If a;;, b;,c € C"1(Q) for1 <i,j < N and 9Q is
Lipschitz, then for each n € IN, the operator T, has the following increasing regularity properties
(see [48]),

w € HE (Q) = T,(w) € HE2(Q)NH{(Q), 0<k<m;

loc loc

and if a;;, bj, c € C"(Q) for 1 < i,j < N and 9Q) is of class C"*2, for each n € N,
w € H'(Q) = T,(w) € H*2(Q)NH(QY), 0<k<m.

Finally, this proves (iii) given that w! € H/"*(Q) N H{(Q), w" € K(H{(Q)), and v — w as
n — oo in L?(Q)) or H} (Q)) depending on the regularity of w, cf. (5.3.33) and (5.3.34). The analogous
reasoning applies to (iv). O

Let us briefly comment on the relation to the preceding density result from Theorem 5.22.
First, note that we do not require the obstacle to be bounded away from zero as in the previous
paragraphs. Moreover, a classical result by Trudinger [122, Cor. 5.3] for the case without lower
order terms (b; = 0,c¢ = 0), states that any weak supersolution in the sense of (5.3.26) is upper
semicontinuous. For this reason, the class of obstacles considered in Theorem 5.24 differs from the
one of Theorem 5.22. On the other hand, the maximum principle implies that any weak subsolution
is nonpositive on ) (provided it vanishes on an open portion of the boundary) which is why this
type of obstacles is irrelevant for the investigation of density properties.
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6 Applications

6.1 Finite Elements

In this section we want to show how the density results (5.2.3) and (5.2.4) can be used to derive
the Mosco-convergence of certain discretized versions K, of K(X(Q))) associated with standard
finite element spaces suitable for an approximation of X(Q). The very general concept of Mosco-
convergence is typically useful for investigating the stability of variational inequality problems
that involve convex constraint sets, e.g, those of the type K(X(Q)), with regard to a suitable
class of perturbations. In this context, the discretization of K(X(Q2)) can be seen as a special
type of perturbation. Applications are manifold and comprise, for instance, the discretization of
variational problems in mechanics, such as in elasto-plasticity with hardening (Section 9.3), or in
image restoration, with regard to the predual problem of total variation regularization (Section 6.2).

6.1.1 On the significance of Mosco-convergence

For the sake of convenience, we repeat at this point the notion of Mosco-convergence from
Definition 5.20.

Definition 6.1 (Mosco-convergence). Let X be a reflexive Banach space and (K,) a sequence of
closed convex subsets with K;, C X. Then (K,) is said to Mosco-converge to the set K C X, if and
only if,

KDo{veX:(3(v) CX:v €Ky VkEN, v =)}, (M1)
Kc{veX:(3(vy) X, IngeN:v, € K, ¥n > ng,v, —0)} (M2)

Here, (K,,) denotes an arbitrary subsequence of (K, ). Note that if (K, ) converges to K in the
sense of Mosco then K is necessarily closed and convex, too.

Remark 6.2. In some textbooks on finite-dimensional approximations of variational inequalities,
cf. e.g. [53, 61], condition (M2) is replaced by the following criterion:

There exists a dense subset K C K and an operator r,, : K — X, (M2
such that for all v € K it holds that r,v — v in X and there exists ny = no(v) € IN :
r.v € K,, for all n > ny.

It is easy to show that (M2) implies (M2). In fact, let v € K and denote by 71k, v its (not necessarily
uniquely determined) projection onto K. By density, for e > 0, there exists v* € K such that
|o* —v|| < e. Thus it holds that

[0 =7k, 0ll = inf flo—0"|| < [lo—rof|| < e+ 0" —ry0f|
ek,

for sufficiently large n such that lim, .« ||v — 71k, v|| < € where € was arbitrary.

Condition (M2’) turns out to be convenient especially in the context of finite-dimensional
approximations, where 7, is given by suitable interpolation operators which are only well-defined
on a dense subset of X(()) giving rise to sets K which consist of sufficiently smooth functions in
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K such as K(C(Q)?) or K(C®(Q)?). In this respect, this is precisely the point where the density
results of Chapter 5 are required.

For the significance of Mosco-convergence in the context of convex constrained optimization
and variational inequality problems we refer to the various examples and statements in Chapter 4.
For instance, in the case of variational inequalities, it suffices to consider the situation of Theo-
rem 3.1 with j, := ik, to argue that the Mosco-convergence of (K, ) implies the consistency of the
discretization scheme. Moreover, each discretized problem is uniquely solvable by the properties
of K,. For an even sharper result, we mention the following well-known result from [103, p.99],
which is a special case of the general results in [95] and allows for perturbations in the monotone
operator A as well as the linear functional /.

Theorem 6.3. Let X be a real Hilbert space and K,, C X nonempty, closed and convex subsets. Assume
Ay Ky — X to be uniformly Lipschitz and strongly monotone operators that fulfill

A0, = Av inV*

for all (v,) C X with v, — vand v, € K, forall n € N. Further assume that (I,) C X* with (I,)
converging to | in X* and that (K,,) converges to K in X in the sense of Mosco; cf. (M1),(M2). Then the
sequence of unique solutions (u,) of the problems

findu, € Ky : (Anttn, 0 — tty) > Iy, 0y — uy), Vv, €Ky,
converges strongly to the solution u of the limit problem
findu e K:  (Au,v—u) > (L,v—u), VYoveKk. (6.1.1)

In the following, the perturbation is assumed to be originating from a finite-dimen-sional
approximation K, = Kj,, of the set K(X(Q})) in the framework of classical finite element methods
where the parameter 7 is associated with a sequence of mesh sizes (h,) tending to zero. In this
context, Mosco-convergence requires that each element of the set K(X(Q2)) can be approximated
by discrete feasible elements. Under this condition, Theorem 6.3 ensures that the solutions to the
discrete problems converge to the solution of the original infinite-dimensional problem irrespective
of the regularity of the data or the obstacle defining K(X(Q})).

In this sense, Mosco-convergence is a powerful tool whenever the discrete spaces are fixed a
priori, i.e., irrespective of the data or the solution of the specific problem. The resulting sequence
of finite-dimensional problems can be understood as an approximation of any problem in a given
problem class. This applies, for example, to classical finite element methods.

In contrast, adaptive finite element methods intend to design the sets K}, in order to approximate
the solution of a specific problem. In fact, the sets Kj, (and thus the discrete problems) are succes-
sively determined during the course of the adaptive algorithm and their definition builds upon
information on the preceding solution u,_; and the specific data. In the case of elliptic variational
inequalities, this is justified by Falk’s a priori estimate [49], which shows that in order to prove
convergence, it is sufficient to tailor the sets K}, in dependence on the original variational inequality
for specific data, e.g., A and [/ in the context of problem (6.1.1). In practice, this is achieved by
using a posteriori error estimators that consecutively exploit information from discrete solutions.
In this way, adaptive methods aim at a reduction of the discretization error whilst enlarging the
dimension of the discrete space as economically as possible. However, rigorous convergence proofs
with regard to adaptive discretizations of variational inequalities are restricted to special cases and
usually rely on rather strong assumptions. For instance, in the case of the obstacle problem with a
piecewise affine obstacle, we mention the article [111]. Moreover, density results may still be useful
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in the convergence analysis of adaptive schemes which require interpolation operators, cf. [110].

6.1.2 Finite Element discretized convex sets

In this section we assume that () C RY is polyhedral. Together with (), a sequence of geometrically
conformal affine simplicial meshes (7});~o of Q) with mesh size

h:=maxdiam T
TeT,

is assumed to be given, see [47]. In analogy to the case N = 2 we refer to each 7, as a triangulation.
The N-dimensional Lebesgue measure of an element T € 7}, is denoted by A(T). We also admit
the standard assumption that the sequence (7)) is shape-regular, i.e.,

J¢>0: dia;‘;(” <c VTET,Vh, (6.1.2)
where diam(T) = max,er |x — y| denotes the diameter of T and pr designates the diameter of
the largest ball that is contained in T. We further write x7 for the (barycentric) midpoint of an
element T, and M), = {x7 : T € T}, N}, and &, for the set of element midpoints, triangulation
nodes and faces with respect to 7, respectively. By abuse of notation, we write | M},| and || for
the cardinality of the respective set. Let xr : (2 — R designate the characteristic function of T with
respect to (), that is,

xr(x)=0Vx¢T, xr(x)=1VxeT.

We further make use of the standard H!(Q)-conformal finite element space of globally continuous
piecewise affine functions associated to 7, denoted by

Pl,h(Q) = {M S C(ﬁ) : M|T elP, VT € 77,}

Here, IP; denotes the space of polynomials of degree less than or equal one. Together with the
finite-dimensional subspace P, ,(Q)) and its standard nodal basis {¢, : x € N}, } we consider the
global interpolation operator

I : C(Q) = Piu(Q), L= u(x)gs. (6.1.3)
xeN;,

We note that I, is only defined on a dense subspace of H!(Q)). Suitable to the discretization of
variational problems in H(div; Q}), we also define the H(div; Q)-conforming space of Raviart-
Thomas finite elements of lowest order,

RT,(Q) = {w € L>(Q)N : w|r ERT VT € Tp,, [w-v]|[g =0 VE € §NQ}, (6.1.4)

where RT = {w € PY: 32 € RN, b € R: w(x) = a+ bx} and v denotes the unit outer normal
to T. To incorporate homogeneous Neumann boundary conditions, one uses the Hy(div, Q)-
conforming subspace

RTy,(Q)) := RT,(Q2) N Hy(div; Q).

The construction of suitable edge-based basis functions {¢r : E € &,} can be found in the
literature; cf.,e.g., [13]. As a result, the boundary condition in the definition of RTy((}) can be
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easily accounted for. The global Raviart-Thomas interpolation operator is given by

KW Q)N = RT(Q), N w:=)" (/w.vdHN—l) PE. (6.1.5)
E

E€&;,

We emphasize that the subsequent results may be extended to higher order elements. However,
higher order elements are typically useful when the solution to the variational problem (6.1.1)
associated with K displays a higher regularity, which in turn relies on higher regularity of the
data and the obstacle, which we do not want to assume. In the latter case, the concept of Mosco-
convergence is not binding to prove the convergence of the finite element method and a priori error
estimates with a rate can be derived; cf.,e.g., [23]. Further, even for simple variational inequality
problems such as the classical elasto-plastic torsion problem, there is a regularity limitation for the
solution regardless of the smoothness of the data; cf. [53].

Note also that the subsequently covered problems comprise situations where the discrete feasible
sets K}, are not necessarily nested and non-conforming in the sense that they are in general not
contained in the continuous feasible set K(X). In the following, ¢ denotes a positive constant which
may take different values on different occasions.

Continuous Obstacles

We first consider uniformly continuous upper bounds a.

Lemma 6.4 (Mosco-convergence, first condition). Let Q0 C RN be a polyhedral domain and assume
that & € C(Q) with a(x) > 0in Q. Let (wy,) be a sequence which fulfills for all h, wy, € Py, (Q)? and
|wy(x7)| < a(xr) forall T € Ty. If wy, — w for h — 0in L2(Q)? then it holds that |w| < a a.e. in Q).

Proof. Tt suffices to show that ix(w) = 0 where K := {w € L*(Q)? : |w| < a a.e.}. Moreover, it
holds that ix = j* where j* denotes the Fenchel conjugate

j (@)= sup {(v%,0)—j(0v)}

vel?2(Q)4

of the mapping j : L*(Q)? = R, j(v) := [, a|v|. dx, see Lemma 2.4. We recall that

[v*|, = sup 0" -v/|v|
0eR?\ {0}
denotes the dual norm of | . |. From the definition of j*, we obtain that ik (w) = 0 is equivalent to
(w,v) < / alvl, Voe L2(Q) (6.1.6)
o

By a density argument, it suffices to prove this result for all v € C.(Q)?. Denote by

Ky 1= Z a(xr)xr, U= Z v(xT)XT (6.1.7)

TeT, TeT,

the piecewise constant interpolants of « and v, respectively. The uniform continuity of « and v
implies a;, — a in L*(Q) and v, — v in L*(Q)%. By the weak convergence of wy, the strong
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convergence of &, and vj, as well as the midpoint quadrature rule, we obtain in the limit as & — 0,

/w vdx<—/wh vhdx—Z/wh vy, dx

TeT,

= Z )\ wh xT Uh|T dx (618)
TeT,

< Z a(xr) |og|T|s dx
TeT,

:/txh|vh|* dx—>/oc|v|* dax,
o) o)

which proves (6.1.6). O

Lemma 6.5. Let Q C RN be a polyhedral domain and assume that « € C(Q) with a(x) > 0in Q. Let
(wy) be a sequence which fulfills for all h, wy, € Py ,(Q) and |wy,(x)| < a(x) forall x € Ny. Ifwy, — w
for h — 0in L2(Q)? then it holds that |w| < a a.e. in Q.

Proof. The assertion follows by a slight modification of the proof of Lemma 6.4. Instead of the
piecewise constant interpolant we define a, as the piecewise affine interpolant of «, i.e., aj, := [a
which fulfills a(x) = (I;«)(x) for all x € A}, and &, — a strongly in L*(Q)). By (6.1.8) we obtain

/w vdx<—/wh vhdx—ZN-H Z w(X) - op|r dx

TET, XeN,NT
AMT
<N DN Jwn(x)] [onlrl
TET, XeN,NT
<> Y« loilrl
TET, XeN,NT

:/och|vh|* dx—)/oc|v|* dx.
0 o

Theorem 6.6. Let QO C RN be a polyhedral domain. Assume that « € C(Q) fulfills (5.2.2). Then the sets

O

Ky = {w € P ()" : |w(xr)| < a(xr) forall T € Ty} (6.1.9)
Mosco-converge for h — 0 to the set K(H'(Q)?) in H'(Q)“.

Proof. Since weak convergence in H!(Q)) implies weak convergence in L?(Q)), the preceding
Lemma 6.4 shows that (M1) is fulfilled. We now show (M2). To prove the assertion we may use a
strategy that is similar to the one in [53, Theorem 3.3] and requires (5.2.4). Note that Theorem 5.8
implies that the set

R:={pcC®(Q):|p(x)| < al(x) forall x € O} (6.1.10)

is dense in K(H'(Q)?) w.r.t. the H'(Q)?-norm. For the global interpolation operator I, defined in
(6.1.3) we have the classical estimate,

= Iyu|| o) < e ||ullwemiy  Yu € W*(Q). (6.1.11)
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Here, c denotes a constant independent of & on account of the shape-regularity of the triangulation
(6.1.2); cf. [47, p.61]. We set

Tyt K — Pllh(Q)d, TR 1= [I;,wl,. . .,Ihwd]

and it follows from [47, Corollary 1.109] that r,w — w as h — 0 in H(Q)? for all w € K. Applying
estimate (6.1.11) to the components of w € K and using the equivalence of norms on IRY, one
obtains that

e — ] || =y < ch?[[w]lwas(aye, (6.1.12)

for a suitable modification of c. This implies
[rnw(x)] < |[w(x)| + ch®||[w||peoiy VX € Q. (6.1.13)

Since any w € K is uniformly bounded away from a, it follows from (6.1.13) that there exists
hy = ho(w) such that r,w € Kj, Vh < hy, which implies (M2’). O

Corollary 6.7. Under the conditions of Theorem 6.6, the sets (Kj,) defined in (6.1.9) Mosco-converge for
h — 0 to the set K(L*(Q)%) in L2(Q)".

Proof. Again, Lemma 6.4 implies that (M1) holds true with X = L?(Q)“. For K defined in (6.1.10)
it holds that K is also dense in K(L?(Q)“) with respect to the L?(Q)%-norm, cf. (5.2.3). Thus, (M2")
follows analogously to the proof of Theorem 6.6. O

Corollary 6.8. Under the conditions of Theorem 6.6 the node-based discrete sets
Ky, = {wy, € PLu(Q) : Jwp(x)] < a(x) Vx € My}, (6.1.14)
Mosco-converge for h — 0 to K(H'(Q)%) in H' (Q)“.

Proof. The proof is analogous to the proof of Theorem 6.6, noticing that (6.1.13) also implies that,
for any w € K, it holds that r,w € Kj, Vh < ho(w) with (K},) according to the node-based definition
(6.1.14). O

Remark 6.9. In view of the corresponding density result for homogeneous Dirichlet boundary
conditions, cf. (5.2.3), the set P; ,(Q) in the definition of the discretized sets K}, in (6.1.9) and (6.1.14)
can be replaced by the space

Pil={ueC(Q):ulrePy YT €T, u(x) =0 Vx € Nj;NoQ}.

The resulting discrete sets K}, incorporate the zero boundary condition and the corresponding
results on Mosco-convergence for i — 0 remain valid replacing H'(Q)4 by Hj (Q)".

For the discretization of constraint sets in H(div; Q)) with the help of the Raviart-Thomas finite
element space (6.1.4), we state the following similar result.

Theorem 6.10. Let O C RN be a polyhedral domain. Assume a € C(Q) fulfills (5.2.2). Then the sets
Ky :={w € RTy;,(Q) : |w(xr)| < a(x7) VT € Ty}

Mosco-converge to K(Hy(div; Q)) in H(div; Q) and to K(L2(Q)N) in L>(Q)N as h — 0.
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Proof. Let wy, € K}, for all h. First observe that if (w;,) weakly converges to w in H(div; Q) then it
also weakly converges to w in L?(Q)"N and using Lemma 6.4 one concludes that |w| < « a.e in Q.
The continuity of the normal trace mapping

H(div; Q) 3 w = (wv, v) (g-12(00),112(000)) € R

for fixed v € H'(Q) implies wv = 0 in H/2(dQ)) and we conclude that w € K(Hy(div;Q))
whence it follows that (M1) is satisfied. Secondly, note that K(C*(Q)N) is dense in K(Hy(div;Q))
with respect to the H(div; (})-norm, cf. (5.2.3). This entails that also

K:={weCCON:|wx)| <alx) VxeQ}

is dense in K(Hy(div; 2)).
For the global Raviart-Thomas interpolation operator defined in (6.1.5), the following interpola-
tion error estimate holds true, cf. [47, Corollary 1.115]:

= I¥Tul| oy + [ divu — div I | () < chlu]|wrs o (6.1.15)

for all u € W>®(Q)N. Setting r,w := I{w for any w € K and taking account of the fact that
IRy — win H(div; Q) for all w € K, we may proceed analogously to the proof of Theorem 6.6 to
verify (M2’): Indeed, from the estimate (6.1.15) one deduces that r,w — w in H(div; Q)) and

Irmw(x)| < Jw(x)| + chl[ul|wie@y, Vxe Q.

As a result, the definition of K implies that there exists hy = ho(w) such that r,w € K, for all i < hy,.
Consequently, (M2’) is fulfilled. O

The preceding approaches can also be applied to derive corresponding statements for constraint
sets involving partial derivatives. To begin with, we consider the gradient-constraint sets

Ky(X(Q)) ={w e X(Q) : |[Vw| < aae. inQ},
for X(Q) € HY(Q)".
Theorem 6.11. Let Q) C RN be a polyhedral domain and assume that & € C(Q) satisfies (5.2.2). Define
Ky == {w € P} Q)" : |Vw|r| < a(xr) VT € Ty} (6.1.16)

Then the sets (K;,) Mosco-converge to Ky (H}(Q)?) in HY(Q)%.

Proof. To prove (M1) it suffices to notice that if w;, — w in H}(Q)? then Vw, — Vw in L2(Q)N*,
Similar to the proof of Lemma 6.4, one obtains for v € C.(Q)N*“ that

/Vw:vdx(—/th:deg/ |Vwy||v] dxg/och|v|* dx—)/uc\v|* dx,
0 o o) o) 0

using wy, from (6.1.7). Therefore, (6.1.6) holds with Vw in place of w and (M1) is verified.
To prove (M2’) we consider again the global interpolation operator I, from (6.1.3). The standard
estimate
||VM - VlhuHLoo(Q)N < Ch”u”wz,oo(()) Yue WZ’OO(Q),

holds true, see e.g. [47, Corollary 1.109]. Note also that Ky (C®(Q)“) is dense in Ky (H3(Q)?) for
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the H} (Q)?-norm [69, Theorem 4]. Thus,
R:={we C(Q): |Vw(x)| <a(x) VYxeQ}

is also dense in Ky (H!(Q)“). Therefore one may argue as in the proof of Theorem 6.6 to deduce
(M2)). 0

We now consider constraints with respect to the divergence. For X(Q)) C H(div; Q) let
Kaiv(X(Q)) :={w € X(Q) : |divw| < a a.e. in O}. (6.1.17)
Theorem 6.12. Let QO C RN be a polyhedral domain. Assume that « € C(Q) fulfills (5.2.2). Then the sets
Ky :={w € RTy,(Q) : |divw|r| < a(xy) VTeE T}
Mosco-converge in Hy(div; Q)) to the set Kgiy (Ho(div; Q)) as h — 0.

Proof. Taking account of the fact that w;, — w in H(div; Q)), w;, € Kj, implies divw;, — divw in
L*(Q)), (M1) follows analogously to the corresponding part of the proof of Theorem 6.11. Since
Kgiv (C2(Q)N) is dense in Kgiy (Ho(div; Q) [69, Theorem 4], the set

R:={we C®()": |divw(x)| < a(x) Vx € Q}
is also dense in Ky, (Ho(div;Q))). Setting r, = IKT
H(div; )) and

, the estimate (6.1.15) implies r,w — w in

H divw — div rhw||Loa(Q) S ch||w||wz,m(0)w

for all w in K. In particular, one may argue as in the proof of Theorem 6.6 to verify (M2’). O

Discontinuous Obstacles

For general discontinuous upper bounds, a point-based discretization is obviously not possible.
As a remedy, the construction of the discrete sets K}, typically involves some kind of averaging
process. For this purpose we define the integral mean

][Ttxdx = /Tocdx//\(T).

The practical computation of this integral depends on the type of discontinuity a exhibits on
T. Theorem 5.14 shows that the density results (5.2.3) and (5.2.4) for continuous &, as the main
ingredient to prove the consistency of the finite element approximation, may fail to hold true.
However, the results from Chapter 5 indicate that the density property is still guaranteed for a
large class of discontinuous obstacles. To maintain the greatest level of generality, we assume that
the nonnegative measurable function a : () — R U {400} allows for the density property

ey Y Z k). (61.18)

Here, we focus on the consistency in the L*-topology but an extension to the other cases is possible

by appropriately modifying assumption (6.1.18). We stress the fact that the assumption is fulfilled
in relevant situations, cf. e.g., Corollary 5.18.
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Lemma 6.13. Let Q) C RN be a polyhedral domain and a € L*(Q) with a(x) > 0 a.e. in Q. Let (wy,) be
a sequence which fulfills for all h, wy € (Py,(Q))* and |wy,(x7)| < fra dx forall T € Ty. If wy, — w for
h — 0in L2(Q)? then it holds that |w| < a a.e. in Q.

Proof. The assertion follows analogously to the proof of Lemma 6.4 by a slight modification of the
definition of &, Instead of the piecewise constant interpolant we consider the piecewise constant
quasi-interpolant a; := Y. x7 fy & dx. Observe that (a;) converges strongly to a in L*(Q2),
which is sufficient to retrace the proof of Lemma 6.4. O

Theorem 6.14. Assume that the upper bound « € L*(Q) fulfills (5.2.2) and (6.1.18). Then the sets
Ky = {w € Puy(Q) : [w(xr)| < ][a dx VT €T}
T

Mosco-converge for h — 0 to the set K(L2(Q)?) in L>(Q)“.
Proof. We only need to prove (M2’) since Lemma 6.13 implies (M1). First note that assumption

(6.1.18) implies that K(C®(Q)%) is also dense in K(L2(Q)?): In fact, for any fixed w € K(C(Q)),
one may use the obstacle

A

a(x) = max(|w(x) |,e§(s€i(§1f¢x(x))

in (5.2.3), and noting that &(x) < a(x) a.e. in (), the assertion readily follows. Secondly, we define
the set

K:={weC®()*: 35 =6(w) > 0such that |w(x)| < a(x) —Ja.e. in Q},
and note that K is dense in K(L?(Q)“) by (6.1.18) and (5.3.10). Furthermore, we set
ryw = [Ihwl, ey Ihwd]

for w € K and I, as above. Integrating estimate (6.1.13) yields
\][Trhw dx| < ][T jw(x)] dx + chP||wllyemiay YT € Th

Let w € K be fixed. Since r,w is affine on each T € T}, an application of the midpoint rule shows
[rw(xr)| < ]6 [w(x)| dx + ch?||w||pew(qy forall T € Ty,

which implies
[rw(xr)| < ][tx dx — 8(w) 4 ch?||w|wes(e VT € T (6.1.19)
T
This implies r,w € K}, for all w € K and h < hy(w). By (6.1.11) it holds that r,w — w in L*(Q)“ for

h — 0 which proves (M2’).
O

6.2 Image Restoration

A popular mathematical model to retrieve a “good” approximation u of a true image from blurred
or noisy data whilst preserving edges in the original image is defined by the problem of total
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variation (TV) regularization. This model has been introduced in [105]. For given data f € L?(Q))
on a Lipschitz domain Q) C R? and a fixed blurring operator K € £(L?*((})), the problem reads as
follows.

Problem (TV-P).
inf  3||Ku — fll72q —1—/ a d|Du|,  overu € BV(Q),
o)

for fixed r with 1 < r < oo,

In the standard model, & > 0 is a fixed parameter, such that

/ & d|Dul, = &|Dul,(Q),
Q

where |Du|, € M (Q) is the total variation of the (vector-valued) finite measure Du € M(Q);R?)
with respect to the r-norm on IR?. The space M (Q)) consists of all (nonnegative) finite measures
on (). For a detailed definition of these spaces we refer to Section 1.2. Moreover, from the vectorial
version (1.2.8) of the Riesz-Alexandrov Theorem, one obtains the dual characterization of the total
variation, i.e.,

2
Il (Q) = sup{Z/Q(pi du; : ¢ € Co(OG;R?), |o(x)]» < Tae. inQ},
i=1
(6.2.1)

for all u € M(Q;R?), where
1=141.

In order to guarantee existence and uniqueness of a solution to (TV-P) one may assume that
B := K*K is invertible, otherwise an additional strictly convex and coercive term is needed. This
model is well understood and efficient solvers are available, see, for instance, [30, 73].

Only recently, also heterogeneous (distributed) regularizations have gained interest. Here, the
assumption that « is constant is dropped, and instead, it is assumed that « = a(x) is a nonnegative
function on (. From now on we consider the case of a uniformly continuous regularization
parameter. For a € C(Q)), & > 0, the integral

/ w d|Dul, = |aDul,(Q) 62.2)
O

has to be understood as the integral of & with respect to the total variation |Du|,. If, additionally,
« is bounded away from zero, then there exists a unique solution to (TV-P). From an application
point of view, the distributed TV-regularization is preferable in many respects [70]. However, as in
the case for a constant parameter «, the variational formulation (TV-P) poses major difficulties for
numerical algorithms for being nonsmooth and posed in a nonreflexive Banach space. Instead, one
may consider the following problem.

Problem (TV-D).

min  g[|divp +K'fl[F = 3l|fll{2q)  over p € Ho(div),
s.t. |p(x)]y < a(x)ae. in (),

76



6.2 Image Restoration

where ||lul|3 := (u, B~u)2(q) for u € L*(Q)).

With the help of the results from Section 5.2 it can be shown that problem (TV-D) is the (pre)dual
problem of (TV-P); cf. [65] for the case of a constant a.

Theorem 6.15. Let v € C(Q)) be a positive function, i.e., (5.2.2) is assumed to hold. Then (TV-D) is a
Fenchel predual problem of (TV-P) and no duality gap occurs.

Proof. Define F : Hy(div; Q) = RU {+o0} and G : L*(Q)) — R by

F(p) = ixra@ivie. ) (P), - G() = 3llu+ K flIF = 31 fllf2q)
for
K(X(Q);]. 1) == {p € X(Q) : [p(x)]y < a(x)ae. inQ}, X(Q) C LE(Q)

Further observe that (TV-D) can be equivalently written as

min F(p) + G(div p) over p € Hy(div; Q). (6.2.3)
The dual problem to (6.2.3) is given by

inf F*(—diviu)+G*(u) overue L*(Q),

and the constraint qualification (2.2.3) is fulfilled such that there is no duality gap. The Fenchel
conjugate G* of G can be computed in a straightforward way and one obtains

G* () = (1, Bu) iz — (1, K" Pz + S f Py = HIKu = flBeey,  (624)
such that it suffices to determine F*(— div* u) for u € L?(Q)). Two cases are distinguished.

(i) u € BV(Q): From the density of K(C}(Q;R?);|. |) in K(Ho(div;Q);|. |~) according to
Theorem 5.7, one deduces that

Fr(—div'u) = sup  (u,—divp)
pEK(Ho(div;Q);] - |,1)

= sup (Du, p) (Co(O4R2)*,Co(QUR2))
PEK(C ()] 1)

= sup  (Du, “p>(Cg(Q;IR2)*,C0(Q;]R2))/
peCH(Q)?,
[p(x)]y<1inQ

where the last equality follows from (5.2.2). Using the dual characterization (6.2.1) of |Du/,
as well as (6.2.2), one obtains

Fr(=diviu) = sup  (Du,ap)come) coomre)) = |[aDul, = / a d|Duly.
peCy(Q)?, 0
[p(x)],<1in Q
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(ii) u € L2(Q) \ BV(Q): With the above density argument, one obtains with & := infyeq a(x),

F*(—diviu) = sup  (Du, p)(cy(uR2)",Co(UR?))
peK(CH)4] . 1)
> sup  (Du, p)cyore),co(R?)) = +09,
peCy(Q)?,
[p(x)|y<ainQ

as Du ¢ M(Q; IRz). Together with (6.2.4), one obtains problem (TV-P) as a Fenchel dual
problem to (TV-D).

O

From a numerical point view, problem (TV-D) is more favorable than the original formulation
in BV (Q) in that it features a quadratic objective functional subject to pointwise constraints on
the function value. Most importantly, the unique solution to (TV-P) can be retrieved from any
solution of the (pre)dual problem (TV-D) using primal-dual optimality conditions. In addition, an
efficient semismooth Newton solver for the (pre)dual problem is available. For details we refer to
[65, 73, 70].

As for a novel numerical procedure to approximate the predual problem posed in Hy(div; Q2), it
may prove worthwhile to discretize (TV-D) using the well known Raviart-Thomas finite element
space. To set the stage for this ansatz, assume for simplicity that (2 is polygonal. Upon establishing
a sequence of geometrically conformal (see [47]) and shape-regular (see (6.1.2)) triangulations
(Tn) of Q induced by a sequence of mesh widths & = (h,) , one obtains the following discretized
problems.

Problem (TV-D,).

min  [|divp+ K fl[F = 3llfl2)  over p € RTou(Q),
s.t. lp(xr)|y <a(xr) VYTET,.

Observe that the pointwise constraints are realized on the midpoints of the triangulation. Note
that in contrast to the node values, the midpoint values are well-defined for Raviart-Thomas
functions. Using the results from Section 6.1 on the Mosco-convergence of discretized convex sets
(Theorem 6.10), one concludes that the (discrete) solutions p;, converge weakly in Hy(div; Q2) to
a solution of problem (TV-D) as i — 0. Many interesting questions regarding problem (TV-Dy,)
remain to be investigated. This primarily concerns the effect of the discretization on the primal
problem and its implication for the application to image restoration as well as the realization of the
midpoint constraints within an efficient solver for (TV-Dj,).
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Part 1l

An Infinite-Dimensional Semismooth Newton Solver
for Elasto-Plastic Contact Problems
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7 Quasi-Static Hardening Plasticity and Contact Condition

7.1 Introduction

In this part we consider the quasi-static elasto-plasticity model with an associative flow law
(sometimes called Prandtl-Reuss normality law) and von Mises hardening under the small strain
assumption set forth in [61]. First investigations of the elasto-plastic problem from a mathemat-
ical point of view can be found in [44, 79], where [79] includes an existence result for the fully
continuous case which extends the corresponding result in the absence of hardening from [78].
The numerical analysis of semi-discrete and fully-discrete versions can be found, for example,
in [2, 60]. Appropriate discretization schemes for plasticity problems with hardening have been
investigated extensively in the recent past. Here we only mention [3, 27, 26, 108] for adaptive finite
element methods. Numerical solution methods comprise the multigrid approach in [123], various
generalized Newton methods in finite dimensions [32, 58, 107, 123, 125], including the standard
return mapping algorithm in [112] as well as interior point strategies, cf. e.g. [85].

A general introduction to elastic contact problems including corresponding numerical ap-
proaches can be found in the monographs [76, 98], and multigrid methods for elastic contact are
analyzed, e.g., in [83] and [84, 86], where the latter references are devoted to two-body contact.
For the treatment of elastic friction problems we refer to [34, 86] as well as to the efficient active
set algorithm proposed in [77]. Subspace correction methods for variational inequalities of the
second kind with application to frictional contact have been investigated in [12]. In [32, 59] plastic
material behavior is incorporated in addition to the contact constraints. In the latter references
the elasto-plastic friction problem is reformulated utilizing a nonlinear complementarity problem
(NCP) function yielding a nonsmooth system which can be solved efficiently by applying a gener-
alized Newton method in a discrete framework provided a set of damping parameters is chosen
appropriately.

While some attention has been paid to infinite-dimensional methods in linear elasticity with
(frictional) contact [87, 115], elasto-plastic problems are still less researched. Among the few
available references we mention [24] for domain decomposition methods leading to a linear rate of
convergence.

In the following sections, we introduce the model of elasto-plastic contact and the properties of
the appropriate (primal) weak formulation are reviewed based on the monograph [61]. In Chapter 8,
the corresponding time-incremental problem in terms of the displacement and the plastic strain is
discussed. The resulting problem may be further reduced to a problem in the displacement only
[58]. While the resulting optimality conditions are semismooth in the discrete setting, the approach
turns out to be problematic as far as function space convergence is concerned. In fact, due to the
lack of a sufficient norm gap between domain and image space of the mapping involved in the
underlying nonsmooth system in the displacement variable, generalized differentiability in the
sense of Section 2.3 does not hold true. The resulting lack of a well-defined infinite-dimensional
generalized Newton iteration usually results in a mesh-dependent solver.

As an alternative, we consider a specific Fenchel dual problem in terms of two stress-related
variables. Being equivalent to a variational inequality problem of the first kind, the dual problem
turns out to be structurally simpler as the original problem, which is a variational inequality of the
mixed (i.e. first and second) kind.

In Chapter 9, we introduce a suitable regularization which consists of a combination of the
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Moreau-Yosida- and the Tikhonov regularization. This allows to deal with the constraints of the
dual problem while achieving the necessary norm gap requirement for the application of the
semismooth Newton method by an appropriate choice of the Tikhonov regularization space. With
the help of the results from Part I, the regularization is shown to converge to the original problem
under certain density requirements involving the intersection of the convex constraint set with the
regularization space. In this regard, we may further exploit the results from Part II to verify that
these density properties are indeed fulfilled in relevant cases.

In contrast to the original problem, the regularized problems from Section 9.1 can be solved by
the SSN method in infinite dimensions and the convergence of the resulting solver is studied; cf.
Section 9.2. It should be emphasized that the entire convergence analysis is valid in, both, the two-
and three-dimensional case. In the last section, the infinite-dimensional setting is left and a simple
conforming finite element discretization is proposed. We further derive the discrete version of the
solver and the original problem is approximated by a path-following strategy with respect to the
regularization parameters. To verify the theoretical properties of the solver, we present numerical
results for three elasto-plastic contact problems in 2D which support the theoretical results of this
work.

7.2 Quasi-Static Plasticity with Hardening

In elasto-plasticity one models the behavior of an elasto-plastic material subject to a given loading
procedure in a time interval [0, T]. Adopting the point of view of continuum mechanics, the
specimen is represented by a bounded domain Q) C RN, N = 2,3, whose boundary smoothness
will be specified in the forthcoming sections. For mathematical purposes, it will be assumed that
the body adheres to a fixed part I'y C dQ2 with a positive surface measure in order to ensure that
the associated bilinear forms are elliptic. On the complement ¥ = 9Q \ [, a given surface load
represented by the density ¢ = g(t, x) is applied. A given volume force density is denoted by
f = f(t,x). The quantities of interest in this respect are the displacement u = u(t, x) € RV, the
plastic strain p = p(t,x) € M})*Y, the mechanical stress ¢ = o(t,x) € MN*N, internal variables
¢ = ¢(t,x) € R™ and stress-conjugate forces x = x(t, x), which together model the evolution of
the given material. The variables x and ¢ are related by a given material-dependent hardening
modulus H through ¢ = —IHy. The fundamental difference to an elastic material is based on the
fact that plastic behavior is irreversible, i.e., if the load is removed, the material will in general not
return to its original state. In contrast to elasticity, the set of admissible stresses at each material
point is constraint to lie in a certain closed, convex and nonempty subset of K which depends on
the internal variables. The boundary JK is referred to as the yield surface. The admissible set

K = {[o,x] € MN*N xR™ : ¢(c, x) <0}

is determined by a yield function ¢ : MN*N x R™ — R U {400} which is assumed to be non-
differentiable, proper, 1.s.c. and convex [60]. We will further consider an associative flow rule, i.e.,
the generalized plastic strain rate [p, {] lies in the normal cone to the yield surface;

[p(t,x),&(t,x)] € Nk(o(t, x), x(t,x)),
where

p, &) € MN*N x R™

Nk (o, x) = {[
pi(@—0)+& (F—x) <0 V5,7 € K} (7.2.1)
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This implies that plastic straining can only occur if [p, ¢ lies on the yield surface. It is also assumed
that the yield criterion is homogeneous, i.e., K does not depend on the material point. Furthermore,
we only consider the quasi-static case which means that inertial forces are assumed to be negligible.
Consequently, in the balance of linear momentum,

pii = Divo + f,
the term pii is omitted and one is left with the equilibrium condition
—Dive = f.

We will further make use of the small strain assumption in that the total strain is reasonably well
approximated by the symmetric part of the displacement gradient,

e(u) = H(Vu+vu'),

and Hooke’s law from elasticity is additively supplemented by the quantity p which accounts for
the inelastic part of the strain such that

e(u) =Clo+p.

In this context,
C(x) € RNVNNAN €y € L™(Q)), (7.2.2)

denotes the fourth-order elasticity tensor which is assumed to be symmetric, i.e. Cijxy = Ciij = Cjin
and pointwise stable, i.e., Jx; > 0 with

C(x)o:0>xilol? VoeMN*Nandae x€Q,

where A: B =37, ; yaj-bjfor A, B € RV*N. Analogous properties are supposed to be fulfilled
by the hardening modulus H(x) € R™*": H;;(x) € L®(Q), and Jx, > 0 with

H(x)&-& > x|¢3} VE€R"andae. x € Q.

The above relations are complemented by appropriate initial value conditions. For a linear
hardening law and a given proper, 1.s.c. and convex yield function ¢, the following set of conditions
in strong form models quasi-static elasto-plastic evolution.

Problem 7.1. Given f = f(t,x) and g = g(t,x) with f(0,x) = 0in Q and g(0,x) = 0 on %, find
[u,p,0, 8] = [u,p, 0, &) (t, x) with

[u,p,0,8(0,x) =0 inQ,
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7 Quasi-Static Hardening Plasticity and Contact Condition

such that
u(t,x) =0 onTy, (7.2.3)
ov(t,x) =g(t,x) onk, (7.2.4)
—Divo(t,x) = f(t,x) inQ, (7.2.5)
e(u)(t,x) =C Y (x)o(t,x) +p(t,x) inQ, (7.2.6)
[o(t,x), —H(x)¢(t,x)] e K inQ, (7.2.7)
[p(t,x),E(t,x)] € Nx(o(t x), —H(x)E(t,x)) inQ, (7.2.8)

and for t € [0, T).

Here, N denotes the normal cone to the convex set K defined in (7.2.1).

7.3 Contact Condition

Often, the displacement of the body is restricted by a given rigid obstacle giving rise to an elasto-
plastic contact problem. Therefore we fix a set I'. C X which potentially contains the contact region
with the obstacle. The actual contact zone is a priori unknown. To measure the gap between the
initial configuration () and the obstacle we use a given function i = ¢(x), 1 > 0, defined on T,
which does not vary in time; see [98]. We further assume that friction effects are negligible such
that the tangential component of the normal stress vanishes on I', i.e.,

(cv)r=0 onl,, ov=(ov),v+ (ov)r, (7.3.1)

where (0v), = ov - v. The contact constraint is simply incorporated by a kinematic non-penetration
condition on the normal component of the displacement u:

u-v=:u, <yponl,. (7.3.2)
Concerning the splitting of the boundary we further assume
oN=T.ULuTl, TI.NT1nNT=0Q, (7.3.3)

where I'y is the boundary portion subject to a surface force. By (7.3.3) and (7.3.1) it follows that the
normal stress cv on I'; can only be nonzero on the actual contact zone. Moreover, as the obstacle
itself is assumed to be rigid, the normal component of the stress field on I is always nonpositive
which results in the following complementarity conditions of contact

(ov)y <0, u, <9y, (ov)y(uy—9¢)=0 onT.. (7.3.4)

Combining the frictionless obstacle problem with the plastic evolution of Section 7.2, one finally
arrives at the following set of conditions.

Problem 7.2. Given f = f(t,x) and g = g(t,x) with f(0,x) = 0in Q and ¢(0,x) = 0 on %, find
[u,p,0,8] = [u,p,0,¢)(t,x), with

(u,p,0,8](0,x) =0 inQ,
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such that
u(t,x) =0 onTy, (7.3.5)
ov(t,x) =g(t,x) onTy,

—Divo(t,x) = f(t,x) inQ, (7.3.6)
e(u)(t,x) =C Y (x)o(t,x) +p(t,x) inQ, (7.3.7)
[o(t,x), —H(x)i(t,x)] e K inQ, (7.3.8)
[p(t,x),E(t,x)] € Nx(o(t,x), —H(x)&(t,x)) inQ, (7.3.9)
(ov)T=0 onT,, (7.3.10)
(ov)y <0, u, <y, (ov)y(uy—9p)=0 onT.. (7.3.11)

fort €0, T].

Note that (7.3.7)-(7.3.9) determine the plasticity behavior and (7.3.11) represents the complemen-
tarity conditions of contact; for details cf. [61, 98].

7.4 Function Space Setting and Variational Formulation

7.4.1 Elasto-plasticity

Appropriate variational formulations for Problem 7.1 together with the existence theory can for
example be found [60, 78] or [61, Chapter 7,8]. Our notation is loosely based on the latter reference.
First of all, we assume that () is a bounded domain with Lipschitz boundary 0(}, cf. Definition 1.1,
and I’y is a nonempty open subset of d(). To reformulate the problem of quasi-static plasticity we
define the Hilbert spaces

V= [Hir, (GRY)], Q= [L2(Q;MNN)],

suitable for the displacement u and the stress o, respectively. Note that the space V is the vector-
valued version of the space of H!(Q)-functions with trace vanishing on Ty, cf. (1.2.6). These spaces
are endowed with the standard scalar products. In order to mirror the plastic incompressibility
condition, p is required to be an element of the closed subspace Qy of Q defined by

Qo:={q€Q:tr(gq) =0ae. inQ},

which inherits the scalar product of Q. To derive the so-called primal variational formulation for
Problem 7.1, (7.3.7) is used to eliminate ¢ and the standard weak form of (7.3.5)-(7.3.7) is given by

e'C(e(u) —p) =1 in V", (7.4.1)

wheree € L(V,Q) and | = I(t) is given by

1(i) ::/fﬁ dx+/gﬁ dHN,
QO M

with f = f(t) € L?(Q) and g = g(t) € L?(X). Concerning the variational formulation of the flow
law (7.3.9) we recall the following abstract statement which is based on standard arguments from
convex analysis. For the sake of coherence, we will sketch the short proof.

85



7 Quasi-Static Hardening Plasticity and Contact Condition

Lemma 7.3. Letd € N, Q C RN open and w(x), w*(x) € L2(Q)%. Let j : RY — R U {+o00} be proper,
convex and l.s.c.. Then the following assertions are equivalent:

(i) w*(x) € dj(w(x)) forae x € QL
(ii) It holds that w* € dG(w), where G : L2(Q)* — R U {+o0} is defined by

G(w) = /Q i(w(x) dx.

Proof. Assertion (i) is equivalent to
J(w(x)) +j(w(x)) —w*(x) -w(x) =0, fora.e. xinQ.
This is equivalent to
/Q 7 (w0 () + j(w(x)) — " (x) - w(x) dx =0, (7.42)

as the integrand is always nonnegative. Since j is 1.s.c., it is also a Borel function and thus a normal
integrand. By [46, Prop. IX.2.1], it holds that

G*(w*):/nj*(w*(x))dx, V' e 2(Q)".

Hence, (7.4.2) is precisely assertion (ii). O

Applying assertion (ii) of Lemma 7.3 to the dual variant of (7.3.9) together with (7.4.1) leads to
the coupled formulation

eCle(u) —p) =1 inV*, (7.4.3)
/Qif[z(ﬁ,é) dx > / ix(p,¢) + Cle(u) —p) = (p—p) —HE - (§ — ) dx
Y [p, €] € Qo x L*(Q)™. (7.4.4)
Using the notation
a1([u, p, €1, [, ,¢]) = (C(e(u) — p), (e(@) — p))g + (HE, )12y,
D(p.8)= [ ik(p,d) dx, (7.45)

and testing the weak form (7.4.3) of the equilibrium condition with (ii — 1) one derives the
equivalent formulation as a time-dependent variational inequality problem known as the primal
problem of quasi-static elasto-plasticity.

Problem 7.4. Let 1 € H'((0,T); V*) with [(0) = 0. Find
[u,p,€]:[0,T] = V x Qo x L*(Q0)",
with [u, p,¢](0) = 0 such that for a.e. t € (0, T) it holds that

ar([u,p,¢), [, p,&] — [, . €]) + D(S, p) — D(p, &) = 1 — u) (7.4.6)
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It has thus been shown that any solution of Problem 7.1 which is smooth in the space variable
solves the variational inequality formulation Problem 7.4. On the other hand, if the solution to
Problem 7.4 is sufficiently smooth in the space variable then standard arguments using integration
by parts prove that it is also a solution of Problem 7.1. The formal equivalence has thus been
shown. Similarly, an alternative variational formulation in terms of [u, 7, x| can be obtained if the
formulation of the flow law from (7.3.9) is kept and an elimination of p through (7.3.7) is employed.
The so-called dual problem can be further reduced to what is known as the stress problem in the
literature on plasticity. We refer to [78], [61, Chapter 8] and Section 10.2 for details.

Based on the analysis of an abstract time-dependent variational inequality generalizing (7.4.6),
the existence result for Problem 7.4 is obtained through a time-discretization process and a sub-
sequent limiting argument for the linear interpolates of the incremental solutions as the time
step goes to zero. The argument depends on the ellipticity of the bilinear form a; associated to
(7.4.6) and requires hardening. In the following we will focus on the case of combined linearly
isotropic-kinematic hardening with the von Mises yield criterion. In this case, it holds that

E=[pn] e MY'N XR, x=[x1x) € MVN xR,
(7.4.7)

k 0
Hip,y] = [ Z)P k2’7] , kiky >0,

where kq,ky € L*(Q) with essinfq(k; + k2) > 0. This is a natural condition, otherwise there
would be no hardening effect and a problem of perfect plasticity arises which requires a different
functional analytic framework. This is discussed in detail in Part IV. However, the resulting
problem may be approximated consistently by a sequence of plasticity problems with vanishing
hardening [15].

The von Mises yield function is given by

¢(0, x) = |devo +devxi|r — oy + x2 + ir-(X2), (7.4.8)

where 0, > 0 is a positive constant associated to the (one-dimensional) yield stress. Note that
this setting also formally includes the cases of isotropic (k1 = 0, = 7, x = X2) and kinematic
(k2 = 0,¢ = p, x = x1) hardening by making the appropriate dimensional adaptations in H and ¢.
At this point, we can state the existence result from [61, Theorem 7.3].

Theorem 7.5 (Existence and uniqueness in Bochner Space). For combined linearly isotropic-kinematic
hardening there exists a unique solution

[ p,y) € HY((0,T),V x Qo x L*(00))
of Problem 7.4.
The analogous statement holds true for the cases of linearly kinematic and linearly isotropic
hardening.
7.4.2 Elasto-plastic contact problem

In order to be consistent with the trace theory in Sobolev spaces discussed in Section 1.2.4, a couple
of regularity assumptions on the different boundary portions from (7.3.3) are in order. First assume
that the Lipschitz boundary 0() is split according to (1.2.15), i.e.,

N=THuUxZUl, ToNZ =09,
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7 Quasi-Static Hardening Plasticity and Contact Condition

with a nonempty relatively open Dirichlet boundary part Iy, a nonempty relatively open com-
plementary boundary portion £ and a common Lipschitz interface I = 0¥ = dI's. The zone of
potential contact is denoted by T, where I'. C % and the gap function ¥ € H}j?*(Z) is assumed
to fulfill p > O a.e. onI'.. In accordance with Section 1.2.4, we will assume that either (1.2.18) or
(1.2.20) is fulfilled. In the latter case we define

Ki:={ueV:u, <y ae onl.},

otherwise we set
Ki:={uecV:u, <¢ onT, in HY*(Z)}.

The given surface force ¢ = g(t) € L?(I'1) is assumed to act on the remaining part I'1 = X\ T..
For the variational formulation of (7.3.5)-(7.3.7) together with the complementarity conditions of
contact (7.3.11), the variational equality (7.4.3) has to be replaced by the variational inequality
problem of finding u € K; C V with

/ Cle(u) —p):e(@—u)dx >1(i—u) Viek, (7.4.9)
o)
where [ = [(t) is given by
(i) = / firdx+ [ g(@t) dHN.
o) r,

The formal equivalence to the strong formulation is discussed in [98, 76]. Adding (7.4.9) to the weak
form (7.4.4) of the plastic flow law, we are now able to state the quasi-static elasto-plastic evolution
problem with a rigid frictionless time-independent obstacle as a time-dependent variational
inequality.

Problem 7.6. Let 1 € H'((0,T); V*) with 1(0) = 0. Find
[, p,&] [0, T] = Ky x Qo x L2(Q)",
with [u, p,&](0) = 0 such that for a.e. t € (0, T) it holds that

ar([u,p, &), 1@ p,¢) = [u,p,€)) + D(p,&) = D(p, &) > (i1 — u) (7.4.10)
Vi1, p, &) € Ky x Qo x L2(Q)™

Note that in contrast to Problem 7.4 there is no time derivative on u involved. Instead, the
non-penetration constraint has to be fulfilled. Existence results for this type of (time-dependent)
contact problem are discussed, e.g., in [5].
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8 The Time-Discretized Elasto-Plastic Contact Problem

8.1 Problem Formulation

In this section an appropriate time-discretization of Problem 7.6 is employed and it is shown that

the time-incremental problem reduces to a variational inequality of the mixed, i.e., first and second

kind. Furthermore, the unique solvability of the time-discretized problems corresponding to the

case of combined linearly isotropic-kinematic hardening in conjunction with the von Mises yield

criterion is established. Finally this gives rise to a numerical scheme to approximate the solution of

Problem 7.6 by a well-defined time-stepping procedure.

8.1.1 The general case

To begin with, we assume that the time interval [0, T] is partitioned into | subintervals
0:t0<t1<...<t]:T, i’n—i’nflzﬁt Vnzl,...,],

of uniform length At = T/] and we denote by

[, P, Cu] = [u(tn), p(ta), E(ta)],

an approximation of the state of the system at time ¢t = t,, which is defined as follows. Starting
from [ug, po, &o] = 0 we replace the time derivatives in (7.4.10) by a backward Euler scheme,

(Spn = prl*Atn—l ~ p(tn)’ 5€n = én_Agtn—l ~ g(tn)
where [uy,, pn, &1] € K1 x Qo x L2(Q)™ is defined as the solution of

a1 ([tn, pn, Cul, i1, P, &) — [ttn, 6pn, 6Gn]) + D(p, 5) = D(0pn, 8Cn) = (ln, 1 = 1),
Vi, p,&] € Ki x Qo x L2 ()™,

where [, := I(t,). The existence and uniqueness of [u,, p, x|, which depends on the ellipticity of
a1, is discussed below. Decoupling the variational inequality again by testing with [#, 6p,, 8¢, and
[y, P, €], one obtains

a1([thn, P, Cu, [ — 1y, 0,0]) > (L, i —u,) Vi € Ky (8.1.1)
and

a1([un, pn, Gul, [0, — 51711/5_ 6¢a]) + D(p, 6) — D(0pn,08n) >0
V5, &) € Qo x LX(Q)",
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respectively. Multiplying by At and using the positive homogeneity of D, the latter inequality is
equivalent to

ax ([, P, Gl 0, p = Apu, & = AEW]) + D (P, ) = D(Dpu, AGn) = 0 (81.2)
V(5,6 € Qo x L2()",

where Ap, = py — pu—1, ACy = Cu — Cn—1. Adding (8.1.1) to (8.1.2), one obtains

—Un, P — Apm‘f* Agq]) +D(p, &) — D(Apn, ACy)

a1 ([tn, P, G, [
> (Lo, i —uy)  Y[d, 7, €Ki x Qo x L2(Q)™,

that is,

a1([tn, Apu, DGul, [l — v, P — Apmg_ Agy]) +D(p, 5) — D(Apu, AGn)
> Ly, it — ) — a1([0, pu—1,na], [l — thn, P — Apn,g— AYSH)
Vi1, p,&] € Ky x Qo x L*(Q)™.

Since a1 is symmetric, this variational inequality problem is equivalent to the minimization problem
of finding [u,,, Apn, AE,] which solves

inf  Jm([u, Op, AE), [u, Ap, AE)) + D(Ap, AG)
—lu(u) + a1 ([0, pu—1, Ena], [, Ap, AZ])
over  [u,Ap,AZ] € Ky x Qo x L2(Q)™,

which means that [u,, p,, &,] solves

inf La((up2) [0, E) + Dlp— pat i)~ h(w) .
over  [u,p,& € Ky x Qo x L2(Q)™. o

One may alternatively derive the time-incremental problem (8.1.3) by considering the weak formu-
lation of the elasto-plastic contact problem (7.3.5)-(7.3.11) with the time-derivative appearing in
(7.3.9) replaced by backward divided differences.

8.1.2 The case of von Mises plasticity and linear hardening

From now on (and for the rest of Part III) we consider the case of combined linearly isotropic-
kinematic hardening together with the von Mises yield criterion. The existence and uniqueness
of [un, Pn, én] can be seen as follows. Using the characteristic assumptions (7.4.7), one may easily

show that
" _ Joylple, i |ple <7,
see [61, Example 4.10]. As a result, (8.1.3) reads
inf 3 Ja Cle(u) — p) = (e(u) — p) + k|7 + kary® dx
+fﬂ Uy|P7pn—1‘F dxil”(u) (814:)

s.t. lp = pu-1lr <5 —1u-1, u €K
over  [u,p,n] €V xQyxL*Q).
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Hence, the isotropic hardening variable 7 may be eliminated from the optimization problem by
setting

Mn = |p = Putle + 1.
It will further turn out to be convenient to make a variable transformation replacing Ap, =

p — Pn—1 by p. Setting
ﬁ =0y + k27’]n71, (815)

such that B € L*(Q), B > 0y a.e. in (), we obtain the following reduced optimization problem. For
notational convenience, we do not explicitly indicate the time-dependence of B = B(t,—_1).

Problem 8.1.
inf J(u,p) over(u,p) €V x Qo
s.t. u€Kky,

where
Ju,p) = [ Cletw) =p) s elw) = p) +Eppr+ [ plple dx-+T(u,p),
with k := ky + ko, and the linear functional I, € (VxQp)tis given by
an(M,P) = _(g(tn)ru)Lz(l"l;IRN) - (f(tn)/”)Lz(Q;IRN)
+ (k1 pu-1,p)o — (C(e(u) — p), pn-1)o-
Note that Problem 8.1 is equivalent to an elliptic variational inequality of the mixed kind. Writing
yi=(up) €Y :=VxQu
T[Qo(u/ P) =p, T, € E(Y/ QO)’
a([u, pl, [, p]) = /QC(*E(”) —p):(e(@) —p) +kp: pdx,

yields a more compact formof J : Y — R:

JW) = 2{Ay,¥) or-y) + 1uy) + /Q B |mauylr dx, (8.1.6)
where A € L(Y,Y") is the linear and continuous operator associated to the bilinear form a :

Y x Y — R given by
e"Ce —e*C
A= [—Cs C+k idQJ : ®.17)

We note that a is Y-elliptic since ess infok > 0, cf. [60], and standard arguments show that
Problem 8.1 admits a unique solution j = [if, f] € Y. Consequently, the time-incremental problem
(8.1.4) has a unique solution determined by

U, =1, Pn = P + Pn-1, Yn = Hn-1 + |ﬁ‘F1 (818)

and (i, pn, &n| is well-defined in the case of linearly isotropic-kinematic hardening. Again, the
cases of isotropic (k; = 0) and kinematic hardening (k, = 0) are implicitly contained in Problem 8.1.

In the absence of the contact constraint, which corresponds to K; = V, and without higher

regularity assumptions, one can show that the solutions [uy, pu, 4] = | nA b pnA t 17,1A t], converge to
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8 The Time-Discretized Elasto-Plastic Contact Problem

the solution [u, p, 7] of Problem 7.6 in the sense that, for At — 0,

oma e pe ] = (), p(), (]| - 0

see [61, Theorem 11.9].
Without loss of generality, we will henceforth assume that (1.2.20) is fulfilled, i.e.,

. C 9Q) is open with Lipschitz boundary oT, T, C &,

such that the constraint set K; with respect to the displacement is given by (1.2.21); cf. Section 1.2.4.
For ease of notation, we designate by

Z = H"*(T,)

the space of traces of H'(Q)-functions restricted to I'.. Consequently, the non-penetration con-
straint on the displacement u reads

u,—¢pezZ., Z_={z€Z:2<0 ae.onl.},

i.e.,, Z_ denotes the standard negative cone in H 1 2(T,). Moreover, Corollary 1.5 ensures that the
normal trace mapping restricted to I,

Tvrf V=27, u— Tvrf(u) = (t(u) -v)|r.,

is a well-defined, surjective, bounded linear operator. For further reference we restate Problem 8.1
of the n-th time-step of the time-discretized elasto-plastic contact problem with linearly isotropic-
kinematic hardening and the von Mises yield criterion in compact form:

Problem (EPC). Find the solution [ii, p] of

{min J(u,p) over[u,p] € V x Qo, (8.1.9)

st. u, <Y aeonly,

where

J(uw,p) =](y) = %<Ay/y><w,y>+l}(y)+/0ﬁ-IﬂQoylex-

This is the problem of interest in the forthcoming sections.

8.1.3 A reduced formulation

With the help of Moreau’s theorem, (8.1.4) can be further reduced to a (Fréchet) differentiable
problem in the displacement only, cf. [58]: To see this, one may endow Q with the alternative scalar
product

@49)c = (Cq.9)o llallc = +/(@c,
such that (8.1.4) takes the compact form

?m T, p) = Hlle(w) = pli2 + C(p) — Lu(u),
e, ]

)=
over |u,p|] €Ki xQ,
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8.2 A Fenchel Dual Problem
with a convex, proper and Ls.c. function G : Q — R U {400} defined by
G(p) = kalplE + ka(itn-1+ |p = pu-alp)* + /Q 0ylp = pualpdx, p e Qo

and G(p) = +if p ¢ Qo. Observe that the term

inf g lle(u) - plle +G(p) (8.1.10)

represents the Moreau-Yosida regularization (with regularization parameter equal to one) of the
function G at ¢(u) in the space (Q, || . ||c). The standard result for the Moreau-Yosida regularization
ensures that, for fixed u € V, the problem (8.1.10) admits a unique solution p = p,(e(u)) and that
the reduced problem in the displacement only,

inf  J(u) := J(u, pu(e(u))), overu € K, (8.1.11)

has a Fréchet differentiable objective function [ : V — R. However, the resulting optimality
condition is not eligible to Newton differentiation (in the sense of Definition 2.7) in infinite
dimensions: For the sake of illustration, assume that there is no contact constraint and consider
the case of isotropic hardening. Then, the optimality condition for the solution u,, to (8.1.11) with
K; = Vis given by

(J' (), ) = (e(un) = pu(eun)), e(i))c — (@) =0, VA€V,
and p, : Q — Qs given by
pule(u) = c m(dev C(e() — pu-1)) + pu-1, (8.1.12)
where,

m(p) = [|plr —cul"a(p), P € Qu,

with a material-dependent constant ¢ > 0 and a nonnegative function ¢, € L*(Q), see [58,
Theorem 3.8]. Here we follow the notation of Lemma 2.10 except that q is defined with respect to
the | . [r-norm. The Newton differentiability of the mapping ' : V — V* hinges on the Newton
differentiability of u — p,(¢(u)) as a mapping from V — Q. From the discussion of Lemma 2.10 it
follows that the latter requires

devC(e(u) — pu_1) € L6(Q;1M6VXN), cn € L%(Q)),

which is certainly not fulfilled even if the data is more regular. In the discrete setting, this issue is
of no relevance such that the analogous discrete semismooth Newton algorithm is well-defined
and locally superlinearly convergent. However, the lack of a well-defined Newton iteration in the
continuous setting usually results in mesh-dependent convergence of the associated generalized
Newton scheme.

8.2 A Fenchel Dual Problem

8.2.1 Fenchel duality set-up

For numerical purposes it turns out that the Fenchel dual problem to Problem (EPC) is favorable in
the sense that, upon regularization, it can be solved efficiently by semismooth Newton techniques.
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In order to suit the application of the Fenchel duality theory set forth in Section 2.2, Problem (EPC)
is rewritten in the form
min F(y)+ G(Ay), overye€Y,

with a Gateaux-differentiable function F, a l.s.c., proper, and convex function G and a linear and
continuous operator A. In fact, we define F : Y — R by

F(y) :== 3(AY, ) (v y) + L. ().
and G : Z x L*(Q)4 — RU {+} by
Glz,0) = Gi(2) + Galq) = g7 (2) + /Q Blal» dx.

Furthermore, we set

_ [ 0 2004
A= 0 M11:/2P_1 S £(Y,Z x L (Q) ),

where iy, 7 is the indicator function of the set ¢ + Z_, and
P (L)% 1] lizy) = (Qo - llaw),

withd = M — 1, denotes the canonical parametrization of Qy given by

q1 43 4
91, 2] > [Z; _L];J; (91, G2, 5, G4, G5] > [% 7 75 ] (8.2.1)
qa g5 —(q1+492)

for N = 2,3, respectively. The symmetric positive definite matrix Mr is determined by the

condition
[ME2P~Mpl = [ple, V€ MG,

i.e., we require Pp : P = Mgp - q for all p,q € R?. For example, it holds that

2 10
1 2 0f;

0 0 2

2 0
MFZ[O 2}; Mr =

for N = 2,3, respectively. Comparing with the Fenchel duality set-up presented in [115] for elastic
contact problems, the novel definition of the operator A entails a partially different interpretation
of the dual variable g, cf. (8.2.10). We next compute and analyze the dual problem to (EPC).

8.2.2 Computation of the Fenchel conjugates

For the adjoint operator of A we just note that, identifying Qj ~ Qo and [L2(Q)%]* ~ L2(Q)%, P* is
given by P* = MpP~! since

(Pq,§)o = (Pq,PP7'7)g = (Mrq, P7'§) 1200 = (4, MEP ') 1200,
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8.2 A Fenchel Dual Problem
forall g € L2(Q)%,§ € Qo, such that

* Trc* 0 * * *
A = [ " PMl/z} € L(Z* x LX), V* x Q}).
F

Since F is just a linear-quadratic form, the convex conjugate F* : Y* — IR can be computed in a
straightforward fashion;

F(y') =3 =L, A7y — 1)) (v v

where A is defined in (8.1.7).
Upon identifying [Z x L?(Q)]* ~ Z* x L?(Q)?, we first observe that the Fenchel conjugate for
the nondifferentiable part G,

G*:Z* x L2(0)% — RU {+c0},
can be computed separately in z and g, i.e.,
G*(z%q) = G{(z") + G2(q),
where G; : L2(Q)? — RU {+oo} is given by G;(q) = ix(q) for
K:={g€*(Q)":|g] < Bae. inQ};
cf. Lemma 2.4. The definition of Fenchel conjugation implies

Gy :Z" - RU{+o}, Gi(z*)= sup (z%z) =iz (") + (z",¢),
zEP+Z_

where the polar cone of Z_ is given by
Zt={z"eZ":(z",z) <0Vze Z_}
={z"e€Z :(z5,z) >0 Vz€ Zwithz > 0a.e. onT.}.
In abstract form, the dual problem to (EPC) is defined by
inf F*(—A*[z*,q]) + G*(z",q) over [z%,q] € Z* x L>(Q)".

Applying the above calculations and changing the sign of the dual variables we may equivalently
state the dual problem as follows.

Problem (D). The Fenchel dual problem to Problem (EPC) is given by

inf (62, PME 2] =y ATN([ 2, PME 2] = 1)) — (27 ¢)
s.t. z* <0,

gl < Bae. inQ,
over [z%,q] € Z* x L2(Q)“.

The first inequality constraint has to be understood in the sense that z* € Z% where Z7 is the
polar cone to theset Z, := —Z_.

Since the constraints in Problem (D) do not contain interior points, the generalized Slater
condition (2.2.3) fails to hold. Hence, the hypothesis of the Fenchel Duality Theorem in its usual
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8 The Time-Discretized Elasto-Plastic Contact Problem

version is not satisfied, see, for instance, [46, III, Theorem 4.1]. However, in this special situation it
is still possible to exclude the presence of a duality gap.

Proposition 8.2 (Duality). There is no duality gap, i.e., it holds that
inf (EPC) = —inf (D).
Moreover, there exists a unique solution [z*,3] € Z* x L*(Q)“ to the dual problem.

Proof. (i) inf (EPC) = — inf (D): We make use of the constraint qualification (2.2.5) which reads
0 € int(A*dom G* +dom F"). (8.2.2)

As F* is finite everywhere, we have dom F* = Y*. Further, dom G* # @ implies A* dom G* +
dom F* = Y* such that (8.2.2) is always satisfied. It follows that no duality gap occurs.

(ii) Existence and uniqueness of solutions to (D): We first note that the surjectivity of 71 implies
that A is surjective, too. Hence, A* is injective. The continuity and the strong convexity of F*
indicate that the dual objective function is strictly convex and continuous. Moreover, the coercivity
of the objective function follows from the ellipticity of the bilinear form associated to A~!. Indeed,
with ¥ > 0 denoting the corresponding ellipticity constant, it follows that

Fr(A*[z%q]) = (2, )

3 (A2 ) = L, AT A2 ) = 1)) ey — (25 9)
SIA 2" qlllfe = IAAT T+ [, 0112, 4l 2 <2y + 512
a2 alllZe iz — [IAAT T+ [, 0] [[[", q]

v

A\

Z+x[2(Q)d T SN,

where the last estimate follows from the fact that A* has a bounded inverse on its (closed) range
owing to the closed range theorem. With these properties of the objective function and the
closedness of the constraint set, the assertion follows from standard arguments. O

8.2.3 Primal-dual optimality conditions

By the absence of a duality gap (Proposition 8.2), the solution § = [i, p| of the primal problem
(EPC) is related to the solution [z*, §] of (D) by the primal-dual optimality system

A*[z%,q) = Ag+ 1, (8.2.3)
—[z",q] € 0G(AY),; (8.2.4)

see (2.2.7). This is equivalent to

A* [Z*’ q] = Ay + inl
g <y ae onT,,
—z* € Nz (thea—v),
My?P'p(x) e
—q(x) € {{ﬁ(”wm} Af p(x) #0,

_ a.e.in (),
Bg(x)(0) ,else,

where By, (0) := {g € R?: |g], < B(x)}.
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8.2 A Fenchel Dual Problem

Due to the constraint qualification (2.2.5), the necessary and sufficient optimality conditions for a
solution [z*,q] € Z* x L*(Q))? to (D) are characterized by the existence of A = [j1,7] € Z x L*(Q)*
satisfying

AATIAYZ5, ) — AAT, — [,0] + A =0, (OC1)
z*<0inZ*, |l <Pae inQ, (0C2)
(p,z" —2z*) <0, (1,9—q4) <0 Vz"* <0, V|g] <Pae in(, (OC3)

where (OC3) determines A as an element of the normal cone to Z% x K at [z*,4]. Note that the
conditions |f|» < Band 7 € N(7) can be characterized with the help of a pointwise NCP-function,
i.e., a function ¢ : R*? — R with the property

a>0,b>0,ab=0<= ¢(a,b) =0.

For solving complementarity problems with the semismooth Newton method, it is convenient to
use
¢(a,b) =a—max(0,a —cb), ¢>0, (8.2.5)

as an NCP-function. Applied to this context, (OC1)-(OC3) is equivalent to the existence of [ji, {]
with

AATIN [z, ) — AATT, — [9,0] + [1,4q) = 0, (8.2.6)
¢ —max(0,{ +c(|g]> — B)) =0, (8.2.7)
zr <0, (8.2.8)
(pz"—2") <0 Vz" <0, (8.2.9)

where ¢ > 0 is fixed. In general, these conditions are not directly eligible to the semismooth
Newton method in the sense of Equation (2.3.2): Firstly, for generalized differentiation of the
mapping associated with the left hand side of (8.2.7) in infinite dimensions, the setting lacks a
suitable norm gap, see Section 2.3. Secondly, (8.2.9) cannot be reformulated with the help of an
pointwise NCP-function such as (8.2.5). This is due to the fact that elements of Z* in general do
not allow for a pointwise interpretation. Note that these issues are absent if a direct discretization
is applied, which may, however, be at the cost of mesh dependent convergence rates. For these
reasons, we employ a penalization-regularization approach in the next sections.

8.2.4 Interpretation of the dual variables

Considering the second component in (8.2.3) and using P* = MrP~!, we obtain a direct relation
between 7 and the stress 0, = C(e(uy) — pn);

P(M;"2q) = —C(e(t) = p) + kp + kipu—1 + Cpua in Q.
Further using (8.1.8), it follows that
P(M;z'2q) = —0, + kipu + ka(pn — pu_1) in Q}.
This implies

P(Mz"%7) = dev(—0y +kipy) + ko (pu — pu_1) in Qo, (8.2.10)
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8 The Time-Discretized Elasto-Plastic Contact Problem

such that |7|, determines the value of the von Mises yield function in the case of kinematic
hardening, cf. (7.4.8). Thus, the norm of § characterizes the elasto-plastic material behavior.
Moreover, by multiplying (8.2.3) by [u,0], u € V, it can be shown that

-

Z* = (oyv)y, InZ,

i.e., z* corresponds to the normal component of the stress at the contact boundary. We refer to [114,
p.63] for the analogous derivation of this result in the elastic case.
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9 A Duality-Based Path-Following Strategy

9.1 The Regularized Problem

As explained in the preceding section, it is not possible to apply the semismooth Newton method
to the optimality conditions (OC1)-(OC3) in the infinite-dimensional setting. To overcome this
drawback, a standard Moreau-Yosida-regularization is applied to algorithmically handle the
constraints in the dual problem (D). This modification is combined with a Tikhonov regularization
governed by an appropriate dense subspace of Z* x L2(Q))? in order to fulfill the norm gap
requirement of the semismooth Newton method, see Section 2.3. This approach has been proposed
in a similar context in [41]. To set the stage for the Tikhonov regularization we first choose a
separable Hilbert subspace H = H; x Hy C L?(T.) x L?(Q)? with dense embedding

H = Hy x Hy — L*(T.) x L*(Q)“,

together with a symmetric, continuous and elliptic bilinear form b : H x ‘H — R represented
by the operator B € L(H,H*) with ellipticity constant x, > 0. We are now ready to state the
regularized version of Problem (D).

Problem (D,). Let vy > 0. Find the solution [z.,q,] of
min  J3(z,q) over [z,q] € H

with

J3(z,q) = F'(A"C[2,4]) = (2, 9)1ar,) + Mo (2) + M) + Ty (2,9),
where we employ the following Moreau-Yosida-type regularizations of the indicator function associated with
the inequality constraints in (D):

M (z) :
M(q) :
as well as a reqularization term of Tikhonov type:

T, ([z,9]) == 3; b([z, 4], [z, ), (9.1.1)

A few explanations are still in order. For algorithmic reasons, a nonnegative shift parameter

%H[ﬁ + ’YZ]JFH%Z(rC)/
2 10+ (gl = B )

[A,0] € Zy X LT(Q),

has been included in the Moreau-Yosida regularization. This is motivated for example in [66]. With
regard to the assumptions on the Newton differentiability result of Lemma 2.10, the pointwise
upper bound f = 0, + ka7, 1 is replaced by an approximation f, € L®(()) with the additional
properties

oy < By <PBae, [By— ,BHLZ(Q) < %/ (9.1.2)

for all y. Note that this additional modification is only necessary in the case of isotropic hardening
with 17,1 ¢ L®(Q)). Under these assumptions it is standard to show that Problem (D, ) has a
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9 A Duality-Based Path-Following Strategy

unique solution [z, 4,]. It should also be remarked that the dependence on the state of the system
at the preceding time step is hidden in the definition of F* and B, cf. Section 8.2.

In the following it is sometimes useful to specify the different canonical injections arising
from the problem statement and the Tikhonov regularization. We define the pivot space £? :=
L*(T.) x L?>(Q)? and denote by

1=[n,0]:Zx LZ(Q)d — L?
the canonical injection into the pivot space. The corresponding adjoint operator
= 1,5] s L2 [Z x L2(Q)]F ~ ZF x L2 (Q)?

is given by
(z,q] = [(z, - )2yl 9] (9.1.3)

Likewise, the embedding 7 : H — L2 is given by

z.q] = ([z4], - ezl €

Building upon these canonical injections, the Tikhonov regularization is based on the dense
embedding
I:H— Z"x L2(Q), [z,q] — t*i[zq]

of H into Z* x L2(Q)?. The embedding framework together with the different Gelfand triples are
illustrated in Figure 1. In this section only ¢ and * will be mentioned explicitly whereas the other

Z x L*(Q)* Z* x L2(Q)¢

Figure 1: Gelfand triple framework for the regularization

H = HlXHz

injections are employed tacitly. Since J7 is strictly convex and Fréchet differentiable, the unique
solution v, = [z,,4,] € H of (D,) is characterized by

0=Nyo, — thy + ([y, v4], . )2 inH*, (oC1,)
with
I,:= AAL + [v,0],
y = [ +z]t € LA(T), (0C2,)
vy 1= [0+ (13,12 = By)] " a(4y) € L(Q),
where q is defined in (2.3.3) and the homeomorphism N,, € L(H,H*) is defined as

N, = 1AAT'A™ + 1B.

Finally, we want to study the consistency of the regularized problems (D,) with respect to the

100



9.1 The Regularized Problem

original problem (D). In view of the results from Section 4.1, H; and H, are expected to satisfy the
following density property.

Assumption 9.1 (Density of convex intersections). The following density assertions are supposed to
hold:

i({zeH :z<0aconl.)) =27, (9.1.4)

e jqh<pacinQl "V ={ge*(Q): g < pae inQ}, 9.1.5)

where Z% := {z* € Z* : (z%,2)(z:.7) <0 Vz > 0} and 1 is given by (9.1.3).

Density properties of this type are extensively studied in Chapter 5 and we emphasize that
Assumption 9.1 is satisfied in relevant cases. Several suitable examples for H; and H, with regard
to Assumption 9.1, possibly depending on the smoothness of I'c, are provided in Section 9.3. The
section is closed with an important consistency result concerning the convergence of the solutions
of the regularized problems as v — +o0. The result suggests a path-following-type method to
approximate the solution of (D) and the associated primal-dual-path is induced by an appropriate
sequence (7,) with 7, > 0. For notational convenience, we only consider one sequence of positive
parameters (,) and we omit the subscript n by abuse of notation. The generalization of the
subsequent results to different regularization-penalization parameter sequences does not pose any
difficulty, see Section 4.1. The statement is obtained by verifying that the regularization defines a
quasi-monotone perturbation (Definition 2.18) of the convex constraint set in (D).

Theorem 9.2 (Convergence of regularized dual solutions). Let () C RT,y — +oco. Under Assump-
tion 9.1 it holds that

(i) vy = [2,,9,] = [27, 7] in Z* x L2(Q)4,
(i) Ay = [y, 0] = [7, 9] in 1" = Hy x Hj,
as y — +oo.
Proof. (i) First observe that Problem (D) is equivalent to the variational inequality problem of the
first kind of finding o = [z*,4] € Z* x L?(Q)" such that
a(6,0—9) +ix(v) —ix(8) > 1(v—0) Yov=][z"4q] €Z xL*Q),
where A
a(z%,q),[2°,4]) := (A*[z%,q], ATIA*[2%,q]), K:=2Z% xK, 1:=I,.

For the definition of [, see (OC2,). Similarly, v, = [z, q,] is the unique solution of (D.,) character-
ized by
a(0y,0 = 04) + j5(0) = jo(vy) 2 (v —0,) VoveZxL}Q),

with the perturbed functionals j, : Z* x L*(Q)? — RU {+o0},

M, (z) + M3(q) + 2;b([z,4[z,q]),  if[zq] € H,
+00, else.

j2([2,4]) 2{

It can further be proven that (j,) is a quasi-monotone perturbation (Definition 2.18) of ix with
respect to the dense subspace H in Z* x L2(Q). In fact, set

i, (z.9) = ixc([z,q]) + Y 4 EEEBIE 4 Lp([z,q], [z, q)).
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9 A Duality-Based Path-Following Strategy

It is easily seen that j, < j, for all . The assumptions on 3, from (9.1.2) imply that ]7 converges
pointwise to ixny. Thus, (2.4.5) is fulfilled. Moreover, we set

jr (2% q]) == 3r(z) + 319l = B 2

where
r(z*) = (max{ sup (z*,z),0})>.

€2
llzllz=1

The functional r : Z* — R is weakly l.s.c. and fulfills
(@) r(z*) =0forall z* € Z%,
(b) r(z*) > 0forall z* ¢ Z*,
() r(z) < [lz" |22, forall z € L*(T).

In fact, as the composition of a convex, continuous and monotone function with a supremum of L.s.c.
and convex functions, r : Z* — R is weakly l.s.c.. Assertions (a) and (b) are direct consequences of
the definition of Z7 . For

z€L*(T,) ={z€L*(T.):z<0ae. inQ},

it holds that ¢(z) = 0 and (c) is always satisfied. Assume now z ¢ L? (T.). By the density of
Z, = HY*(T,) in L2 (T.), it holds that

sup (z,Z) = sup (z,Z)) > 0.
ez zezy
[I2llz=1 lI2llz=1

Moreover, one obtains

+ = L *z
Iz ey = sup i—(=*,2)

zeg;(r)c)
zZ
1 1 _ 1/2
= sup pre(2,2) 2 sup e (2,2) = 1(2) 7
zeL2(I¢) ¢ €z,
Z#0,2>0 a.e. Z#0

which implies (c). For the g-component we observe that

M3(q) = ZI15 + (gl = BT M) = 19l = Bl 1 Fa(q-

This implies that j, is a convex Ls.c. function which satisfies the lower bound assumptions (2.4.4).

Consequently, (j,) is a quasi-monotone perturbation with weakly Ls.c. lower bound j,. Under

Assumption 9.1, Proposition 2.19 implies that (j,) Mosco-converges to ix. An application of
Theorem 3.1 to the above setting yields the assertion.
(ii) Testing (OC1,) with v, = [z,,4,] yields

(N0, ATV 0y ) (v y) + %b(vv, 0,) = (L, 03) 2 + (A, 0y) 2 = 0,

which implies
H%UWH% < (o) 2 = (A, 0y) 2 (9.1.6)
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9.1 The Regularized Problem

Next we consider the boundary term (p,, 2y ) 2(r,);

(Hyr29) 12wy = (Hos %ﬁ +2zy — %ﬁ)LZ(FC)
%Hﬂvuizm) - %(#wﬁ)ﬁ(rc)

= %”V? - ﬁH%Z(rC) + %”V?Hizm) - %”ﬁ“izm)

Y

— 3 1l

Since (v, ) 12(00)¢ is nonnegative, this entails that (A,, v, )2 is bounded below. Together with the
estimate (9.1.6) and the regularity of [,,, we find that

||ﬁ07”%{ < HirszLZ(o)d||Uv||z*xL2(n)d +c¢ (c>0).
From the boundedness of (v,) in Z* x L2(Q)) (cf. part (i)), one deduces that (ﬁ_lvy) is bounded

inH.
Taking the ||.|

m+-norm in (OC1,) yields

me < il

1Tps v4]1 He + PAAT A 0, [l + 5 || Boy [l

< Nldullez + NAAT N gz azionmn 1F 0y |z a2y + 5 1Bl o 11,
which proves that [u,, v,] is bounded in H*. Consequently, there exists [fi, 7] € H* such that
[y v9] = [1,7]  inH",
along a subsequence.
Next, testing (OC1,) with an arbitrary v € H yields
0 = (105, AATIAC0) (7200, 212ty + 50(04,0)
— (th, ) 2 + ([, V4], 0) 2 9.1.7)

With the help of the above results, we may now pass to the limit as y — 400 in (9.1.7), such that

~

0= (AAT'A" 2%,4], 0) (zx 120tz x12()t) — (U, 0) 2 + ([, 7], 0) (30 30
= (AA’lA* [Z*, q‘}, z))ﬁz — (llAn, U)gz + <[ﬁ, 17}, v>(7—l*,7—l)'
From the density of H in £? we infer that
—[1,7) = AATAY[Z", 4] — AATL, — [,0],
which corresponds to (OC1). Hence, it holds that [fi, 7] = [fi, 7] and by uniqueness the entire
sequence [}, V,] weakly converges to [fi, 7]. O

As an immediate consequence of the previous theorem and the primal-dual optimality condi-
tions, the sequence of approximations of the optimal displacement-strain pair and the sequence of
trial stresses converge strongly to the corresponding solution of the original elasto-plastic contact
problem (EPC).

Corollary 9.3 (Convergence of primal solutions). Under Assumption 9.1, the following assertions hold
true:
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(i) Fory, := A~Y(A*1*[zy,q,] — L) it holds that y., — §in Y as y — +oo.
(ii) For o, := C(e(u,) — py) it holds that o, — 7 in Q as y — +oo.
Proof.
(i) The statement follows from the continuity of the operator A and (8.2.3).

(ii) The assertion follows from (i).

9.2 A Semismooth Newton Method for the Regularized Problem

The goal of this section is to apply the semismooth Newton method to solve the dual regularized
problems (D, ) using the necessary and sufficient optimality conditions (OC1,) - (OC2,). For that
reason, the optimality conditions are reformulated with the help of a suitable semismooth operator
equation. For the definition and main properties of the semismooth Newton method we refer to
Section 2.3 and the references therein.

To begin with, observe that given a solution v, = [z,,4,] of (D,), A, = [y, v,] defined in (OC2,)
is a solution of the nonsmooth operator equation

Y. (A) =0 9.2.1)

where the operator ¥, : H* — H* is defined by

* [”] - [”] o [w + v(lq[(ﬁﬁz’y i(gz]ﬁwm ’

where v(A) = [z(A),q(A)] = N;l(tlA,, — A) € H denotes the solution to (OC1,) given some
candidate A for A,. Consider the generalized Newton method

AUFD — A () — G‘I’W()L(j))_h{rv()\(j)) 9.2.2)

to solve (9.2.1). The convergence of this iteration (at a superlinear rate) depends, among others, on
the Newton differentiability of ¥, in the sense of Definition 2.7. In order to comply with the norm
gap requirements for the calculus rules in Section 2.3, additional restrictions on the choice of the
spaces H; and H; have to be taken into account to ensure the Newton differentiability of ¥, .

Assumption 9.4 (Norm gap). The space H satisfies the continuous embedding
H — L**(T.) x [LY(Q)]%,
for some e > 0.

We emphasize that Assumption 9.4 is satisfied for relevant candidates of H; and H,, see Sec-
tion 9.3 below for specific examples. From now on, it is assumed that the regularization space H
is selected in such a way that Assumption 9.4 is fulfilled. Under this premise, one may invoke
Lemma 2.9 and Lemma 2.10 to infer the Newton differentiability of the involved pointwise (gener-
alized) maximum functions. As a result, the operator ¥, : H* — H* is Newton differentiable and
we proceed by computing a particular Newton derivative using the aforementioned calculus rules
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9.2 A Semismooth Newton Method for the Regularized Problem

and the chain rule for the composition with affine continuous functions. A Newton derivative of
Y, is given by

. = [Xz,¢0) 0 o
Gy, (A)(. ) =idy-(. ) + 7 |1 Ny ()
(M) =idie (a7 770 g °N ()

which includes the following quantities:
p(q) = llgla+ 5 = Bl 1/
M(A)(. ) = p(a(A)(. ) + (1~ plg(a))) 1AL

as well as the active set approximations

Z,(2) = {x eTe: (24 D)) >0}, Qy(q) = {x € Q: (lgla+ £ — B,)(x) > 0}.
We begin the analysis of the generalized Newton iteration with the following lemma.
Lemma 9.5 (Uniform invertibility). The operator

Gy, (A) € L(H", H")

is uniformly invertible with respect to A, i.e., Gy, (A) is bijective for all A € H* and there exists a constant
c1(y) > 0 independent of A such that

16[17+ < er (V) G, (A)S ]34,
forall§ € H*, A € H*.
Proof. Similarly to [41] we write Gy, (A) = N, (A) o N;* with

N — = | X2, (z(A)) 0 D
N,(A) = (N, + .
() ( e [ 0 Xo,4anM(g(A))

Since N,, is independent of A, it suffices to prove that the operator N,,(A) € £(H,H*) has a uniform
ellipticity constant, i.e., independent of A. Therefore let [z,q| € H and note that

i |:X27(Z()\)) 0 ] [Z] ) ﬂ Y0
0 Xo, )M (q(A)] La] " q] "t

= (Xz,c0)z2)eer) + (Xo, @) M(@(A))4, 9) 2y
> [ plgn) (Iaf - L) >0
Qw(‘l(/\)) ( 2 ‘ll()\)@ )

This implies that

(Ny (M), 0) (3 1) > (N30, 0) 3o ) > 2|05, Vo eH,

which proves the assertion. O

Lemma 9.5 guarantees that the iteration (9.2.2) and the subsequent algorithm are well-defined.
The local superlinear convergence of the Newton iteration follows immediately from Theorem 2.8.
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Algorithm SSN*(+y): SSN algorithm in A

input: A0 = (u©,v0) € H* = H} x H;
1 set j:=0;
2 while some stopping rule is not satisfied do
3 L compute the solution 5&1) € H* of nyv(/\(f))(S&]) =¥, (AD);

4 | set AUFD := AU) 4 50) and j:=j+1;

Corollary 9.6 (Semismooth Newton algorithm). If A0 € H* is sufficiently close to A, then the
following assertions hold true:

(i) The Newton iterates (AV)) C H* generated by Algorithm SSN*(vy) converge superlinearly to A, in
H*.

~

(ii) ;he Newton iterates (v)) C H defined by v/) = N (ddy — ADY converge superlinearly to v, in

Moreover, if \©) € L2, then (A\V));en C L2
Proof.
(i) The assertion follows directly from Theorem 2.8.

(if) The assertion is a consequence of the fact that superlinear convergence is preserved by the
topological isomorphism N,,.

If AV € £2, then we have ¥.,(A)) € £2.
The definition of the Newton step (9.2.2) yields

Gy, (A6 = —¢, (A1) =

() 1 o |X2,600)) 0 ~150) _ ()
0y +t v S| oNJ8Y = —9 (AU
AT 0 XQW(q(A(f)))m(q(/\(]))) v %A Wi )
62
eL?

which proves the assertion.
O

Up to now, the Newton algorithm, whose local properties are analyzed in Corollary 9.6, is only
guaranteed to converge if the starting point is chosen appropriately. To achieve a globalization of
the iterative approach, the Newton-scheme may be embedded into a line search procedure. For
this purpose it is convenient to formulate the infinite-dimensional semismooth Newton algorithm

in v (rather than in A). The convergence properties of the globalized algorithm depend on the

descent property of the search directions in Algorithm 1, say 59)

function J;. Therefore, we study the relation between 55/' ) and the gradient of J}. The subsequent
proposition serves to verify the gradient-relatedness of the search directions.

, with respect to the objective
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9.2 A Semismooth Newton Method for the Regularized Problem

Algorithm SSN(y): Globalized SSN algorithm in v

input:0©) ¢ H

1 set j:=0;
2 while some stopping rule is not satisfied do
3 compute AU) := —N, v + iy ;

4 | compute the solution 85 € H of N L(AD) (=89 = =, (A0)Y;
5 determine «/) > 0 by a line search method based on a ]7(0 + sy )
6 | setolt) =00 4 a0 and ji=j+1;

Proposition 9.7 (Gradient-relatedness). The search directions ((55] >) generated by Algorithm SSN(vy)
satisfy

(5 09,69 ey < =211 (09) |3

where c2(7y) = sup, |N,(A)]| € (0, +o0).

Proof. Note that [’ (v1)) = =¥, (A)). Using the definition of 5 we conclude that

-1

2 00,69 ey = (2 (0 <f>>,—N7<A<f>> 2 (D)) 300
77”[\] ||H] ( )|

IN

Her

since it holds for arbitrary v* = N«,(A)v € H*,v € H, that

N -1« N K

(R, (1) 0%, 0%) = (R (M), 0) 2 2ol > % i o e

Besides, the definition of M, cf. (2.3.4), yields

c i X2, (z(\)Z ]

N, (Aol < |IN,v|lg + v]||T y

I8, ol < [Nyl 4 | A26

<INy [lllolle +vellolle2 < (INy [+ ve) [0l
forall v = [z,q] € H where ¢ > 0 is a constant. This prove that

sup N, (1) < 4o

O

With the help of Proposition 9.7 and the strong convexity of the objective function JJ, it is

standard to infer that the sequence (v'/)) generated by SSN(+) equipped with an Armijo line search
is globally convergent in the following sense.

Corollary 9.8 (Global convergence). For any starting point 00 € H, the entire sequence of Newton
iterates (v)) generated by the semismooth Newton algorithm SSN(v) endowed with an Armijo line search
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9 A Duality-Based Path-Following Strategy

converges strongly to the solution of (D.,) in the norm of H;
o) = [z,,9,] inH.

We refer, e.g., to [20] for details.

9.3 The Discrete Solver

9.3.1 Regularization setting

In the previous sections, a solid theoretical algorithmic framework for an infinite-dimensional
semismooth Newton solver for the elasto-plastic contact problem (EPC) has been developed. The
purpose of this section is to formulate a stable discrete counterpart and to verify the theoretical
property of mesh-independent superlinear convergence by suitable numerical tests. To start with,
a proper choice of the Tikhonov regularization setting [#, b] should be both, computationally prac-
tical and admissible with respect to the theoretical requirements for the regularization framework.
Recall that [#, b] is supposed to meet two assumptions. First, the density property Assumption 9.1
has to be fulfilled in order to guarantee the consistency of the regularization approach, cf. The-
orem 9.2. Secondly, the Newton differentiability of the operator Y, representing the optimality
conditions hinges on Assumption 9.4 about the norm gap, cf. (9.2.1). We propose two choices for
the Tikhonov regularization pair [H, b].

(R1) If T, is C*-smooth, we set H := H'(T,) x H'(Q)? and define
b([z,9],[2,4]) == (2 2wy + (9, §) m )
(R2) Setting H := H'/2(T.) x H'(Q)?, we define
b([z,q],12,4]) == (z. 2w, + (9,4 w1 Q-
The H!—inner product on I, is defined analogously as for the usual domain case, i.e.,

(z0)mr,) = (22w + (Vz, vz)LZFr ),

o
where the Hilbert space L?(T) is the space of equivalence classes of measurable vector fields on
I'. with integrable Riemannian product, cf. (1.2.22). It should also be noted that the additional
regularity requirement on I'. in (R1) can be alleviated if the definition of the space H!(I';) from
[63, 56] is properly adapted to the regularity of . by establishing a definition of the space H'(T)
(and the distributional gradient) based on lower order distributions. We refer to Section 1.2.4 for
further details about this issue.

Whereas (R2) is primarily of theoretical interest, alternative choices such as Hj-regularizations
are also possible in view of the Poincaré-Friedrichs inequality on manifolds [118] and the results of
Chapter 5. However, due to the stress-like nature of the dual variables, cf. (8.2.10), we prefer not to
impose additional boundary conditions.

Since N € {2,3}, the Sobolev Imbedding Theorem ensures that Assumption 9.4 on the norm gap
is satisfied for both choices [1]. From the analysis of Section 5.1, it follows that the density property
(9.1.4) is fulfilled in both cases. The validity of (9.1.5) reduces to the condition

KEQ Y = 1210, 9.3.1)
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9.3 The Discrete Solver

which depends on the upper bound 8 = 0, + k277,-1, cf. Chapter 5. For this purpose, only little
extra regularity is required, e.g., f € LC(Q) is sufficient (Theorem 5.17). In particular, the case
of kinematic hardening (k, = 0) is always covered. In fact, the weaker closure property (9.3.1) is
sufficient for the validity of Assumption 9.1.

In view of Theorem 9.2 and Corollary 9.3, Algorithm SSN(v) is embedded into an update
scheme for 7, i.e., once Algorithm SSN(v) terminates successfully for a given 7, the (set of)
penalty/regularization parameter(s) is increased and Algorithm SSN(vy) is restarted. In order to
avoid the inverse of A in the computation of the Newton step, we explicitly involve the primal
variable y by solving the coupled elliptic second-order system

A —A** 5 0
LA 7B+ TG <v>} M - {tAy +1[,0) — LBo — Z*M(v)} : 9.3.2)
where
= [+ 2 X2 0
M= {['7+7(|’7|2—57)}+q(q>}’ Gaalzr4) '_7{ 0 qu)fm(q)]'

9.3.2 The discrete semismooth Newton algorithm

In the following numerical examples () C RR? is polygonal, I, is a line segment and we choose
option (R1) for the Tikhonov regularization. We employ a conforming finite element method
to solve (9.3.2) numerically: let (7,) be a sequence of geometrically conformal shape-regular
triangulations of () with |7;| elements and mesh width /& [47]. Denote by (S;,) the sequence of
partitions of T into |Sy| line segments induced by the triangulation of (), i.e., Sj, is defined by
those mesh nodes of 7, that lie on the contact boundary I'.. The discrete counterparts of Y and H
are given by

Y, = [PL(Q)) % [Poa(Q))?, Hu = Hip X Hyp i= Piy(Te) X [Pri(Q)P, (9.3.3)
with the usual Py- and P; —finite element spaces

Pl(Q)={uel®Q):uly e P VT € Tj,ulr =0ae. } NC(Q),
PO,h(Q) = {M S LOO(Q) : M‘T cPyVT € 771},
P p(T)={uel®T.):ulseP; VS e S }NC(,),

for I' C Q). Here, IP; denotes the set of polynomials of total degree less than or equal to k and we
omit the superscript I' whenever I' has vanishing surface measure. The discretization [Py ()] of
the space Q is realized using the parametrization P defined in (8.2.1). The superscript & stands for
the discrete version of a given linear operator corresponding to the discrete spaces (9.3.3). In order
to simplify the numerical realization of the constraints, we assume that ¢ and f are continuous on
Q). For the time being, we also set i = 7 = 0.

In the discretized setting, computational cost is kept as low as possible by approximating the
L?*-norm-penalty terms in the definition of the objective in (D) by the standard (barycentric)
midpoint quadrature rule. The analogous node-based approach is readily derived. Moreover, in
the definition of F*, we replace the operator A by its discrete counterpart A", which yields

Fi(y") =3 =D (AN Ny =), v e
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9 A Duality-Based Path-Following Strategy

Employing the Py, (I'c)-midpoint interpolant ¢, of ¢, as well as the midpoint evaluation maps
mh t Hyp — RIS, 7h = [7thy1, )+ Hopy — RI7#1*2 ~ R2ITHl,

one finally obtains the discretized-regularized problems

min ] ,(z,q) over[z,q] € Hy, (Do)
with
Ton(zq) = E (A [z,9) = (2 92y + 5 (2 D + 5(4,9)
ISl 75|

Wzshz 'yzﬂhz [ qlil2 = Buil )%,

where B;,; is the value of § at the midpoint of the i-th element of the triangulation 7, and
sw=[sn1,--- 55, € RIS and a, = [ay,1, ..., ay,7;,)] € RI denote the vectors of side lengths and
element areas corresponding to the partitions S, and 7, respectively. The discrete counterparts of
i, and v, are given by

y’;(z) = ydiag(s;) [} z] T € RIS, (9.3.4)
Vi(q) == diag(kron([1 1]7,¢%(q)))7h(q) € R, (9.3.5)
with .
h ( - . h 1.1, _ R+ —
(@) = yani{|[aqlilz — B oo i=1 [Tl
ks o | [yl
The discrete optimality system to problem (D, ;) reads
Yi([2kq2) =0, (9.3.6)

where the operator ‘Ph Hy = Hyjy X Hypy — Hj is defined by

¥ ([z,q]) = Nylz, q) — oL + [ 1, (2), s vy ()],

for [ := A(A")'I! — [y, 0] and NI = A (AM)TTAR T + %Bh. Each step computation of the
finite-dimensional semismooth Newton iteration applied to (9.3.6) requires solving the discretized
version of (9.3.2). The discrete analogue M to M corresponding to the approximation by the
midpoint quadrature rule is given by M"(v) = [ (z), v (g)], and its Newton derivative is denoted
by G . Consequently, the resulting semismooth Newton system at [y, v] € Y), x H; reads

h A Kk
A At ] [5y 0 937)

A 2B+ Gup(v) 57;} - {—u\y+ (", 0] = B0 — M"(0v) ]’
which is posed in the space Y}’ x ;. For a given Newton differentiable operator ¥, = [¥,,1, ¥, 2]

we summarize the following discrete version of Algorithm SSN(v) for fixed regularization-
penalization parameter 7y, mesh width /, starting point 29 and tolerance ¢, to solve (9.3.6):
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9.3 The Discrete Solver

Algorithm SSN(1, 1): Globalized discrete semismooth Newton algorithm

input:e;, >0, 0¥ € H,
1 initialize primal variables: y(o) € Y}, by solving Ahy(o) = A*rpl0) — l~hn;
2 set j:=0;
s while (|[¥ (v) |3 < &) not fulfllled do
4 compute the solution [5;]), Oy } of (9.3.7);
5 determine a) > 0 by Armijo line search based on « ]* (oY W)+ wéy ))
update [yU+D, o0+ := [y() + 4l >(5§>, o) + as);
setji=j+1;

N o

The discrete norm || . |
sponding homogeneous coercive Neumann problems. For the implementation of the operator A"
we incorporate the zero-trace condition in the definition of the space Qp using the parametrization
P defined in (8.2.1). In our numerical tests, the stopping criterion for Algorithm SSN(, k) is
usually set to i, = 10710

3 in step 3 of Algorithm SSN(1, /) is computed by solving the corre-

9.3.3 An inexact path-following algorithm

In order to study convergence with regard to the regularization-penalization-parameter v we
implement a heuristic version of the inexact path-following (IPF) approach designed for the
obstacle problem [66]. In contrast to the foregoing sections, we assume that the penalization-
regularization parameters are not equal, that is, we assume y = [')/1, Y2, 3, 74] € ]Ri where the
objective functional in (D, ;) is given by

Ion(z9) = E(A"C[z,9]) — (2. ¢n) 2w + 5, (2 2Dmr) + 55 (@, 9wy
‘Sh‘ ‘7—;,,
+3 ZS’“ mr.z)i)? + 5 Z”hz [aqlil2 — Bril )% (9.3.8)

i=1

and the semismooth Newton algorithm is embedded into an outer loop which determines a
positive parameter set
Kok (k) (k
7 ® = [, 9,9, 4 e RE
at the k-th outer iteration. The paradigm of inexact path-following consists in the idea that each
subproblem (D,y(k),h) is only solved approximately with increasing precision using Algorithm
SSN(y, h) with 7 := 4(®). In fact, for fixed Ty, > 0, the modified (inexact) stopping criterion

(I, ()

replaces line 3 of SSN (7, h). Here, ‘I’h [‘I”; v

respectively. After a suitable update of the parameter set (¥, which is based on the individual
residuals (lines 5 and 9), the computed approximate solution 7 ~ Ui « is accepted as the next outer

I, < max(Z2,0.1 - eou)) A (|[¥2(0

)1, < max(:,0.1- sout)) ,
(9.3.9)

’;,2] denotes the splitting into z- and g-component,

iterate 7% := ¢ and 3*) is used as a starting point for the solution of the subsequent problem
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9 A Duality-Based Path-Following Strategy

(D, ). As for the path-parameter update, it proved to be efficient to start with comparably

large Tikhonov regularization parameters 'yio), 'yéo) so that line 5 of IPF(h) is rarely executed. The
selection of an appropriate initial parameter set is guided by tests on very coarse meshes, cf. Tables
2 and 3. In this way the effort of approximatively solving the subproblems can be expected to be
kept rather low. Differently from [66] we are testing a constant augmentation of y¥) driven by a
factor 8 > 0. For the outer stopping criterion we consider the optimality conditions for the solution
[z",q"] of the discrete limit problem

min  F(A**[z,q]) — (z,¢n) over [z,q] € Hy,
s.t. [7‘[1‘62]1 SO, izl,...,|8;1|,
[[maqlila < Buiy i=1,...,Thl,

which are given by

Yz, g = IAART AT 2", q" = I+ [y, 5" =0 inHj,
p" —max(0,p" + 7t 2") =0 in RISH,
v — diag(kron([1 1]T LN =0 inRA7
¢" — max(0," + |7hg"|2 — Bn) =0  in R/

For given iterates [z, g] and associated multipliers [y(z), v(z)] we define the associated residuals
m € RY ry = [, .., hal, by

ria(zq) = [¥1(z 9)llm;,
ri2(z,q) = [¥2(z,9)llg,,
mia(z,q) = [#(z) — max(0, u(2) + 71.2) [ 2r, )
ria(zq) = 2(q) — max(0,2(q) + [mq"l2 = Bz 0y
where ||. HLﬁ( ) denotes the L*-norm of the corresponding piecewise constant midpoint interpolant.

In Step 2 of Algorithm IPF(/), the Lagrange multiplier candidates for y, v are chosen as y@(i“‘))
and Uf; (™)) which have been defined in (9.3.4) and (9.3.5).
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9.3 The Discrete Solver

Algorithm IPF(h): Inexact path-following algorithm

input: (¥ € RY,60 > 1,7y > 0,00 > 0, 010 = [2(9,40] € Hyj, x Hpp

1 setk:=0;

2 while (|r4(%)|w < €ou) not fulfilled do

3 apply Algorithm SSN(, k) with ¥ = 4%, (0 = 55 to find & € Hy ), x Hyy, satisfying (9.3.9) ;
4 if max(7y,3(3), r1,4(0)) < €out then // i.e., feasibility achieved
5 L [’y§k+1),'y£k+l)} =60-] §k>,’y£k)] // update regularization parameters
6 else

7 fori =3,4do

8 if r,,(0) > €out then

9 L L ’yi(kﬂ) = %(k) -6, // update penalization parameters
10 | update okt = Gset k :=k+1;

9.3.4 Numerical tests

In all our numerical tests we assume that we compute the first step (n = 1) of the time-incremental
problems (EPC). In particular, the initial conditions are given by py = 0, up = 0 and, in the
presence of isotropic hardening, #y = 0.

Example (a) - Screw wrench

In this example we consider an elasto-plastic screw wrench, whose geometry can be extracted
from Figure 3. The elastic behavior is described by Ce = iy tr(e)l + 2pze with p; = 1.15e01,
U2 = 7.69e00, and the material is assumed to satisfy the isotropic hardening law (k; = 0) with
k, = 4.0e-01 and ¢, = 2e-01. The deformation is caused by a pressure force g(t1,x) = —6.0e-03
-v(x) on Ty = conv({(5,2.6),(8,2)}). Volume forces are assumed to be absent; f(t;) = 0. The
domain is split into the Dirichlet part Ty := ((0,1) x {2}) U ((0,1) x {3}), and the potential contact
zone I := (0,1) x {4} with y = 1.0e00, such that the contact constraint can be expected to be
inactive at the solution and only plasticity effects have to be taken account of. The results obtained
by Algorithm SSN(+y, h) are summarized in Table 1. To verify mesh-independent convergence,
we compute the solution for various fixed parameters v on meshes with decreasing mesh width
starting from approximately 1.25 - 10* nodes to about 1.6 - 10° nodes, cf. Table 1, using uniform
mesh refinement. The solution on a given mesh is prolongated to the next finer mesh to serve as a
starting point v(*) of Algorithm SSN(, k) on the refined triangulation. For validation purposes
a restart strategy using the zero function as a starting point on each mesh is also tested. It is
observed that the iterations count for the restart strategy stays bounded as the number of nodes
are increased. Variations may be caused by the necessity for globalization in SSN(, ) for higher
values of 7y . The iteration numbers for the nested strategy even tend to decrease with decreasing
mesh width. The theoretical property of local mesh-independent superlinear rate of convergence is
verified experimentally by investigating the convergence quotients Q; associated with the iterates
(v1)) generated for fixed (7, h),

o P~y

Qj = o= * j=1....5
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9 A Duality-Based Path-Following Strategy

where w denotes the iteration count for Algorithm SSN(-y, 1) and v* denotes the solution obtained
by applying the same algorithm with higher precision ¢;, = 107'*. As predicted by the theory,

Figure 2: Example (a): Q;,j =1,...,5, for v = 1.0¢05 and various discretization levels (DL)

the convergence quotients Q; tend to zero and rest stable under decreasing mesh width even
for large <, cf. Figure 2. This clearly indicates mesh-independent convergence behavior for each
fixed . Applying the heuristic inexact path-following approach IPF(h) with regard to the penalty
parameter set y, we display in Figure 4 the resulting approximate optimal plastic strain as well the
regions of extensive plastic straining on the deformed configuration. In Figure 3, relation (8.2.10) is
employed to plot the approximate yield function.

-0.05

4 /
N
e
3
//
/ / -0.1
// /
/ / /
avavi
/ 0.15

-0.2

Figure 3: Example (a): initial configuration (left), yield functional (right)

Example (b) - L-shape

We consider an L-shaped domain () = (0,0.5] x (0.5,1) U (0.5,1) x (0,1) and assume that the
elastic behavior of the material is described by Ce = p; tr(e)I + 2pe with py = pp = 5.0e02.
It is further assumed that the material obeys the kinematic hardening law, i.e., k, = 0. The
plastic material parameters are given as follows: o, = 2.0e01, k; = 5.0e01. The body shall be
fixed at Iy = (0.5,1) x {0}. We set y = 4.0e-02 on T, = (0,1) x {1} and apply a pressure force
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v/ #nodes | 12,5k 25k 50k 100k 200k 400k 800k 1.6M
1.0e01 1 1 1 1 1 1 1 1
1.0e02 4 4 3 3 2 2 2 2
1.0e03 7 7 6 5 5 4 5 3
1.0e04 32 18 21 16 15 11 10 9
1.0e04* 22 29 28 22 22 24 22 24
1.0e05 79 64 54 66 67 60 51 30
1.0e05* 62 66 61 57 63 71 63 58

Table 1: Algorithm SSN(+y, 1), Example (a), £in=1.0e-10: no. of iterations w.r.t. mesh size and vy, * fixed starting point

Figure 4: Example (a): plastic strain |p|r (left), dominant plastic zones (dark), i.e. |p|p > 1e-02 (right)

g(t1,x) = —2.0e01 -v(x) on I'1 = (0,0.5) x {0.5} which leads to a nonempty contact region at
the solution. Volume forces are assumed to be absent; f(t;) = 0. To verify mesh-independent
convergence of Algorithm SSN(, i), we compute the solution for each fixed v on meshes with
decreasing mesh width starting from approximately 1.6 - 10° nodes to about 1.6 - 10° nodes, cf.
Table 2, using uniform mesh refinement. The solution on a given mesh is prolongated to the next
finer mesh to serve as a starting point v(%) of Algorithm SSN(-y, 1) on the refined triangulation.
It is observed that below ¢ ~ 1.0e04, both active set approximations of contact and plasticity
constraints are empty. For 7y between 1.0e04 and 1.0e05, only the contact constraint has a nonempty
active set. Starting from 7y ~ 1.0e05, both, plastic and contact effects need to be dealt with. For
validation purposes, a restart strategy using the zero function as a starting point on each mesh
is also tested. The iterations count for the restart strategy stays bounded as the number of nodes
are increased whereas the iteration numbers for the nested strategy even tend to decrease with
decreasing mesh width.

As the result of the application of the inexact path-following approach IPF(h) with regard to
the penalty parameter set 7y, we display in Figure 5 the approximate optimal plastic strain as well
as the regions of extensive plastic straining in the deformed configuration. Employing relation
(8.2.10), we also plot the approximate yield function in the deformed configuration and the normal
stress component on the initial configuration in Figure 6.
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Table 2: Algorithm SSN(y, i), Example (b), €in=1.0e-10: no. of iterations w.r.t. mesh size and fixed v, * fixed starting point,
T for vector-valued 7 cf. (9.3.8)

v / #nodes 1.6k 6k 25k 100k 400k 1.6M
1.0e03 1 1 1 1 1 1
1.0e04 4 4 3 3 1 1
5.0e04 4 9 8 4 3 5
1.0e05 22 24 25 16 13 9
[2.0e07, 2.0e07, 1.0e00, 1.0e00]" | 15 13 8 6 6 5
[2.0e07, 2.0e07, 1.0e00, 1.0e00]* | 15 14 21 25 23 22

i tep--
0.4

0.3 0.8

0 05 1 15 0 0 05 1 15

Figure 5: Example (b): |p|r (left), dominant plastic zones (dark), i.e. |p|r > 0.1 (right)
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Figure 7: Example (b): normal stress approxi-

Figure 6: Example (b): yield functional mation (ov), on I

Example (c) - Sine-shaped obstacle

In this example we consider a rectangular domain Q) = (0,5) x (0,1). The elastic behavior is
described by Ce = pjtr(e)l + 2uze with p; = 8.0e01, y, = 5.3e01. The material is assumed
to satisfy the isotropic hardening law (k; = 0) with k, = 1.0e02 and ¢, = 8.0e00. We apply a
pressure g(t1,x) = —8.0e00 - v(x) on Ty = (1,4) x {0}. We further admit a vanishing volume
force f = 0. Moreover, Iy = ({0} x (0,1)) U ({1} x (0,1)),and I'. = (1,4) x {1} with ¥(x,1) =
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0.2 +sin(57 (x — 1.5)) for x € (1.5,3.5) and ¥(x,1) = 0.2, else. The results obtained by Algorithm
SSN(1y, h) are summarized in Table 3. As in the previous examples, we verify mesh-independent
convergence by computing the solution for each fixed 7 on meshes with decreasing mesh width.
Again, we choose the (prolongated) solution of the preceding coarser mesh as a starting point
for Algorithm 1. It is observed that, both, plastic and contact effects need to be taken account of
starting from y ~ 5.0e03. Considering Table 3 we observe that the number of iterations even tends
to decrease with smaller mesh width. This clearly indicates mesh-independent convergence for
fixed <y as the mesh width tends to zero. As for the preceding examples, the results of the inexact
path-following approach IPF (/) (cf. below), are displayed in Figure 8,9 and 10.

Table 3: Algorithm SSN(+, ), Example (c), i,=1.0e-10: no. of iterations w.r.t. mesh size and fixed v, t for vector-valued
cf. (9.3.8), * fixed starting point

v / #nodes 1.3k 5k 21k 83k 300k 1.3M
1.0e03 1 1 1 1 1 1
5.0e03 11 11 8 7 5 5
1.0e04 17 23 17 11 8 9

[1.0e06,1.0e06,1.0e00,1.0e00]" | 13 10 8 6 5 4
[1.0e06,1.0€06,1.0¢00,1.0e00]* | 13 12 13 15 17 15

0 1 2 3 4 5

Figure 8: Example (c): |p|r (left), dominant plastic zones (dark), i.e. |p|r > 0.01 (right)

Performance of the path-following approach

Tables 4-6 show the results for the application of Algorithm IPF () to the previous test examples
for fixed outer stopping criterion e, = 107°. For validation purposes, we first test IPF(h) on
various meshes using for each mesh the zero function as a starting outer iterate 5(*). This restart
strategy is observed to converge with a constant number of outer iterations. This indicates that for
fixed required precision eqy¢ in the outer loop of IPE(/), the appropriate path-parameter set does
not depend on the mesh width. Moreover, the total number of inner iterations stays bounded as
the mesh width goes to zero, which indicates that even for this heuristic the inexact path-following
algorithm behaves almost mesh-independent. It should be pointed out that automated path-
following methods from variational inequalities of the first kind bear a high potential to further
improve the performance of the path-following algorithm, see [66]. To keep high-dimensional
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»w

Figure 9: Example (¢): yield functional Figure 10: Example (c): normal stress approx-

imation (ov), on T,

calculations as low as possible we also test a nested iteration. In this approach the solution on
a given mesh is prolongated to the next finer mesh to serve as a starting point 7(°) of Algorithm
IPE(h) on the refined mesh together with the final parameter set of the coarser mesh. In this way,
the major part of the computations related to the identification of the appropriate parameter set is
transferred to the smallest mesh and the nested approach proves to be particularly efficient for
Example (a) and (b). With this strategy, no further y-updates are necessary after the computations
on the coarsest mesh and the total number of inner Newton-iterations decreases significantly as
the number of nodes increases.

The efficiency of our path-following approach can be numerically verified as follows. On a fixed
mesh associated with a mesh width , denote by 7"? the final parameter set from the application
of IPF(h). A straightforward application of Algorithm SSN(+y, i) to (D.yea ), where the stopping
criterion is replaced by the respective inexact version (9.3.9), typically requires a multiple of the
iterations. This shows the advantage of our path-following approach.

#nodes | 125k 25k 50k 100k 200k 400k 800k 1.6M
restart | 9(40) 9(38) 9(40) 9(d41) 9(32) 9(30) 9(30) 9(26)
nested | 121) 1(13) 1(23) 1(19) 1(14) 1(15) 1(14) 1(9)

Table 4: No. of outer(total inner) iterations IPF(h), 'y(o) = 1.0e03 -[1,1,1,1], out = 1.0e-05, 6 = 2 and T, = 1.0e00 for
Example (a)

#nodes | 15k 6k 25k 100k 400k  1.6M
restart | 21(41) 21(37) 21(49) 21(52) 21(52) 21(57)
nested | 21(41) 1(79) 1(63) 1(48) 1(38)  1(20)

Table 5: No. of outer(total inner) iterations for IPF(%), ’y(o) = [2.0e07,2.0e07,1.000,1.0€00] oyt = 1.0e-05, 6 = 1.5 and
Tin = 1.0e00 for Example (b)
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9.3 The Discrete Solver

#nodes 13k 5k 21k 83k 320k 13M
restart 0 = 1.5 | 26(29) 26(48) 26(71) 26(65) 26(51) 26(57)
restart @ = 2.0 | 16(23) 16(40) 16(54) 16(52) 16(40) 16(53)
nested @ = 1.5 | 16(21) 1(221) 1(172) 1(141) 1(141) 1(90)
nested 0 = 2.0 | 16(23) 1(239) 1(209) 1(142) 1(164) 1(138)

Table 6: No. of outer(total inner) iterations IPF(h), ,},(0) = [1e08,1€08,1,1], eout = 1.0e-05, T, = 1.0e00 for Example (c)
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10 Perfect Plasticity

10.1 Introduction

The analysis of the time-dependent problem of quasi-static small strain associative perfect plasticity
or Prandtl-Reuss plasticity goes back to [44, 78], where [78] includes the first existence result for
the time-dependent case based on a suitable stress-based dual formulation. In [92], existence
as well as approximation results are given for time-varying yield criteria. The understanding
of the appropriate functional analytic setting of the weak formulation of perfect plasticity has
been considerably improved in [117], which builds on the functional analytic framework for the
corresponding static problem usually referred to as Hencky plasticity [116, 119]. The requirement
for a more involved functional analytic setting is physically justified by the possible presence of
strain localization. Simulations of this phenomenon are carried out in [88, 97]. In the static case,
which itself is of limited practical use, existence results for the appropriate primal formulation in
terms of the displacement, also called strain problem, have been obtained on the basis of relaxation
principles. The relation of the strain problem to the stress problem is discussed within the theory
of Fenchel duality [7, 119]. These developments build upon a proper weak formulation of the flow
law which depends on a suitable pairing of stresses and strains. The pairing cannot be derived in a
straightforward way, owing to the fact that the strain in perfect plasticity is just a measure [82].

Although the literature on mathematical plasticity and related issues is rather vast, it was not
until the relatively recent work [38] that the corresponding primal problem of quasi-static perfect
plasticity has been formulated and studied in a satisfying way. The appropriate setting of this
problem is gained from the abstract theory of energetic formulations for a very general class of
rate-independent systems [91, 94]. One of the key points of the approach in [38] consists in a proper
extension of the stress-strain duality from Hencky plasticity to the time-dependent case. Moreover,
the equivalence to the stress-based weak formulation from [78] is set forth and the existence of a
quasi-static evolution is proven by an appropriate time-discretization. Important extensions, for
example, to heterogeneous materials [50, 113] and with respect to regularity theory [42] are also
established.

The numerical analysis of finite element methods in perfect plasticity is mainly governed by
regularization techniques, and a convergence result for the discretized stresses for a suitable
coupling of discretization and regularization parameter is known [101]. In the quasi-static case,
perfect plasticity can be characterized as a limit of plasticity problems with vanishing hardening.
The approach can be coupled with a standard finite element discretization and convergence of
displacement, stresses and strains, as the mesh size goes to zero, can be proven under minimal
regularity [15]. For a discussion of the static case in the context of adaptive methods, we also refer
to [100], [109] and [25]. To the best of the author’s knowledge, there is no convergence result for a
direct finite element approximation of the Prandtl-Reuss model under minimal regularity.

As for algorithmic approaches to the discrete problems of perfect plasticity, we mention the
standard return mapping algorithm from [112]. The superlinear convergence of this generalized
Newton method is explained by the semismoothness of the plastic response function [107]. Other
approaches, like SQP [124] and multigrid techniques [123], typically depend on the smoothness of
the yield surface. The convergence usually displays a high degree of mesh-dependence whereas
the convergence of infinite-dimensional Augmented Lagrangian methods hinges on the higher
regularity of the strain which is often not given [106]. We also refer to [45] for a survey on the
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10 Perfect Plasticity

various complications in both theoretical and algorithmic Prandtl-Reuss plasticity.

The outline of this part is as follows. In the remainder of this chapter, the system of equations of
the Prandtl-Reuss model of perfect plasticity is given. Thereupon, the properties of the different
weak formulations, their interrelation and the generalized stress-strain duality is reviewed. In
Chapter 11 we consider the time-discretized problem of quasi-static evolution in perfect plasticity
which represents a convex minimization problem over the space of functions with bounded
deformation and the space of Borel measures. An equivalent inf-sup problem formulation which is
posed in a usual separable and reflexive Lebesgue space is derived. With the help of this reduced
formulation we prove that the classical incremental stress problem from [78] is a Fenchel dual
problem to the primal problem. As a result, we can derive new necessary and sufficient optimality
conditions for the time-discrete problem.

In the subsequent chapter we propose a primal-dual regularization scheme which combines
the visco-plastic regularization with a penalty type approach with respect to the mechanical
equilibrium condition. The approach can be considered as an alternative to techniques that are
based on the approximation by plasticity problems with vanishing hardening; see [15] and Part III.
The regularization is shown to be consistent with the initial problem in that displacements, stresses
and strains are shown to converge to a solution of the initial problem in suitable topologies.
The scheme gives rise to a well-defined Fenchel dual problem, which is a modification of the
usual stress problem in perfect plasticity. Moreover, the regularized dual problem has a simple
structure, which appears to be well-suited for numerical purposes. In order to design a mesh-
independent solver for the corresponding subproblems, we propose an algorithmic approach
in the infinite-dimensional setting based on the semismooth Newton method, and we include
a convergence result for the regularized problems. Finally, we give an outlook on the finite-
dimensional counterpart of the solver, and we discuss some of the difficulties related to the stability
of finite-dimensional approximations.

10.2 The Prandtl-Reuss Model of Perfect Plasticity

In this chapter, the fundamental set of conditions that describes the evolution of an elasto-plastic
material subject to time-dependent applied forces given by the densities f = f(t,x) and ¢ = g(¢, x)
is set forth. We assume that the loading process takes place in the time interval [0, T] and that
the body is represented by a bounded domain ) € RY,N € {2,3}. As in Chapter 7, we focus
on the quasi-static regime under the small strain assumption, and the flow rule is assumed to
be associative. Again we assume that the body is fixed on a given portion I'y of the boundary
0Q) whereas ¢ acts on the complement I'1 = 9Q \ Iy. The mechanical quantities of interest,
u=u(t,x),c=oc(tx)and p = p(t,x), are introduced in Section 7.2 to which we refer for details.
The elastic behavior of () is described by a fourth order elasticity tensor C = C(x) € (MN*N)2
which is assumed to have the properties specified in (7.2.2). In particular, C is assumed to be
symmetric,
Ciji = Cuij = Cjint,

and pointwise stable, i.e., there exists x; > 0 with

C(x)o:0 > xiloz forallc € MV*N and ae. x € Q.

In contrast to Chapter 7, the Prandtl-Reuss model of perfect plasticity does not account for
hardening effects. In the absence of hardening, the loading procedure may cause the material to
form shear bands which are surfaces along which shear strains concentrate and discontinuities
in the displacement may occur. The standard example is the formation of a slip surfaces. These
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10.2 The Prandtl-Reuss Model of Perfect Plasticity

are surfaces in the material along which the tangential component of the displacement exhibits
a jump-type discontinuity. On the mathematical level, this is reflected by the observation that
optimal displacements may exhibit discontinuities on (N — 1)-dimensional submanifolds which
rules out the usual Sobolev setting. Thus, perfect plasticity requires a different functional analytic
framework. Without hardening effects, the set of admissible stresses has to be adapted in a suitable
way. In accordance with the notation from Section 7.2 on hardening plasticity, we assume that
the set of admissible stresses K C MN*V is a nonempty, convex and closed set determined by
some yield function ¢ : MN*N — R U {+co}. Together with an initial condition at time t = 0, the
classical set of conditions for the elasto-perfectly plastic evolution of a body subject to the external
forces f and g is given as follows.

Problem 10.1 (Prandtl-Reuss plasticity). Given f = f(t,x) and g = g(t, x) with f(0,x) = 0 in Q and
g(0,x) =0o0n Ty, find [u, p,o| = [u, p,o|(t, x), with

[u,p,0](0,x) =0 inQ

such that
u(t,x) =0 onTy, (10.2.1)
ov(t,x) =g(t,x) onTy, (10.2.2)
—Dive(t,x) = f(t,x) inQ, (10.2.3)
e(u)(t,x) = C Y (x)o(t,x) +p(t,x) inQ, (10.2.4)
o(t,x) e K inQ (10.2.5)
p(t,x)) € Nx(o(t,x)) inQ, (10.2.6)

forall t € [0, T).
Here, Nx denotes the normal cone of K in MN*N je.,
Ni(o) ={pe MV*N: p: (6 —0) <0 V&eK}.

The plastic flow rule p(t,x) € Nk (o (t, x)) implies that the plastic strain can only evolve if o (¢, x) is
an element of the yield surface dK. In comparison with hardening plasticity, the set of admissible
stresses, and in particular the yield surface, does not change in time. At this point we emphasize
that the yield surface is not necessarily smooth. Discrete plasticity solvers sometimes require the
smoothness of the yield surfaces in order to work with a multiplier-based reformulation of the
flow rule; cf., for instance, [124].

If the yield criterion of the considered material is pressure-insensitive then the set K that
determines the yield criterion is given by

K = Ky + Rly, (10.2.7)

where Ky is a nonempty, compact and convex neighborhood of the origin of the space of trace-free
symmetric matrices M)V, and Iy is the identity matrix of dimension N. In particular, (10.2.7)
together with the flow rule (10.2.6) implies that p(t, x) € M)*N and (10.2.5), (10.2.6) are equivalent
to

devo € Ky and p(t x) € Nk, (devo(t, x)),

tro

where devo = 0 — %

Iy and Nk, (devo(t, x)) denotes the normal cone of Ky at devo(t, x) in
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10 Perfect Plasticity

M}*N. Using the support function of Ko,

i, : M"Y = RU {+oo}, i, (o) =supT:o0,
€Ky

(10.2.6) can be equivalently written as

ix,(p) = p:devo. (10.2.8)

10.3 Function Space Setting and Variational Formulations

We begin the analysis of the conditions (10.2.1)-(10.2.6) by reviewing several notions of weak
solutions and their relation. In the following, we will assume that O C RN, N € {2,3}, is a
bounded Lipschitz domain with nonempty open Dirichlet boundary portion I'y C ). For a fixed
subspace X(Q)) C Q, the set of admissible stresses in X(Q2) is denoted by

Sa(X(Q))) :={r e X(Q) :0(x) € Kae. inQ},
and for X(Q) = Q we simply write S,g = S,q(Q). We also define the space
Y(Div; Q) := {c € Q: Dive € LN(Q)N}.

The applied forces are given by f = f(t) € LN(Q)N and g = g(t) € L®(I'1)N and we set
1(i) = (I(t), 1) :=/f-ﬁdx+ g-adHNY, dev.
o )

The correct functional analytic setting requires that the displacement is sought in the space of
functions with bounded deformation

BD(Q) = {u € LY(Q)N : e(u) € M(Q;MN*N)1,

Consequently, the plastic strains are only measures which may also be supported on the boundary.
Hence, the plastic strains are expected to lie in the space of Borel measures M(Q U To;IM)*N). This
setting sharply contrasts with the case of hardening plasticity. We refer to Section 1.2 for important
properties of these spaces.

10.3.1 Johnson’s weak formulation

Dating back to the two seminal works of [44] and [78], a weak formulation of (10.2.1)-(10.2.6) in
terms of the stress and the velocity can been formulated by replacing p in the flow law (10.2.6)
using the strain decomposition (10.2.4). In this way we obtain

(e(n) —C 0,6 —0) <0, V&€ S,q(Z(Div;Q)), v =gonT;.

We also note that each function ¢ € X(Div; Q2) has a normal trace on I'y according to (1.2.5), such
that the equality Gv = g has to be understood in the sense of Hy,'/?(T'1)N. By a (formal) application
of Green’s formula, one obtains the variational inequality

(1,Divé — Dive) + (C'o,6 —0) >0, V&€ Su(Z(Div;Q)),6v =gonTy,
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10.3 Function Space Setting and Variational Formulations

where (., . ) stands for the duality pairing of LN/(N-D(Q)N with LN(Q)N. Together with the
standard weak formulation of the equilibrium condition (10.2.3) using the adjoint of the operator

e:V—=Q eu)=3(Vu+vu'),

this leads to the following coupled variational inequality problem for the displacement rate and
the stress.

Problem 10.2 (Johnson’s weak formulation). Let f € C([0, T]; LN(Q)N), and g € C([0, T]; L=(T1)N)
with f(0) =0, g(0) = 0. Find

[i,0] : [0,T] - BD(Q) x Q, witho(0) =0,
such that o € Sqq(X(Div; Q)) and

(o,e(it)) = (I(t),d) VaecV, (10.3.1)
(11,Dive — Dive) + (C 10,6 —0) >0 V& € Syu(X(Div;Q)), dv=g(t)onT;,  (103.2)

forae t € (0,T).

In the initial analysis of Johnson [78], the formulation is oblivious of the precise spatial reg-
ularity of u. Under a suitable assumption on the load, existence of a solution to Problem 10.2
in L2,(0, T; BD(Q)) x L®(0, T; Q) is proven in the latter reference by a combination of a time-
discretization with a Moreau-Yosida regularization of ix. The choice of the space BD(Q) and the
refined regularity statements for the displacement are attributed to Suquet [117]. The latter refer-
ence also provides one-dimensional examples exhibiting non-unique and discontinuous velocity
solutions #. For a further discussion of the possible types of discontinuities of the displacement
or the velocity, we refer to [45] and the references therein. By contrast, the stress solution is
uniquely determined by Problem 10.2. Indeed, upon testing (10.3.2) with & € S,q(X(Div;Q)),
where v = gonTj and —Divé = f, it can be observed that any stress solution also solves the
following problem, which is uniquely solvable owing to the properties of C.

Problem 10.3 (Johnson's stress problem). Let f € C([0, T]; LN(Q)N) and
g € C([0, T]; L=(T1)N) with f(0) =0, ¢(0) = 0. Find

c:00,T] - Q, witho(0) =0,
such that o € S,3(X(Div; Q))) and

(o,e(it)) = (I(t),d) VaeV,
(C'o,06—0) >0 V&eS,y(X(Div;Q)), v =g(t) onTy, —Dive = f(t),

forae t € (0,T).

At this point, many theoretical questions still remain open. This primarily concerns the interpre-
tation of the flow law, since the equality p = e(u) — C ' implies that p does not have a pointwise
(a.e.) interpretation. Also, it is not clear in what way solutions u to Problem 10.2 fulfill the Dirichlet
boundary condition. These questions are answered by the study of an appropriate primal problem
in 4 and p. For an overview of the various approaches to the stress problem we also refer to [45]
and the references therein.
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10 Perfect Plasticity

10.3.2 Quasi-static evolution

In [38], the problem of Prandtl-Reuss perfect plasticity is studied within the general context of
energetic formulations for rate-independent systems which are defined by the axioms of energy
stability and energy balance. Establishing a suitable time-discretization, problems in this class are
approximated consistently as the time step goes to zero by the corresponding time-incremental
procedure. For details we refer to [91] and the recent monograph [94].

Assumptions and notation

In the remainder of this chapter, we collect some important results from [38]. In doing so, we focus
on a homogeneous boundary condition on I'g and zero initial conditions, i.e.,

[u,e,p](0) =0, 1(0) =0,

but the definition and the subsequent results can be extended to time-dependent prescribed
boundary displacements and nontrivial initial conditions. To begin with, we introduce some
additional notation. The elastic part of the strain is denoted by

e:=Clo.
The strain decomposition (10.2.4) motivates the definition of the set of admissible states
Waa == {(u,e,p) € BD(Q) x Q x M(QUTp; My ) :
e(u) =plQ+e plTo=—(uov)H" '}, (10.3.3)

where p|Q) and p|T designate the restriction of the measure p to Q) and I'y, respectively. With the
symmetrized outer product

aob:= %abT—i—baT, a,b e RN,

the boundary condition on I’y is the appropriate relaxation of the Dirichlet boundary condition
u = 0 on Iy in plasticity theory, cf. [119].

Another technical assumption concerns the smoothness of the bounded domain () and the
interface joining the parts of the different boundary conditions;

00 € C?, 9Ty = oIy is C*-regular [82]. (10.3.4)

The elasticity tensor C € (MY*N)?2 is assumed to be positive definite and invariant with respect to
the orthogonal subspaces M) *N and {cIy : c € R}. Consequently, there exists a positive definite
tensor Cyey € (M(I)\] *N)2 and a scalar Ay > 0 such that

Co = Cyeydevo+ Agtroly, Vo e MV, (10.3.5)

We also assume that the yield criterion is pressure-insensitive, such that the flow law (10.2.6) can
be equivalently expressed by (10.2.8). In order to derive a weak primal formulation, the mapping
D defined in (7.4.5),

D(p) = /Q it () dx, peQ

has to be extended to the measure space M(Q U Ty, M) *N). This is achieved with the help of the
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10.3 Function Space Setting and Variational Formulations

theory of convex functions of measures [55, 119] by setting
iic,(P) := i, (p/PDIPL, P € M(QUTo M),

where p/|p| denotes the Radon-Nikodym derivative of j with respect to its total variation |f|. We
note that j/|p| € L‘lﬁ‘ (QUTe;MY*N), ie., p/|p|is Lebesgue integrable on Q) U T with respect to

the measure |p|. Consequently, i (7) € My (Q UTy). The mapping
D: M(QUTu;MY*N) - R
is then defined by
D)= [ i (p/ 171 ] = ik (PQUT).

Note that the properties of Iy ensure that D is nonnegative and finite. The dissipation in the time
interval [0, t], t < T, is measured by the generalized total variation functional with respect to D,

]
D(p;0,t) :=sup{>_D(p(t;) —p(tj1)): JEN, 0=ty <t < ... < t; =t}
j=1

The notion of quasi-static evolution turns out to be essential for a weak formulation of perfect
plasticity. We recall that we assume the system to be initially at rest.

Definition 10.4 (Quasi-static evolution). A function [0, T] > t — [u(t),e(t), p(t)] € BD(Q) x Q X
M(QUTo;MY*N) with [u, e, p](0) = 0 is called quasi-static evolution if the following conditions are
fulfilled.

(i) Stability: For every t € [0, T}, it holds that [u(t),e(t), p(t)] € Waq and
3(Ce(t)e(t)) — (1(t), u(t)) < 3(C&,&) + D(p — p(t)) — {I(t), )
for all [, ¢, p] € Waa.

(ii) Energy equality: It holds that p € BV([0, T], M(QUTo; M{*N)), and for every t € [0, T] the
equation

3(Ce(t),e(t)) — (I(t), u(t)) + D(p;0,t) = /Ot<l'(5),u(5)>ds
is valid.
Problem 10.5 (Existence of quasi-static evolutions). Given
f e AC([o,T; LN()N), g€ AC([0, T]; L™(T1)N) (10.3.6)
with f(0) = 0and g(0) = 0, find
[u,e,p] : [0,T] — BD(Q) x Q x M(QUTy;IMY*N)
with [u,e, p](0) = 0 such that t — [u(t),e(t), p(t)] is a quasi-static evolution.

It is well-known that in order to establish the existence of weak solutions in perfect plasticity
only certain qualified f and g are admissible.
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10 Perfect Plasticity

Assumption 10.6 (Safe-load condition). There exists ¢ € AC([0, T|; Q) and p > 0 such that
(i) deve € AC([0, T); L®(Q; MY*NY),
(ii) for everyt € [0, T] it holds that

Divo(t) = —f(t)inQ, o(t)v=g(t)onTy,
devé(t) +B(0;p) C Ko ae. inQ,

where B,(0) := {t € MY*N : |7 < p}.

Note that Assumption 10.6(ii) ensures that there exists an element in the feasible set to Prob-
lem 10.2 that has a Slater-type property. In other words, the condition essentially requires the
applied forces f and g to be nondegenerate in the sense that they allow for an admissible stress
state corresponding to a purely elastic material response. For instance, consider the following
practically relevant situation.

Example 10.7. Let
f(t):=0,Vte[0,T], g(tx):=c(t)v(x),

where ¢(t,x) = c(t), c € AC([0, T]), describes a time-dependent homogeneous traction or pressure.
In this case,
o(t,x) :=c(t)Iy

represents the desired element to ensure that f and g comply with Assumption 10.6.

If, additionally, the (mild) assumptions on the boundary regularity (10.3.4), the pressure insensi-
tivity of the yield criterion (10.2.7) and the standard assumptions on C (10.3.5) are given, then there
exists a solution [u, e, p] € AC([0, T]; BD(Q) x Q x M(QUTy,M}*N)) of Problem 10.5. Moreover,
e:[0,T] — Q (and thus o : [0, T] — Q) is uniquely determined by its initial condition [38, Theorem
4.5,5.2 and 5.9]. The solutions are obtained by a time-discretization process, which is defined in
the subsequent section.

The connection between the two types of weak solutions to the system (10.2.1)-(10.2.6) relies
on a suitable extension of the meaning of the flow law (10.2.6) to linearized strains ¢(u) that are
only measures, and which reduces to the conventional (pointwise a.e.) meaning if p € Q. For that
reason, a duality pairing between admissible stresses and strains can be defined, which extends
earlier approaches within the context of Hencky plasticity set forth by Kohn and Temam [82].

Stress-strain duality

Let K be pressure-insensitive, i.e., (10.2.7) holds true. For ¢ € £(Div; Q) withdev o € L*(Q; M)*N)
and u € BD(Q) with divu € LN/(N=1)(Q)), one may then define the distribution [dev o, dev e(u)]

by
([devo,deve(u)], ¢) := —(Divo, u) — % (tro, o divu) — (0,u © Vo), (10.3.7)

for all ¢ € C®(Q). Note that all (LN, LN/(N=1))-pairings on the right hand side of (10.3.7) are well-
defined since any o € %(Div; Q) with dev o € L*(Q; M) *N) fulfills the integrability condition

ceL'(MNY),  Vrell +ow);

see [82]. It even holds that [dev o, deve(u)] € M(Q) as shown in [82, 119]. With the help of this
generalized duality pairing, one may use the additive strain decomposition (10.2.4) to define a
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pairing between admissible stresses and plastic strains. In fact, for ¢ € X(Div; Q) with deveo €
Le(Q;M)N) and [u, e, p] € W,q, define the measure [dev o, p] € M(QUT)y) by

[devo,deve(u)] —devo:deve, in(),

10.3.8
—(ov)r - uHNL, on T, ( :

[devo,p] == {

where (0v)r := ov — (ov),v is the tangential component of ov. Note that (cv)r € L®(9Q; RVN)
such that [dev o, p] is well-defined, [82, Lemma 2.4]. With the help of this duality pairing, it can be
shown that Problem 10.5 is essentially equivalent to Problem 10.2. We recall the corresponding
result from [38, Theorem 6.1].

Theorem 10.8. Let (10.2.7), (10.3.4), (10.3.5), (10.3.6) and Assumption 10.6 hold true. The following
assertions are equivalent.

(i) [u,e,p]:[0,T) — BD(Q) x Q x M(QUTo; M}"*N) is a quasi-static evolution (Problem 10.5).

(ii) (1, 0] solves Johnson’s weak formulation (Problem 10.2) and

a) [u,e] € AC([0, T];BD(Q) x Q),

b) p(t) a=e(u)(t) —e(t), p(t)|r,= —u(t) ©vHN" forall t € [0, T).
(i) a) [u,e,p] € AC([0,T]; BD(Q) x Q x M(QUTo; MY*N)),

b) [u,e, p](t) € Wy forall t € [0,T],

c) forall t € [0, T) it holds that

o(t) € Su(X(Div;Q))), —Divo(t) = f(t) ae. in Q, o(t)v = g(t) a.e. on Ty,

d) D(p(t)) = [deve(t) : p(t)](QUT,) forae. t € (0,T).

Thus, under slightly improved regularity in time, quasi-static evolutions correspond to solutions
of Problem 10.2. Moreover, (iii)(d) represents the appropriate weak form of the flow rule (10.2.8).
We proceed by considering a time-discretized version of Problem 10.5.
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11 The Time-Incremental Problem

11.1 Problem Statement

In this section we formulate the incremental problem of quasi-static evolution in perfect plas-
ticity. Therefore we assume from now on and for the rest of Part IV that the assumptions
(10.2.7),(10.3.4),(10.3.5), (10.3.6) required for the theory of [38] are fulfilled. The dependence on the
safe-load condition will be explicited whenever necessary. To begin with, let

O=to<ti < ---<tj=T,

denote a partition of the time interval [0, T] with At = max,cq, 5y (tn — ti-1). We define
[ty en, Pnl,n =1,...,], inductively as follows. Starting from [ug, ey, po] = 0, at each fixed point in
time we are given the state of the system [u,_1,€,-1, py—1] € Waq from the preceding time instance
and the current applied forces f, := f(t,) € LN((;RYN), g, := g(t,) € L*(I';;RY), which define
the total load I, = I(t,) € BD(Q)*,

L(i1) :== / fo-tidx+ | go-adHNT!, i€ BD(Q). (11.1.1)
[¢] I

The triple [u,, e,, p,] is defined as a solution to the following problem.

Problem (P).

inf  J(u,e,p) over[ue p] € BD(Q) x Qx M(QUT,, M)*N)
s.t. [u,e,p] € Wag,

where the objective functional | is defined by

J(u,e,p) := 3(Ce,e) + D(p — pu—1) — {In, u).

Under the safe-load condition (Assumption 10.6), Problem (P) has a solution, which is in general
only unique in the elastic strain e. Following the existence proof from [38, Theorem 3.3], one may
reformulate Problem (P) by eliminating the dependence on u from the objective function using a
suitable integration by parts formula for the generalized pairing of stresses and strains (10.3.8) and
an element ¢ € X(Div; Q)) which meets the requirements of the safe-load condition. Thereupon we
obtain the equivalent problem

{inf J(u,e,p) over[u,e,p] € BD(Q) x Q x M(QUTo; MY*N), 1112)

s.t. [u,e,p] € Waa

with )
J(u,e,p) := 5(Ce,e) — (0,€) + D(p — pu-1) — [devd, p — pu-1](QUTY),

where Assumption 10.6 guarantees the coercivity of the mapping

p = D(p) —[devd, p](QUTy)
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11 The Time-Incremental Problem

on M(QUTo; M)*N); see [38, Lemma 3.2]. Below, we provide an alternative existence proof based
on another reformulation of Problem (P).

The time-incremental problems allow for a consistent approximation of Problem 10.5 in that the
piecewise constant time interpolates

[u?, e, p?] 1 (0,T) — BD(Q) x Q x M(QUTo; MY*N)

constructed from the time-incremental solutions (the superscript At indicating the dependence on

the step size)
[unren/ Pn] - [unAtl enAtI PnAt]/ n= 1/- . /](At)/

converge for At — 0 (along a subsequence) to a quasi-static evolution [u, ¢, p] in the sense that

utt(t) > u(t) in BD(Q),
poi(t) = p(t)  in M(QUTo;MY*N),
eP(t) = e(t) inQ,

forall t € [0, T], see [38, Theorem 4.8].

11.2 Inf-Sup Problem Formulation

As a result of the nonsmoothness of the objective function and the structure of the constraint
set in conjunction with the non-reflexive Banach space setting, the convex Problem (P) poses a
variety of complexities, which complicates a direct numerical approach to this problem. The
goal of this section is to establish a suitable problem reduction, which yields an unconstrained
reformulation posed in a conventional Lebesgue space. This reformulation is the main step to
establish a Fenchel duality result that relates the primal formulation (P) to the incremental version
of the stress problem (Problem 10.3).

With the help of the results from [38] on the various characterizations of the generalized stress-
strain duality, the plastic strain p can be eliminated from the optimization problem using the
definition of W,g; in fact, for given [u,e] € BD(Q) x Q, p = p(u, e) is uniquely determined by

pLQ: 8(1,[) e pLFoZ —uov HN?l/ (1121)

such that only the plastic incompressibility condition tr p = 0 is left to be taken into account in
order to ensure [u, e, p] € W,q. The resulting reduced objective function, which is derived in the
subsequent Lemma 11.1, turns out to be given by

J(u,e) := %(Ce, e)+ sup {—=(pu-1,0) — (0,e) — (Divo,u)} — (fu, u), (11.2.2)
0€85,4(2(Div;Q))
ov=g, onIy

where p,,_1 is understood as an element of X(Div; ))* defined by
(Pn-1,0) = —(0,en—1) — (Divo,u,_1), o € X(Div; Q). (11.2.3)

Note that p,—1 = py_1 if uy—1 € H}(Q;RY). The elimination of p from the initial problem (P) is
detailed in the following statement.

Lemma 11.1. Let | : BD(Q) x Q — R be defined by (11.2.2). Then Problem (P) is equivalent to the
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11.2 Inf-Sup Problem Formulation

problem
inf  J(u,e) over[ue] € BD(Q) x Q,
s.t. divu=tre inQ, (11.2.4)
u-v=_0 on T,

in the following sense.
(i) If [i1, e, p| is a solution of Problem (P) then [ii, €] solves (11.2.4).

(ii) For each solution [ii,e] to (11.2.4), it holds that [ii, e, p(ii, €)] is a solution to Problem (P), where
p(i,e) is defined by (11.2.1).

Proof. Let [u,e, p] € W,q. As the safe-load condition is assumed to hold, we have [38, Prop. 2.4]
D(p) = sup{[devo, p](QUIy) : 0 € S,q(X(Div;Q))),0v =g, on T4},

where the measure [dev o, p] € M(Q UT)) is defined by the generalized duality pairing between
admissible stresses and strains (10.3.8). The integration by parts formula from [38, Prop. 2.2]
provides a useful characterization of the generalized duality. In fact, for any o € S,q4(X(Div;Q2))
with ov € L*(I'1;RVN), it holds that

[deve, p](QUTy) = —(0,e) — (Divo,u) + (ov, u)r,. (11.2.5)

Here, we use the shorthand notation (. , . )r, for the duality pairing of L*(I';; RN) and L!(I';; RYN).
By (11.2.5) we obtain for all o € S,4(X(Div; Q)) with ov = g, on T},

[devo,p — pna](QUTG) = — (0,e) — (Dive, u) + (gu, u)r,
- <ﬁ"*1/ U> - <8nr un71>/

where p,,_1 is defined in (11.2.3). Hence, we may remove the dependence on p of the objective
functional; A
J(u,e,p) = J(u,e) Vue p] € Waq. (11.2.6)

Now let [, ¢, p] € Waq be a solution of Problem (P) and [, ¢] € W,4, where
Waa := {[u,e] € BD(Q) x Q:divu =trein L*(Q), u-v =0a.e. onTp}.

By taking the trace in the two conditions (10.3.3) of the definition of W,q, one may observe tl}at
(11.2.1) defines an element p € M(QUTo; M) *N) such that [u, e, p] € W,q if and only if [u, €] € Wq.
Using (11.2.6), one deduces that

J(a,8) = J(a,e,p) < J(ue p(ue)) =f(ue),

forall [u,e] € V\Zad. This proves assertion (i).
Let [i1, &] € W,q be a solution of (1~1.2.4). Following the above discussion, we find that for any
[, e, p] € Waq it holds that [u, e] € W,q. Hence, (11.2.6) implies that

for all [u, e, p] € W,q, which accomplishes the proof of assertion (ii).
O

As usual in plasticity problems with pressure-insensitive yield criteria, it can be expected that

135



11 The Time-Incremental Problem

there is no need to explicitly take account of the plastic incompressibility constraint trp = 0 as
it is already contained in the variational formulation. For this aspect we refer to the discussion
following (10.2.7) and [24]. In fact, it can be shown that the plastic incompressibility constraints in
(11.2.4) are redundant.

Lemma 11.2. Let [ be given by (11.2.2). Assume the safe-load condition (Assumption 10.6) is fulfilled.

Then the problem
inf  f(u,e) over[u,e] € BD(Q)x Q (11.2.7)

is equivalent to Problem (P) in the sense of Lemma 11.1.

Proof. Let [u,e] € BD(Q) x Q. For arbitrary ¢ € C!(Q) with ¢ = 0 onT; we define 7, := ¢ + @Iy,
where 0 € X(Div; ()) denotes an element fulfilling the safe-load assumption. Thus, it holds that
0y € Saa(Z(Div; Q)) with g,v = g, onT;. Consequently, one may derive the following estimate;

sup  {~(pu1,0) — (0,¢) — (Dive,u)} — (fu,u)
7€S5,4(2(Div;Q)),
ov=g, onIy

= sup  {—(pn-1,0p) — (0p,¢) — (Div Iy, u)}

9eC1(Q),p=00nT,

= —(pn1,0) = (0,e) + sup {=(Pn-1,9In) = (@, tre) = (Vo,u)}.
peCL(Q),
¢=0onT;

Taking the trace in the Green’s formula (1.2.10) implies that

/u-Vq) dx = —/ @ d(divu)—|—/ uv @ dHN (11.2.8)
0 0 a0

for all ¢ € C'(Q), such that
—(Pn-1, ¢In) = (@, tre,_1) + (Vo,uy_1) = 0. (11.2.9)
The latter term vanishes since [1,_1, €4-1, Pn—1] € Waq implies that
divu,_1 =tre,_1, uUy,_1-v =0 a.e.onlTy.
By (11.2.9) and (11.2.8), one obtains

sup A —(pu-1,0) = (0,0) = (Dive,u)} — (fu, 1)

0€8,4(2(Div;Q2)),

ov=g, onIy
2 —(Pn-1,0) — (0¢) (11.2.10)
+ sup {/ ¢ (d(divu) — tre dx) —/ u-vqodHN_1},
(pGCl(ﬁ), Q Ty
¢=0onTy
which implies that [(u,e) = +co unless
divu —tre =0 in Q. (11.2.11)

The redundancy of the boundary condition can be derived as follows. It can be verified that the
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11.2 Inf-Sup Problem Formulation

density property

— Co(To)
{¢l, : 9 €C(Q),9=00nT} = Co(Tp) (11.2.12)

is fulfilled; in fact, let g € C.(I'g) and choose an extension § € C.(w) of g to a nonempty open
set w C RN with wNT; = @, suppg C w and §luwrr, = g Let gu := pn * § € C.(RY) be the
standard mollification of §; cf. (5.2.9). As § € C.(w), (gn) converges uniformly to § in w. For
sufficiently large n, it further holds that supp g, C w, and in particular, the sequence of restrictions
(gnlr,) of (gn) to Ty represents a feasible approximating sequence in the sense of the left hand side
of (11.2.12). Taking account of the fact that (g,|r,) converges uniformly to g on Iy, the density
property (11.2.12) is verified.

Consequently, it holds that
/ u-ve dHN1 =0,

To

for all ¢ € C}(Q) with ¢ = 0 on T}, if and only if,
- v =N ) = - vl = 0. (11.2.13)

Finally, (11.2.10) together with (11.2.11) and (11.2.13) imply that J(u,e) < +oo requires that u - v
vanishes on I'y.

As a conclusion, the constraints in problem (11.2.4) are redundant and the assertion follows from
Lemma 11.1. O]

Observe also that the reformulation comes at the loss of the finiteness of the objective function.
The goal of the subsequent lemma is to show that the objective functional in (11.2.4) can be
extended to displacements u in the space LN/ (N~ ((); RN).

Lemma 11.3. Assume the safe-load condition is satisfied. Then the objective function | = J(u,e) from
(11.2.2) is coercive in BD(Q)) x Q. More precisely, there exist constants ¢y € R, c1 > 0 such that

sup {—=(pu-1,0) — (0,e) — (Divo,u)} — (fu, u) (11.2.14)
0€8,4(2(Div;Q))
ov=g,onTy

> co — c1llefl + p max([le () [|meanevny, =€) [y + J5 el rymy))

forall [u,e] € BD(QY) x Q. Here, p > 0 is the constant from Assumption 10.6.

Proof. First, we state the elementary result
|devt|r < |t|p forallT € MN*N, (11.2.15)

Making use of Assumption 10.6 and (11.2.15), it holds that

sup  {~(pa1,0) — (0,¢) — (Dive,u)} — (o u)
0€8,4(Z(Div;Q))),
ov=g, on Iy
> sup {={pn-1,0+71)— (0 +7,6) — (Divt,u)}
TeC' (QMN*N) r=0 on T},
HTHC(H;MNXN)SP
>c+ sup {—{pu-1,7T) — (0 +71,6) — (DivT,u)},
TeCH(MN*N) r=00nT},
”THC(E;]MNXN)SP
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11 The Time-Incremental Problem

foralle € Q and u € BD(Q)), where ¢ € R denotes a constant which may take different values on

different occasions. Using Green’s formula for BD(Q))-functions (1.2.10), one obtains

—(Pn-1,7T) = (en-1,T) + (Un-1,Div T)
—cllen-1llo —/ T:e(Up_1) +/ (1 ©OV): TdHNT
0 I

> —cllen-llo — o(le(n1)[r(Q) + [[tn-1 © V][ roanvn))

Y]

vV

and
—(@+7,e) > —=([0llg + pl"?) [lellq

forall T € C'(Q, MN*N) with || || pven) < p and T|r, = 0. This implies that

sup  {—=(pu-1,0) = (0,¢) = (Dive,u)} — (fu, )
7€5.4(Z(Div;Q))),
ov=g, onTy
> co - crllelg + sup {—(Divr,u)},
TeC (O;MN*N) 7=0 on T},
HTHC(B;]MNXN)SP

where
sup {—(Divt,u)} > sup {—(Divt,u)}
TeCHQMN*N) r=00onT}, TEC)(QMN*N),
HT”C(E;]MNXN)SP ||THC0<Q;]MNXN)SP

= P||8(”)HM(Q;MNXN)-

(11.2.16)

(11.2.17)

Furthermore, it is well known that for 9Q) € C? each T € C!(9Q2) may be extended to a function

T, € C}(Q); see [51]. This can be achieved by
T:(x) := 6(rdist(x,0Q))t(7t(x)),

where 7t denotes the locally uniquely determined projection of x onto the boundary 0Q), r € Ris

sufficiently large, and 6 € C*(R) denotes a smooth function with

6 €1[0,1],0(t) =0fort >2and 0(t) =1 fort < 1.
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11.2 Inf-Sup Problem Formulation

Again using (1.2.10), one obtains

sup {—(Divt,u)}
TeCHMN*N) r=00nT},
HT”C(E;MNXN>§P

> sup {—(Div T, u)}

T€CH(To;MN*N) =0 0nT4
HT”cO(rO;]MNxN)SP

= sup (/ TT:S(u)—/(uG)v):TdHN_1>
TeC)(ToMN*N), \JQ To

1l cyroman <y <p
= p(—lle(w) m@aavn) + lu © Vo))
> o (= lle() lmcomev, + J5lullirms) ) -
In the last estimate we use the elementary property
[a®blr > Zlal2lbl,

and together with (11.2.16), (11.2.17), the proof of (11.2.14) is accomplished. The coercivity of the
objective function Jin BD(Q) x Q now follows from (11.2.14), the ellipticity property

(Cere) > mallely

and the fact that
w = | romey + [l moavn)

defines an equivalent norm on BD(Q), cf. Section 1.2.3. O

The significance of the preceding lemma is twofold. First, note that the objective function
J(u,€) has a natural extension to LN/(N=1D(Q)N x Q. Indeed, by definition, | is well-defined as an
extended real-valued function on LN/(N-1(Q)N x Q; cf. (11.2.2). Moreover, from the proof of the
preceding lemma one obtains that

u e LNN=D(Q)N\ BD(Q) = J(u,e) = +oo, (11.2.18)

for all e € Q, since the regularity constraint (1) € M(Q) is implicitly contained in the objective
function owing to the estimates (11.2.16) and (11.2.17). Consequently, we obtain the following
equivalent problem.

Problem (P,eq). .
inf  J(u,e) over [u,e] € LN/N"D(Q)N x Q,
where | : LN/(N-D(Q)N x Q — R U {+o0} is given by (11.2.2).
A similar situation arises in the context of total bounded variation regularization in image
restoration; see Section 6.2. However, the argument here additionally relies on the validity of the
safe-load condition.

Secondly, Lemma 11.3 gives rise to an alternative existence proof to Problem (P). These results
are summarized in the following theorem.
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11 The Time-Incremental Problem

Theorem 11.4. Let | be given by (11.2.2). Assume the safe-load condition (Assumption 10.6) is fulfilled.
Then Problem (P,.4) is equivalent to Problem (P) in the sense of Lemma 11.1, and Problem (P) has a solution
i1, e, p|, which is unique in e.

Proof. The equivalence of the problems (P) and (Preq) is induced by Lemma 11.1, Lemma 11.2 and

(11.2.18). For the existence proof, we use the problem formulation (11.2.7). As a pointwise limit of
affine continuous functions, the mapping

[u,e] — sup {—={pu-1,0) — (0,e) — (Divo,u)} — (fu, u) (11.2.19)
0€85,4(2(Div;QY)),
ov=g, onIy

is sequentially Ls.c. in LN/(N-1 ()N x Q equipped with the weak x weak topology. If 1y — u in
BD(Q) then (u) is bounded in BD(Q) and fulfills uy — u € L}(Q)N. By the continuous embed-
ding (1.2.9), each subsequence of () has a subsequence converging weakly in LN/ (N=D(Q)N to u.
Urysohn’s principle implies that the entire sequence (1) weakly converges to u in LN/(N-1)(Q)N,
Consequently, the mapping from (11.2.19) is also sequentially l.s.c. in BD(Q) x Q endowed
with the weak* x weak topology. Together with the coercivity property in BD(Q) x Q given by
Lemma 11.3, the direct method can be applied to prove the existence of a solution [#, €] to (11.2.7).
The existence of a solution to (P) follows by Lemma 11.2 and the uniqueness of ¢ is an immediate
consequence of the strict convexity of the mapping e — (Ce, e)q. O

In contrast to the original problem, (Py.q) is an unconstrained minimization problem in a reflexive
Banach space (even Hilbert space for N = 2). This seems to be more attractive from a numerical
point of view, and it facilitates the analysis of the primal problem (P) within Fenchel duality theory.
In fact, a Fenchel duality result can be derived based on the alternative functional analytic setting
provided by the reduced problem formulation (Prq). This is precisely the purpose of the following
section.

11.3 The Incremental Stress Problem as a Fenchel Dual Problem

In Hencky plasticity, equality of the extremal values between the stress problem, and the initial
strain problem posed in a Sobolev space and its relaxation in BD(Q)) is well known; cf. [119, p.251
ff.], and it is expected that a similar result is true for perfect plasticity. Indeed, the goal of this
paragraph is to demonstrate that the standard incremental stress problem of perfect plasticity can
be derived from the primal problem (P) within the theory of Fenchel duality (see Section 2.2) using
the reduced formulation problem (Pr.q). In this regard, the subsequent developments justify the
formal duality approaches to perfect plasticity; cf. [106].

For further reference, we introduce the set of admissible stresses which fulfill a boundary
condition for a given function § on I'y;

Sad(§) := {0 € Saa(Z(Div; Q)) : ov = §in [Hy/*(T1)]N},  § € [Hy/2(T1)|N. (11.3.1)

Note that the regularity of the boundary trace is ensured by the property S,q(g) C H(div; Q).
Under Assumption 10.6, S,4(gx) is nonempty, such that the indicator function

is,4(g) * Z(Div; Q) — R U {400} (11.3.2)

of the convex set S,4(gx) in the space X(Div; }) is proper. We also define the bounded linear
operator
A e L(LNN-D(O)N x Q,%(Div; Q)*), A(u,e) := —Div* u —e. (11.3.3)
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Furthermore, we set
F(u,e) := —(fa,u) +3(Ceje), G(0"):=1i§, (), (11.3.4)

for [u,e] € LN/N-D(Q)N x Q and ¢* € £(Div;Q)*. The Fenchel conjugate function of i,
% (Div; Q) is denoted by

Sn ) in

15, (g - Z(DIv; )" — RU {+o0}.

With these definitions, (Prq) takes the equivalent compact form

{min F(u,e) + G(Afu,e] — (Pu_, . ))
over [u,e] € LN/N=-D(Q)N x Q.

A straightforward computation leads to

Fr(u*,e*) =i gy (u") + %(C’le*,e*), G*(0) = i;:d<gn)(a),

for [u*,e*] € [LN(Q)]N x Q and ¢ € E(Div; Q). The adjoint of A is given by
Ao = [-Dive,—0o] € [LN(Q)]N x Q. (11.3.5)

Since Sad(gn) C Z(Div; Q) is convex and closed, it holds that 5" (gn) = 1Sua(gy)- According to (2.2.4),

the Fenchel dual problem of (P.q) corresponding to the above setting is given by

Problem (DP).
inf  1(C7lo,0) + (pu_1,0)
s.t. —Dive = f,, ov=g,0nTI1, 0 € Sy
over ¢ € X(Div; Q).

Problem (DP) is exactly the stress problem (Problem 10.3) of perfect plasticity in incremental
form resulting from an implicit Euler time discretization;

o(ty)—0(tn-1)

a(ty) = R

We summarize the result in the following theorem.

Theorem 11.5. Suppose that Assumption 10.6 is satisfied. A Fenchel dual problem of the time-incremental
problem of quasi-static evolution in perfect plasticity in reduced form (Problem (P,.q)) is given by Prob-
lem (DP), which is the stress problem in incremental form. There is no duality gap between primal and dual
problem, i.e., it holds that

inf(P,.y) = —inf(DP). (11.3.6)

Proof. To show that a duality gap between (P,4) and (DP) can be precluded, it suffices that the
following constraint qualification is fulfilled;

—pn—1 € int(dom G — AdomF); (11.3.7)

cf. (2.2.2). The validity of (11.3.7) can be seen as follows: From the definition of the adjoint (11.3.5),
it follows directly that A* is injective, which implies that ran A is dense in X(Div; Q)*. By the
Closed Range Theorem, A is surjective if and only if the range of A* is closed. The latter is
obvious from the definition of A*. Together with dom G # @ and dom F = LN/(N-D(Q)N x Q,
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the surjectivity of A implies that
dom G — Adom F = %(Div; Q)*,
such that the constraint qualification (11.3.7) is satisfied. O

Under Assumption 10.6, the direct method allows to derive that (DP) has a solution & €
% (Div; Q), which is unique owing to the strict convexity of the mapping ¢ +— (C~'c,c). By
virtue of (2.2.2) and Lemma 2.6, ¢ can be linked to solutions [i, é] of the primal problem (P) by the
following primal-dual optimality system;

0 € Saa(gn), Divo=-f, Ce=g0, (11.3.8)
—Pn-1 —Div*' il —& € N ,(4,)(7), (11.3.9)

with Ng (,)(F) = dis,,(4,)(7), where dis_(,,) denotes the usual (convex) subdifferential of the

function is ,(o,) defined in (11.3.2) in the space % (Div; Q). Note that (11.3.9) is equivalent to
(il —uy_1,Dive —Diva) + (6 —e,-1,0 —0) >0 V7 € Saa(gn); (11.3.10)

that is, the optimality system (11.3.8)-(11.3.9) represents precisely the time-discretized version
of Johnson’s weak formulation (Problem 10.2). Moreover, our result shows that the necessary
optimality conditions for the time-discretized primal problem (P) given in [38, Theorem 3.6(c)]
can be supplemented by the normal cone condition (11.3.10) to obtain necessary and sufficient
optimality conditions for the solution of the time-incremental problem in quasi-static perfect
plasticity. A rigorous Fenchel duality result for the time-discrete primal problem of perfect
plasticity and the dual stress problem has thus been established. We stress that the proof of the
Fenchel duality result requires the correct choice of the topology in which primal and dual problem
are set.

Finally, one may use the definition (11.2.3) of p,_1 as an element of X(Div)* together with the
weak form of the equality constraints in (DP) in order to derive the following equivalent problem
to (DP).

Problem 11.6.
inf 1€ o, o) — (C oy, 0)
s.t. eo=1, inV* o€ Sy,
over 0 € Q.

Here, we make use of the adjoint €* of the operator € € L(V, Q) to pose Problem 11.6 in the less
regular space Q. The linear functional /,, is defined in (11.1.1).
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12 A Modified Visco-Plastic Regularization for the
Time-Incremental Problems

12.1 Visco-Plastic Regularization
In perfect plasticity, the flow law is given by the nonsmooth inclusion
f? € N]K(O') = aiK(U), (12.1.1)

where admissible stresses are supposed to lie in the set K; cf. Problem 10.1. A classical approach
to the problem of perfect plasticity is the visco-plastic regularization. The idea of this approach
is to replace the indicator function ik associated with the constraint o(x) € K by a smooth
approximation i}, such as the Moreau-Yosida regularization. In this way, (12.1.1) is transformed
into a smooth equation where the stresses may lie outside the feasible set K, and the Fréchet
derivative of the regularization of ik serves as an approximation of the plastic strain rate. In this
way, perfect plasticity can be seen as the limit of visco-plasticity as y — +o0, which is the basis for
the existence proofs in [78, 117]. Replacing p by an implicit Euler scheme, the time-incremental
version of the flow law in visco-plasticity is then given by

Pu = Pna+ Oty id (0,),  Dtyi=t, —ty 1. (12.1.2)

On the level of the weak formulation in terms of the stress (Problem 11.6), we employ a Moreau-
Yosida regularization corresponding to the constraint o € S,q. For fixed parameter v > 0, this
leads to the stress problem of visco-plasticity.

Problem (VP.,).
inf  3(C'o,0) = (C oy 1,0) +if (0)
s.t. efo=1,c V", (12.1.3)
over o€ Q.
In order to find a practical characterization of the projection onto the set of admissible stresses

(cf. equation (12.1.6) below), one usually employs the Moreau-Yosida regularization igad (o) of
is,, : Q = RU {+oo} with respect to the scalar product

(0,6)cr = (C’la,c?)Q:/C’la:Frdx,
Q

on Q. By the properties of C according to (10.3.5), /(. , . )c1 yields an equivalent norm on Q.
Consequently, we obtain that

ig,,(0) = 3llo = 7s,0lle, g€Q,

where 75, : Q — S,q denotes the projection onto S,q with respect to (Q, (., . )c-1). At this point,
we mention that in the literature on plasticity, the stress problem in incremental visco-plasticity is
usually derived by considering the weak form of (12.1.2). This results in Problem (VP,), where vy
is replaced by the time-dependent parameter At,; cf. [78, p.436]. In this approach, the magnitude
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12 A Modified Visco-Plastic Regularization for the Time-Incremental Problems

of the product At,y determines whether the approximative material behavior is dominated by
perfectly plastic (At,y — +00) or elastic material behavior (At,y — 0). For a more detailed
discussion we refer to [106, p.79].

In order to derive the corresponding predual formulation of incremental visco-plasticity, we
apply Fenchel duality theory according to (2.2.4) with

F(0) := 3(0,0)c1 — (0u-1,0)c —l—igad(o’), ceQ;
G(M*) = i{_l”}(u*),‘ u* e V*, A = —g*

As a result of this setting, the primal problem of visco-plasticity in the Sobolev space V is given by

inf  sup,.o{(e(u),0) = 3(0,0)c1 + (-1, 0)c1 — g, ()} — Lu(u) (12.1.4)
over uecV. -

Further note that the constraint qualification (2.2.2) is satisfied since ¢* € £(Q, V*) is surjective by
Korn's inequality, which states that there exists a ¢ > 0 such that

le(u)llq = cllullmmy), Yuev;
see, e.g., [61, p. 147]. Consequently, there is no duality gap, i.e.,
inf(VP,) = inf (12.1.4).

In order to eliminate the inner sup-problem in (12.1.4), one may use the corresponding optimality
conditions. To begin with, the derivative of the Moreau-Yosida term is given by

i, (0) = 9C (0 — 75,,(0)),

such that the unique solution ¢ = ¢ (u) of the inner optimization problem in (12.1.4) is characterized

by
oc=Ce(u)+0y-1—y(c—ms,(0)). (12.1.5)

Consequently, (Ce(u) 4 0,,1) is on the line joining ¢ and the projection 7t , (¢'), which entails that
TTSq (U) = TTS,q (CS(M) + (Tnfl)r' (12.1.6)
see [106, Lemma 3.2]. Using (12.1.6) in (12.1.5), one finds that

0 = 1= (Ce(u) + 01 + 9715, (Ce(u) + 0u-1)). (12.1.7)

Using (12.1.7), one may eliminate the inner sup-problem, such that problem (12.1.4) can be given a
closed form in u. Furthermore, it can be shown (see, e.g., [106, Theorem 5.2]) that (12.1.4) has a
unique solution u, € V, which is linked to the unique solution ¢, € Q of Problem (VP,,) by

e(uy) = C (1 + 7)oy = 0p1 —y715,,(0))  inQ,
go=1 InV*

Note the fact that in visco-plasticity the optimal displacement u., lies in the Sobolev space V
which sharply contrasts with the case of perfect plasticity. In [106, Lemma 3.8], it is shown that
the visco-plastic regularization is equivalent to a problem of plasticity with kinematic hardening

144



12.2 A Modified Visco-Plastic Regularization

where the hardening modulus depends on the regularization parameter 7 . From the discussion
of Chapter 9, it follows that this problem class requires itself further regularization techniques to
design an efficient algorithm in function space. Moreover, the convergence of related Augmented
Lagrangian methods hinges on the pointwise interpretation of the flow rule (10.2.6) which requires
the L?-regularity of the plastic strain; see, for instance, [112, 106]. In perfect plasticity however, p is
in general only a measure and as already stated in Theorem 10.8, (10.2.6) holds only in a measure
space sense.

For these reasons, it appears to be worthwhile to consider an alternative regularization scheme
which is different from a vanishing hardening approach, and which maintains the original function
space setting of the primal problems (P) and (Pyeq).

12.2 A Modified Visco-Plastic Regularization

In this section we propose a primal modification which combines the usual visco-plastic regular-
ization of the flow law with a Tikhonov regularization of the objective functional in (Prq4). As it
turns out, this approach allows to recover a one-to-one relation between the approximations of
the primal variable pair [, p] and the solution of a suitably modified version of the incremental
stress problem (DP) in the original infinite-dimensional setting. In particular, the approxima-
tions of u are not assumed to be elements of the Sobolev space V. For N’ := N/(N — 1), recall
that BD(Q) — LN (Q)N (see (1.2.9)) and consider the following family of regularized problems
induced by a sequence of positive parameters p > 0.

Problem (MVP)).

{inf Ju(ue)

over [u,e] € LN (Q)N x Q,

where

fy(”re) = ;WH””I[YA///(Q)N = {fa u) + %(Ce/e)

+ sup  {—(pn1,0) = (0,e) — (Divo,u) —ig (o)}
ceX(Div;Q),
ov=g, onTy

Existence and uniqueness of a solution to (MVP),) then follows by standard arguments from
convex analysis as summarized in the following proposition.

Proposition 12.1. Assume that the safe-load condition (Assumption 10.6) is fulfilled. Then Problem (MVP,,)
admits a unique solution [u,, e, | which satisfies u, € BD(QY), u,v = 0 on Ty and divu, = tre, in QL.

Proof. The function

[u,e] = sup {—(pn1,0) = (0,e) — (Divo,u) —i§ (o)}
ceX(Div;Q)),
ov=g, onTy

represents the pointwise supremum of a sequence of affine functions on L' (Q)N x Q and as
such, it is convex and weakly-ls.c. in LN (Q)N x Q. Under Assumption 10.6 it is also proper. The
additional strictly convex term

w112 s (12.2.1)

yields the coercivity of f, won LN "(Q)N x Q. Existence and uniqueness of a solution now follows by
the direct method. The regularity statement ¢(u) € M(Q; MN*N) follows under Assumption 10.6
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12 A Modified Visco-Plastic Regularization for the Time-Incremental Problems

by
sup  {—(pn-1,0) = (0,€) = (Dive,u) —i5 (o)} = (fu, u)
cex(Div;Q)),
ov=g, onTy
> sup {—(pn-1,0) — (0,e) — (Divo,u) } — (fu, u), (12.2.2)
0€8,4(Z(Div;Q2)),
ov=g, onIy

together with the estimate (11.2.14). Since u,, € BD(Q), the validity of the plastic incompressibility
conditions u, - v = 0 on I'y and divu, = tre, can be deduced from (12.2.2) as in the proof of
Lemma 11.2. O

Unlike the case of the visco-plastic regularization, we do neither dispose of an explicit problem
formulation of Problem (MVP),) in terms of u nor is it possible to prove that the optimal displace-
ment in Problem (MVP,) is an element of the Sobolev space V. Therefore Problem (MVP,,) does
not fall into the realm of hardening plasticity. However, the above regularization seems to be
useful for devising stable algorithmic schemes to solve (P) via its approximation (MVP,), which
has the advantage of being uniquely solvable. It can also be expected that (MV P, ) yields a close
approximation of (P,q4), at least for large y. Before discussing this issue, we proceed by computing
the associated Fenchel dual problem. This problem turns out to be a penalized version of the
incremental stress problem, which is unconstrained apart from the Neumann boundary condition.

Problem (D,).
inf ];j((f)
s.t. ov = gnonl
over o € X(Div; Q).

with
N B R N-1 . .
Julo) = 3(C7o,0) + (Pu1,0) + B | DlVU+anILVN(Q)N ‘HZM(U)-

Proposition 12.2. Under the safe-load condition (Assumption 10.6), a Fenchel dual problem to (MVP,,) is
given by the modified stress problem (D,,). Moreover, (D,,) has a unique solution ¢, and there is no duality

gap, ie.,
min(MVP,) = —min(D,). (12.2.3)

Proof. Existence and uniqueness of a solution ¢, to (D,) follows by the direct method noting that
— N-1 .
0= 5(C o, 0) + B || Div e + ful iy

defines a strictly convex and coercive functional on X (Div; (}). Similar to (11.3.5), we employ the
linear operator A from (11.3.3) and we rewrite (MVP,,) in compact form as

min  F(u,e) + G(Alu,e] — pn_1) over [u,e] € LN (Q)N x Q, (12.2.4)
with slightly altered definitions of the functionals F and G;

FiLY(Q) x Q5 RU{o), Flue) i= gl — (o) + 1(Cere),
G:X(Div;Q)* - RU {0}, G(o"):

sup {{c",0) —ig (o)}
ceX(Div;Q),
ov=g, onITy
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12.2 A Modified Visco-Plastic Regularization

An application of [46, I, Remark 4.1] leads to
* * % . * —1 % _*
Fr(u*,e") = HN [|u +fVlHIL\IN(Q)N + %(C le*,e )s

for all [u*,e*] € LN(Q)N x Q. Moreover, it holds that G(¢*) = G*(¢™*) for

G(0) =5, (Divo) (0) + igad(a)r o € £(Div; Q),

where
% (Div; Q) := {c € £(Div;Q) :ov =gonT1}, §€ Hy'*(T1).

Since G is convex, l.s.c. and proper, one obtains

G*:G’v:l‘zy

He
'&n (DiV;Q) + lsad :

The Fenchel dual problem of (MVP,) corresponding to this setting is given by
—inf F*(=A'0)+G*(0) + (Pn-1,0), (12.2.5)

which is exactly problem (D). Since dom F* = LN(Q)N x Q and dom G* # @, we infer that (2.2.5)
is valid and thus
inf(MVP,) = —inf(D,).

O

Hence, adding the strictly convex term (12.2.1) to (Prq) results in a penalty approach to the
mechanical equilibrium constraint — Div o = f,, in the space LN (Q)N. This type of penalization is
also useful for a posteriori error estimation in adaptive strategies [109]. Since both problems are
uniquely solvable, we retrieve a one-to-one relation between regularized stresses and strains via the
primal-dual optimality conditions (2.2.7) for the saddle point [u,, e,; 0,,] € BD(Q)) x Q x L(Div; Q).
In fact, [u,, e,; 0,] is characterized by the existence of A, € X(Div; ))* such that

Cey=0,inQ, oyv=g,only (12.2.6)

uy |V NV s sign(uy,) = p(f, + Divey) in Q (12.2.7)

—pn—1 —Diviu, — (14 u)C oy + uC s, (0,) — Ay =0, (12.2.8)
Au € Ny (ivi) (0), (12.2.9)

where 715, denotes the projection on S,4 from Section 12.1. The application of the absolute value
and the sign operation in equation (12.2.7) has to be understood componentwise, and

la|? :=[|m|?,...,|a4|"], axb:=aiby,..., a4b,)

denotes the Hadamard product for vectors a,b € R?.

This shows that the displacement can be easily computed from the solution ¢, of the dual
problem using (12.2.7). In contrast to the primal problem (MVP,,), which is only given in inf-sup-
form, the dual problem is again given explicitly. This facilitates the analysis of the consistency of
the regularization with regard to the limit problems (P) and (DP).

Theorem 12.3 (Consistency). Under the safe-load condition (Assumption 10.6), the following assertions
about the solutions to Problem (MVP,) and Problem (D,,) hold true.
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(i) The sequence of approximate elastic strains (e,) fulfills
ey —e inQ, forpu— oo,

The sequence of approximate displacements (u,,) is bounded in BD(QY) and for any limit it € BD(Q))
of a weakly*-convergent subsequence of (u,) C BD(QY), it holds that [ii, €] is a solution to (Pyeq).

(ii) The sequence of approximate stresses (o) fulfills

o, —~0 in¥X(Div;Q), o0, =07 inQ, foru— co.

Proof. Step 1 (primal problem). We first show that any sequence of minimizers [u,, e,] is uniformly
bounded. Since

c> f‘u(unfll enfl) > f}t(u‘u/ey) > f(uyrey)
> o = cillex]| +mllenl* + pmax(lle(u) ey, —lleCu) ) + J s romn)
= Co —C1|€y 1]l€y P u)llM(Q)s p)lImM(©Q) T 5 1Ml L (To;RY)

by Lemma 11.3, (e, ) is bounded in Q and (u,) is bounded in BD((}), uniformly in y. Thus, along
an appropriate subsequence, we have

u, = @in BD(Q), e, —¢éin Q.

Using the sequential weak* x weak lower semicontinuity of J, (cf. the proof of Theorem 11.4), one
obtains

J(i,&) < lminf [(u,,e,) < h;r;glf]y(uwey) (12.2.10)

H—0

= liminf min(MVP,) = —limsupmin(D,),
p—roo U—00

where the last equality follows from (12.2.3). Under the safe-load condition (Assumption 10.6), the
objective function J; of the dual problem (D,,) is proper, Ls.c. and convex. Moreover, | is weakly
Ls.c. and pointwise monotonically increasing, where the pointwise limit is given by

lim (J;(0) + iz, (Div) (7)) = 3(C7'0,0) + (Pu-1,0) + 5,45, (0)- (12.2.11)

P—00

An application of Proposition 2.15(i) yields that (12.2.11) also holds as the I'-limit in the space
X (Div; Q) endowed with the weak topology. Moreover, it is easy to show that the sequence
of minimizers (¢}) of problem (D)) is bounded in £(Div;()) such that a subsequence of (¢})
converges weakly in X(Div; Q) to the solution & of (DP) (Theorem 2.14). By uniqueness, this also
holds for the entire sequence (0y,). According to Theorem 2.14, it further holds that

limsup min(D,,) = lim min(D,,) = min(DP).
HU—r00 p—0

With the help of (11.3.6), the above estimate (12.2.10) then implies that
j(i,8) < —min(DP) = min(Preq),

i.e., [i,¢e] solves (Preq)-
Step 2 (dual problem) First observe that ] defines a quasi-monotone perturbation of the indicator
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function ig () : Z(Div; Q) — RU {400} via

N-1 . . . .
Ry (0) == B IDiv o + full Py v + 15, (0) + iz, (piviey (), @ € Z(Div; Q). (12.2.12)
In fact, setting

K:= Saa(gn), Y := X :=2(Div; Q), & =Ry, Ry =iz, (piva),
the conditions of Proposition 2.19 are satisfied and (R,) Mosco-converges to ig () in Z(Div; Q).
In particular, there exists a sequence (7,,) with &, — ¢ in X(Div; Q) and R, (0y) — is,,(,,)(7) = 0.
Further note that by convexity, the unique solution ¢}, of (D)) is characterized by the variational
inequality
(C oy, 0 — 0) + Ry(6) — Ru(0y) > (—pu1, 0 —0y) V& € £(Div; Q),
which is equivalent to

Ry (o) + (C oy, 04) < (C Yoy, @) + Ru(&) + (Pur, & — 0) (12.2.13)

for all & € X(Div;Q)). Arguing as in the proof of Theorem 3.1, we obtain using (12.2.13) with
7 =0,

0 < liminf R, (0y,) < limsup(&i[|oy — (|3 + Ru(oy))

proo 00

<
<

|
»
q
<
S
_|_
2
&
Q
_|_
E
?q
=
_|_
=
=
=
=
+
=
i
!

—0y).
Here, %, denotes an ellipticity constant of C~;
(Clo,0) > &|lollg, VYoeQ.

With the properties 0, — 7 in X.(Div; Q) (see step 1), &, — ¢ in X(Div; Q) and R, (7,) — 0, the
latter inequality entails
lim sup (1|0, — (‘7||2Q + Ry(0u)) =0,
P—00
which implies that ¢, — 7 in Q for y — occ. Since Ce, = 0y, it also holds that ¢, — ¢ in Q for
u — oo. Hence, the proof is accomplished. O

12.3 An Infinite-Dimensional Dual Solver for the Regularized
Time-Incremental Stress Problem

This section aims to provide a theoretical framework for an efficient infinite-dimensional algorith-
mic scheme to solve the initial problem (P) via its reduced formulation (P,q). For that reason, we
rely on the consistency properties of the sequence of problems (MVP,,) with regard to the limit
problem (P) established in the preceding section. In particular, Theorem 12.3 justifies to assume
that (MVP,) is a given acceptable approximation of (P) for some p >> 1, which is considered to be a
fixed parameter in this section. In contrast to standard methods in plasticity, our approach is based
on the modified (incremental) stress problems (D)), and as such it is a purely stress-based dual
method. From the solution of the modified dual problem, it is possible to retrieve corresponding
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12 A Modified Visco-Plastic Regularization for the Time-Incremental Problems

primal approximations [u,, p,] using the primal-dual optimality condition (12.2.7). For simplic-
ity, we focus on the case N = 2 which entails that the incremental stress problem as well as its
regularization is posed in the well-known Hilbert space H(Div; Q).

12.3.1 The shifted problem

Let N = 2. On account of the safe-load condition (Assumption 10.6), there exists an element
0 € H(Div; Q) that fulfills

—Divé = f,, 6v=g,onTy, devs € L®(Q;MY*N).

Employing the element &, we may shift Problem (D)) to obtain the equivalent homogeneous
problem
inf  Ji(0)
s.t. ocv=0onTI} ([A)V)
over o € H(Div; Q).

with
Jilo) == 3(C Mo, 0) + (l-1,0) + 4 || Div (7||%2<Q)2 +ig (0+0)

and (I, 1,0) := (p,_1,0) + (C'5,0).

Solving the optimality conditions associated with the discrete formulation of (D) by a semis-
mooth Newton method in the sense of [31, 75] usually results in a mesh-dependent solver. This is
a result of the fact that mesh-independent convergence requires the Newton differentiability of the
operator defined by the optimality conditions from the continuous problem (D,,). However, being
posed in H(Div; Q)), which does not embed into a more regular L?-space for p > 2, the problem
lacks the necessary norm gap; cf. Lemma 2.10. On the discrete level, a conformal discretization
of the space H(Div; Q)) requires that the symmetry property as well as the regularity of the diver-
gence is incorporated in an appropriate way. This problem already emerges in elasticity. In fact,
the dual problem of elasticity may formally be considered as a special case of Problem (DP) by
setting S,q := Q. In this approach, the displacement is considered as a Lagrange multiplier to
the divergence constraint. Mixed finite element methods are characterized by the reformulation of
the (two-dimensional) elasticity problem as a saddle point system involving both, displacement
and stress, as unknown variables. To achieve a stable approximation in the sense of the LBB
condition [22], it is necessary to simultaneously deal with symmetry and divergence constraints
in the definition of the space H(Div; Q). Therefore, relatively complex elements such as those
of Arnold and Winther [8], where the symmetry constraint is imposed in the strong sense, are
required. We also refer to the overview on mixed finite element methods for elasticity [28].

12.3.2 Tikhonov regularization

In order to overcome these drawbacks associated to an immediate discretization of (D), we suggest
to replace problem (D,,) by a Tikhonov-type regularized problem in the dense Hilbert subspace

H'(Q; M**?) — H(Div; Q).
Note that by approximating the stress in the Sobolev space H!(();IM?*?2), the divergence condition

in H(Div; Q) is automatically fulfilled and the symmetry condition can be easily imposed using
a parametrization. Together with the space H!(Q); M?*?), we consider a continuous and elliptic
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symmetric bilinear form
b(.,.): H(Q;M>*?) x HY(Q; M?**?) - R

with associated bounded linear operator B € L£(H'(Q;M?*?), H!(Q; M?*2)*). Induced by a
sequence of positive parameters (), we now contemplate the approximation of the modified
stress problem (D,,) by the regularized problems

inf  Jr (0)
s.t. ocv=0onTjy, (Dy,y)
over o € HY(Q,M?*2),

where

f;,W(O') = 1(C 0, 0) + (1, 0)
+ 5 Divelfqy + 5, (0 +0) + 5 b(0, 0).
The assumptions on b ensure that the problems (IA)PW) have a unique solution which is henceforth

denoted by 0, ,. The problem (D, ,) further promises a good approximation of (D)) at least for
large 1. In fact, in order to relate the problems (D,,,) to (D,) we need the following assumption.

Assumption 12.4. The splitting of 92 = I'o U 'y U 0l is regular enough to ensure that the density result

C® 6Hl<m—Hl (@) 12.3.1
o,rl( ) = o,rl( ) ( --)

or H . () ={u e H(Q):u=00nT;1} and
0T,
:0,r1 (s 2) : {(F eC (s 2)/4’ =0on rl} (1232)

holds true.

Assumption 12.4 does not represent a restriction from a practical point of view since only very
irregular boundaries are critical with respect to (12.3.1); see [43, 17]. As the following lemma shows,
the density property (12.3.1) suffices to extend the density result

H(Div;Q)

Ce(Q; MNxN) = Hy(Div; Q2),

see [52, I, Theorem 2.6], to problems with mixed boundary conditions. For this purpose we define
the appropriate subspace

Hor, (Div; Q) := {¢c € H(Div;Q) : ov =0o0n T4}

of H(Div; Q))-functions whose normal component vanishes on I'y in the sense of the space H(i)l/ 2 (T1);
cf. (1.2.16).

Lemma 12.5. Let N € IN and suppose Assumption 12.4 holds true. Then the density property

————H(Div;Q))
C(C;?rl (Q/' MNXN) = I‘Io,r1 (DiV,‘ Q)

is satisfied, where - o
Cor, (MY = {9 € C*(;MVN) - glr, =0},
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Proof. The continuity of the normal trace operator restricted to I'; [14],
T, H(Div; Q) = [Hoe 2N, ' (0) == (o),

shows that Hyr, (Div; Q) = ker 7/ is a closed subspace of H(Div; ). Hence, the inclusion

— H(Div;Q2) .
Cor, (Q; MN=N) C kert,!

is valid. To show equality, we adapt the strategy of the proof of [52, I, Theorem 2.6], which
deals with the case I'1 = 0(), by showing that any linear form ¢* € (ker7')* that vanishes on
Cor, ((; MN*N) is identical to zero. By the Riesz Representation Theorem, ¢* can be identified

with an element 0y € ker 7! such that

(0%, 0) = (00,0) g + (90, Div o) v, Vo € kerT,?, (12.3.3)
where gy := Divoy. Since, by assumption, ¢* vanishes on C§°(Q;]MN xN ), one deduces that
€(qo) = 0y and thus

q0 € H'(Q)N. (12.3.4)

We further prove that g0 = 0 on I'y. Together with the hypothesis on ¢*, Green’s formula for
H(Div; Q))-function (1.2.3) and (12.3.3) imply that
(0", 0) = (¢(q0),0)q + (g0, Div o) 12 (ayn
= <0'1/, qO>(H—1/2<BQ>N,H1/2(aQ>N)

= / (o'y)qo dHN1 = 0, (12.3.5)

Ty

for all o € Cg, (Q; MN*N). By the density property (12.3.1) and the continuity of
T Hor, (QMYN) = [Hog?(To) N, 1,°(0) == 7(0)Ir,,

(12.3.5) also holds for all o € H} . ((;IMN*N). As the operator 1,° is surjective (cf. Corollary 1.7),
one obtains that

/ z2q0 dHN 1 =0 Vz € HY*(To)Y,
To

and by the density of Hyj?(T) in L?(T), we have that gy = 0 on Ty. It follows from (12.3.4) that
qo € Hi 1, (Q)N and, by definition, also qo| . € Hyj*(T1)N. Leto € ker7}'. Using qo € H{r, (Q)N,
we infer that

’1”1

<0’*,0'> = (E(qo),(f) + (qO,DiVO’)LZ(Q)N = <(TV’q0>(H001/2(1"1)N,H(])62(T1)N) =0,

which shows that ¢* is the zero functional on ker 7!'. O

With the help of the density property provided by Lemma 12.5, the main consistency result for
¥ — oo can be derived on the basis of the general results from Section 4.1.

Theorem 12.6. Let yu > 0 be fixed and assume that Assumption 12.4 is fulfilled. For a sequence of positive
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parameters (y) C RY with v — oo, the solutions o, € H'(Q; M?*2) to (D,,,) fulfill
0+ 0y, — 0y, in HDiv;Q)), as y — oo,
where 0y, is the solution to (D,,).

Proof. By convexity, the solution ¢, := 0, — ¢ of the shifted problem (D)) is characterized by the
variational inequality

N

a(0y,0 — 0y) + ju(0) — ju(0y) = (—lu—1,6 — 0), V& € H(Div;Q),

where
a(0,7) := (C'o,7) + u(Dive, Diva) 2y,
]}1(&) = i;‘ad (& + &) + iHo,rl (Div;Q0) (&)

On the other hand, the solution ¢;,, of (D,,,) is characterized by the variational inequality
(030 = Cupy) + juy (F) = (Opy) 2 (~luo1,& = 0), VY& € H(Div; Q),

where
jH/Y (5-) = igad (5' + 6-) + iH0,r1 (Div;Q)) (5-) + %HﬁnHl(Q;]MZXZ)‘

Here, it is understood that j,,, (7) = +oo for & ¢ H'(Q;M?*?). It is further easy to see that the
functional

Rry(&) = iHO,Fl(DiVFQ) (&) + %H6||H1(Q;M2x2), R’Y(&) = 400 for & % Hl(Q}MZXZ),

defines a quasi-monotone perturbation of the indicator function i Hor, (Div;00) in H(Div; Q)) with
respect to the dense subspace H' (Q; IM?*2). Indeed, the premises of Definition 2.18 are satisfied
with R, := g, (ivia) and Ry := Ry.

Further note that Proposition 4.3 applies to (j,,,) despite the fact that iZad( . +0) is not coercive.
However, i’;ad(. +0) is convex and continuous on Q for any v > 0. As a result, ig‘ad(. +0) is

weakly Ls.c. in H(Div; (2), and thus, one may retrace the proof of Proposition 4.3 to find that (j,, )
Mosco-converges in H(Div; Q) to

pr ~ .
it (. +0) +i ) -
s (- +0) + Hor, (Div,0) nHI (Qnvz2)

From Assumption 12.4 and Lemma 12.5, it follows that

H(Div;Q)

Hojr, (Div; ) N H'(Q; M**2) = Hyr, (Div; Q),

which entails that (j,,) Mosco-converges to j, in H(Div;Q) for v — oo. An application of
Theorem 3.1 concludes the proof. O
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12 A Modified Visco-Plastic Regularization for the Time-Incremental Problems

12.3.3 An infinite-dimensional semismooth Newton method
The von Mises yield criterion

In this section, we assume that the set of admissible stresses is determined by the von Mises yield
criterion, i.e,
K:={re€ M2*2: |devo|r < oy}, oy > 0fixed,

which is one of the most frequently used yield criteria in practice. It is obvious that this criterion is
pressure-insensitive, such that the theory of Section 10.3 applies. In this case the projection onto
the feasible set S,q in Q, where Q is equipped with the inner product (., . )c-1, is known to be
given by

s, (0) =0 —[|devolg — @]*%, (12.3.6)

provided the elastic behavior is isotropic, cf. [112]. If the elastic behavior is not isotropic, one may
replace 7tg,, by the projection with respect to the standard inner product on Q to retrieve (12.3.6).
Under these premises, the problem (D, ,) takes the form

inf  3(C'0,0) + (I1,0) + 5l Divel2, o)
+5 [l dev(e +0)|r — o] * I3 ) + 256(0, 0). (12.3.7)
over o € Hj,((;M?**?),
where
HS,V(Q;]MZXZ) = {0 € HO;M>?) :0v=00nT1}.

We proceed by the derivation of a reformulation of problem (D,) by means of a Newton
differentiable operator equation.

Semismooth reformulation

By abuse of notation, we denote the solution 0, , to (D) by o,. The convexity of problem
(D,,,) implies that the necessary and sufficient optimality condition for a solution o, to (D, ,), is
characterized by the nonsmooth operator equation

¥, (0,) =0, (12.3.8)
where the operator ¥, : Hj ,(Q; M**?) — Hj ,(€Q; M**?)* is defined by
¥,(0):=C o +1I, 1 + uDiv* Dive + pdev' m(dev(6 +0)) + 1Bo. (12.3.9)

Here,
o/lolg, ifo#0,

m(c) := [(|o|r — 0y)] "q(0), where (o) = {(), else;

denotes the nonlinear operator associated with the Fréchet derivative of the Moreau-Yosida
regularization. We proceed by showing that this equation can be solved efficiently by a generalized
Newton scheme which relies on the notion of Newton differentiability (Section 2.3).

Using Lemma 2.10, the Sobolev imbedding theorem and the fact that the composition with
affine continuous operators preserves the Newton differentiability, one may infer that the mapping
Y defined in (12.3.9) is Newton differentiable. Using the chain rule, one infers that a Newton
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12.3 An Infinite-Dimensional Dual Solver for the Regularized Time-Incremental Stress Problem

Algorithm SSN(y, 7): Globalized SSN algorithm

input:¢® € H} ,(Q;M?*?)
1 set j:=0;
2 while some stopping rule is not satisfied do
3 | compute the solution 6U) € of Gy, (¢1))6\) = =¥, (c\V);
4 determine ) > 0 by an Armijo line search based on & — ]A;W(U(f) +ad);
5 | set Ut :=¢l) + 4050 and j:=j+1;

derivative
Gy, (0) € L(HY, (Q;MP2), HY, (O M>2)")

of ¥, at o is given by
(Gy,(0)7, . ) :=(C'0,. )+ uDiv'Divs + pdev’ Gu(dev (0 + o))[dev ] + %B(T,

forall & € Hj,(Q;M?*?). Here, G, denotes the Newton derivative of m according to Lemma 2.10.
Analogously to Lemma 9.5, one may show that Gy, is uniformly invertible, i.e., independent of ¢.
As a result of Theorem 2.8, it can be inferred that the corresponding Newton iteration

Ut = o0 — Gy, (U(j))xyy(g(ﬁ)

is well-defined provided the starting point ¢(*) is sufficiently close to ¢.,. Moreover, the iterates
() converge locally at a superlinear rate, which is mesh-independent upon discretization. To
enforce global convergence, one may equip the search directions

5 = — Gy (eV)F, (o)

with a step size determined by the Armijo line search procedure. The resulting method is sum-
marized in Algorithm (SSN(y, 7)). In a manner entirely analogous to Section 9.2, it can be shown
that the semismooth Newton solver (SSN(y, 7)) is a globally convergent method in the sense of
Corollary 9.8.

12.3.4 Outlook on a discrete solver

While the semismooth reformulation of Problem (D,,) based on a Tikhonov regularization resembles
the approach for hardening plasticity from Chapter 9, cf. Problem (D,), the construction of a stable
discrete counterpart necessitates a more involved inspection. In fact, consider a discretization of
the dual problem (f),m) in terms of conformal P;-finite elements in the spirit of Problem (D, )
from Part III . For the inspection of the limiting case as i — 0 and y, v — 400, one may resign to
the stability analysis of Part II. However, the presence of the additional equality constraints

—Dive=f,, ov=g,onlj,

defining the feasible set of the limit problem (DP) complicates the verification of the Mosco-
convergence of the perturbed indicator function, which is necessary to infer the convergence of
the discretized-regularized problems with the help of Theorem 3.1. For example, the extension of
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12 A Modified Visco-Plastic Regularization for the Time-Incremental Problems

the required density result (cf., e.g., Example 4.7 in Part II) to problems with equality constraints
does not seem to be possible. Moreover, a numerical realization of the boundary condition v = 0
is only obvious if v is (at least locally) constant, and even in this case, one obtains another side
restriction for the discrete approximations.

Another aspect concerns the convergence of the discrete primal solutions. Even if the conver-
gence of the discrete regularized stresses arising from a finite element discretization of (D, ,) can be
shown, it is still necessary to pass to the limit in the resulting discretized version of the primal-dual
optimality conditions (12.2.6)-(12.2.9) in order to make statements about the convergence of the
discretized-regularized displacements and plastic strains. In the case of elasticity, which formally
corresponds to Problem (DP) with the pointwise constraint ¢ € S,4 being absent, the convergence
of the discrete stress-displacement pair in mixed finite element methods hinges on the validity
of the LBB condition for saddle point problems [22]. In this case, the LBB condition necessitates
the usage of rather sophisticated finite elements for a conformal discretization of the stress space
H(Div; ), for example those of Arnold and Winther [8]. The resulting finite-dimensional approx-
imation involves a large number of (local) degrees of freedom. As a consequence, this type of
discretization entails a considerable amount of computational complexity, especially when applied
in the context of a path-following semismooth Newton approach to solve the problem Problem (P)
via the regularized problems (D,,) or (]AD}W). In the latter case, the discretization with the elements
of Arnold and Winther represents a non-conforming discretization.
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Conclusion, Outlook and Some Related Open Problems

This thesis is devoted to variational inequality and constrained optimization problems over a
convex subset K of a Banach space X with applications to elasto-plasticity. The focus of Part II is on
the significance of density properties of K with respect to the consistency of various perturbation
methods. As discussed in Chapter 4, many approaches, including finite-dimensional approxima-
tions as well as Tikhonov regularizations, lead to a limit problem which is defined over the closure
of the intersection of the convex constraint set K with respect to certain dense subspaces of X. In
order to be consistent with the original problem, it is therefore of fundamental importance to study
whether this closure corresponds to the initial constraint set K. If this is the case, one may prove
the unconditional consistency of various penalization/regularization schemes in the sense that the
solutions of the perturbed problems converge to the solution of the original problem without any
special coupling of regularization or discretization parameters. These arguments are rigorously set
forth in Chapter 4 and their derivation relies on the theory of I'-convergence. In this regard, the
introduction of the class of quasi-monotone perturbations (Definition 2.18) provides an abstract
framework to unify the analysis of a large amount of approximation methods.

Chapter 4 represents the basic motivation to prove density properties for specific convex subsets
in Lebesgue and Sobolev spaces with respect to the subspace of continuous or smooth functions
defined over a Lipschitz domain. In Chapter 5 we consider pointwise constraint sets which are
either defined by a sign condition on the function value or an upper bound on the norm of the
function. Whereas the former case gives rise to a cone constraint which yields a couple of positive
results (Section 5.1), the latter case demands further attention as a simple mollification is not
sufficient to produce a feasible approximating sequence of smooth functions. However, if the
upper bound is uniformly continuous and strictly positive, further scaling techniques allow to

derive density properties in L?, W', W, and Hy(div); see Section 5.2. Using the invariance
of convolution and differentiation, some results extend to pointwise constraints on the partial
derivatives [69]. This does not concern the gradient-constrained case in WP, Due to the lack of a
suitable extension operator, also the case X = H(div; (}) remains open. The ensuing question of
whether these results can be extended to discontinuous obstacles is analyzed in Section 5.3. Notably,
we prove that the density result is not valid in general in case the obstacle is just a Sobolev function
(Theorem 5.14). However, one may enlarge the admissible set of obstacles to functions which fulfill
a generalized lower semicontinuity condition as long as the respective set is an appropriate limit
of a sequence of sets for which the density property holds; cf. Theorem 5.17 and Theorem 5.22. For
supersolutions of elliptic PDEs, a different strategy is the smoothing approach via elliptic PDEs
with vanishing coefficient. In this case, one may even drop the condition that the upper bound is
bounded away from zero. On the other hand, the regularity of the dense subspace is limited by
elliptic regularity theory; see Theorem 5.24.

Even if the perturbation lacks a generalized monotonicity property in the sense of Definition 2.18,
density results are still useful to prove convergence of finite element schemes under minimal
regularity (Chapter 6). More precisely, density properties allow to deduce the Mosco-convergence
of the discretized constraint sets. In this respect, the construction of a suitable recovery sequence
is achieved by resigning to a dense subset of K on which the respective interpolation operator is
well-defined. Several results for piecewise affine and Raviart-Thomas elements are achieved in
various function spaces. Before embarking on the application of density results in elasto-plasticity,
we also consider the case of total variation based image restoration (Section 6.2), where a density
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result in Hy(div; Q) is required to prove a Fenchel duality result. We also propose an alternative
Raviart-Thomas finite element scheme to solve the dual problem. This approach necessitates the
design of an efficient solver for the discrete problems. Moreover, the effect of the discretization for
the image restoration problem remains to be investigated.

In Part III we establish an infinite-dimensional solver for the incremental contact problem of
quasi-static elasto-plasticity under the small strain assumption and combined linear kinematic-
isotropic hardening. Since the original problem (EPC) as well as the displacement-only refor-
mulation from [58] does not allow for a Newton differentiable reformulation in the sense of
Definition 2.7, one cannot ensure mesh-independent convergence of the associated solvers; see
Chapter 8. As an alternative, we consider the special Fenchel dual problem (D) to the primal prob-
lem of quasi-static plasticity and prove that there is no duality gap (Proposition 8.2). Employing the
yield criterion of von Mises, the dual problem (D) is a smooth and uniformly convex minimization
problem subject to pointwise constraints of the type discussed in Part II. Again, the optimality
conditions are not Newton differentiable in infinite dimensions. As a remedy, we replace the dual
problem by the combined Moreau-Yosida/Tikhonov regularized problem (D,) which is set in
a dense subspace. Resigning to the density conditions from the abstract perturbation analysis
from Chapter 4, we prove the consistency of the approximation in that regularized displacement,
stresses and strains converge strongly to the solution of the original elasto-plastic contact problem;
cf. Theorem 9.2. In this respect, it would also be of interest whether a similar approach can be
established for other yield criteria. Another condition on the regularization subspace arises from
the norm gap requirement for the Newton differentiability of the mapping associated with the
optimality conditions of the regularized problem. Under this condition, the semismooth Newton
method is shown to converge globally in the original infinite-dimensional setting giving rise to a
locally superlinearly convergent solver, which converges mesh-independently upon discretization.
This is studied in detail in Section 9.2. The approach suggests a path-following strategy with
respect to the penalization-regularization parameters which is set forth in Section 9.3 together with
the choice of a suitable dense subspace for the Tikhonov regularization. In fact, the weaker density
condition (9.3.1) is sufficient to ensure the consistency of the regularization. But it remains an open
issue whether the conditions on the obstacle can be considerably alleviated in comparison to the
conditions stated in Chapter 5. Furthermore, three two-dimensional numerical tests are given
to corroborate the theoretical results. Indeed, for each path problem, the semismooth Newton
method is observed to converge locally superlinearly and the convergence is mesh-independent.
The heuristic path-following strategy IPF(h) is proposed to solve the limit problem and we observe
(almost) mesh-independent convergence. A suitable path-following strategy based on a reliable
model of the path-value functional

v ];([Zw 1)

leading to an automated regularization-discretization update procedure promises a higher effi-
ciency. For some classes of variational inequalities of the first kind, these methods are already well
established and prove to be remarkably efficient; see e.g. [66]. Furthermore, the usage of adaptive
strategies is strongly recommended in view of the singularities of the solutions corresponding to
Examples (a),(b) and (c) from Section 9.3; we refer to [26] for adaptive methods in elasto-plasticity.
It should be emphasized that the approach presented in this paper can be extended to contact
problems with Tresca friction. These problems are characterized by an additional weighted L!-
norm functional on the contact zone resulting in an additional inequality in the dual problem.
Tresca friction problems serve as a high-level substep of the standard fixed point approach to the
quasi-variational inequality problem of Coulomb friction [98].

Part IV is dedicated to the time-incremental problem of quasi-static evolution in perfect plasticity
stated in [38]. The yield criterion is assumed to be pressure insensitive but the yield surface is
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not necessarily smooth. It is a convex nonsmooth constrained minimization problem with respect
to the displacement, the elastic strain and the plastic strain. Moreover, the problem is posed in a
non-reflexive Banach space since the plastic strain is just a Borel measure and the displacement is a
function of bounded deformation. The constraint is given by the additive split of the linearized total
strain and the relaxed form of the Dirichlet boundary condition. With the help of this constraint,
one may either eliminate the elastic strain as described in [15], or, and this is our approach, one
eliminates the plastic strain. The resulting minimization problem must incorporate the plastic
incompressibility condition (Lemma 11.1). However, it can be shown that any solution of the
minimization problem already fulfills this restriction (Lemma 11.2). Furthermore, Lemma 11.3
states that the regularity of the linearized strain is also implicitly contained in the minimization
process, such that the displacement may equivalently be sought in a suitable Lebesgue space. The
resulting new inf-sup formulation gives rise to an alternative existence proof; see Theorem 11.4.
More importantly, one may retrieve the standard incremental stress problem as a Fenchel dual
problem, which entails new optimality conditions for the time-incremental problem of quasi-static
perfect plasticity: this is examined in Theorem 11.5 and the subsequent discussion. We also point
out that, unlike the case of linear hardening plasticity [58], an explicit (primal) problem formulation
only in terms of the displacement is still not available.

In Chapter 12 we discuss alternatives to vanishing hardening approaches to perfect plasticity;
see e.g. [15]. A modified version of the visco-plastic regularization using an additional Tikhonov
regularization for the displacements is proposed. The resulting regularized problems (MVP,,) are
uniquely solvable and do not enforce higher regularity of displacements and strains. In terms
of the stress problem, the regularization induces an additional penalty term with respect to the
equilibrium condition (see Proposition 12.2), and Theorem 12.3 guarantees the consistency of the
approximation with respect to the original time-incremental problem of perfect plasticity.

In the two-dimensional case and under the von Mises yield criterion, we propose the additional
Tikhonov regularization (D, ,) in the subspace H! to solve each subproblem (D,,) by an infinite-
dimensional semismooth Newton method (Algorithm SSN(y, v)). Upon discretization, this would
lead to a mesh-independent solver for each subproblem. In order to efficiently approximate the
limit case (4 = v = +00), one may embed SSN(y, 7) into a path-following procedure with respect
to the parameters y and u along the lines of Section 9.3 in Part III. The construction of a suitable
discretization for the (regularized) dual problem in conjunction with an efficient path-following
approach, which is stable in the limit, can be considered as a natural follow-up project to this thesis.
In this regard, it should be remarked that even the purely elastic case requires a considerable
amount of complexity; we refer to the mixed finite element methods from [8] and the discussion at the
end of Chapter 12 for this matter.

Moreover, the extension of (D, ,) to three-dimensional problems is not straightforward since
H'(Q;M3*3) does not embed into ¥ (Div; Q0). Naturally, imposing the H!-regularity of the stresses
in (D,,,) is not necessary to ensure the norm gap requirement for the Newton differentiability of
the term

o — dev' m(dev(d+0))

in (12.3.9). Instead, it is sufficient to impose a higher regularity just on the deviatoric part, for
instance by means of a Tikhonov regularization

o — %H deVU||rV(Q;]M8\]XN)/ ¥>0,
where r > 2 is sufficiently large to guarantee the premises of Lemma 2.10. The resulting regulariza-

tion can be expected to be consistent with the limit problem (DP) as v, 4 — +co. However, a proof
of (uniform) invertibility of the resulting Newton derivative seems to be beyond reach. A remedy
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consists of employing a so-called lifting step. For related issues in the case of pointwise gradient
constraints in Sobolev spaces we refer to the discussion in [68, Section 7].
We conclude the thesis with a summary of the main results.

Central Results
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Part II: The significance of density properties of constraint sets for the consistency of a
very general class of perturbation approaches to nonsmooth optimization problems and
variational inequalities is investigated.

Part II: Several density results for pointwise constraint sets in Sobolev spaces for continuous
as well as large classes of discontinuous obstacles are proven. The study of a suitable
counterexample shows the limits of the closure property in terms of the regularity of the
upper bound as a Sobolev function.

Part III: We propose a path-following method for the contact problem of quasi-static elasto-
plasticity based on a novel Fenchel dual problem to the primal problem. The convergence of
this scheme is proven based on conditions set forth in Part II.

Part III: Each subproblem can be solved by the semismooth Newton method in the continuous
setting. Upon discretization, the efficiency of the resulting solver is verified by several
numerical tests.

Part IV: The primal problem of incremental quasi-static evolution in Prandtl-Reuss plasticity
is equivalently reformulated as an inf-sup problem. The latter problem can be characterized
as a Fenchel predual to the classical incremental stress problem. As a consequence, we obtain
necessary and sufficient optimality conditions for the time-discretized problem.

Part IV: We study a modified visco-plastic regularization which may be attractive from a
numerical point of view.
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