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Abstract

Economical mesh structures are of great interest when simulating physical processes
using the Finite Elemente Method. They are essential for a fast calculation pro-
ducing results of high accuracy. In case of restricted problems, many a posteriori
estimators which are the indicators for adaptive refinement turn out to be inconsis-
tent in areas where the restriction takes place. The effort of the subject matter is to
develop a method to overcome this problem by introducing saddle point formulations
and using the Lagrangian multiplier to balance gaps in the error estimations. When
dealing with sattle point problems there may arise the problem of unstable systems
due to an injured inf-sup-condition, especially in the discrete case. We solve this
problem using the Galerkin least squares method. In consequence we get additional
terms which also have to be taken into account when developing the a posteriori
estimators. To examine the general validity of this method we analyse problems of
different type. That means linear and nonlinear problems with linear or nonlinear
restrictions in the primal or dual variable, respectively. In all cases, the resulting
adaptive mesh structures turn out out to be very efficient since they outline critical

zones of the underlying problems which is confirmed by numerical tests.






Kurzfassung

In der Simulation von Fertigungsprozessen mit Hilfe der Finite Elemente Technik
sind 6konomische Gitterstrukturen von groflem Interesse da sie fiir eine schnelle
Berechnung bei gleichzeitiger hoher Genauigkeit unverzichtbar sind. Bei der Be-
handlung von restringierten Problemen tritt allerdings haufig das Problem auf, dass
die Fehlerschétzer, die als Indikatoren fiir eine adaptive Gitterstruktur dienen, in den
restringierten Bereichen inkonsistent sind, was zu ineffizienten Verfeinerungen fiihrt.
Fiir die Optimierung der Fehlerschétzer fithren wir in dieser Arbeit Sattelpunktfor-
mulierungen ein um mit Hilfe des Lagrangeparameters die entstehenden Inkonsis-
tenzen auszugleichen. Bei der Verwendung von gemischten System kann hier das
Problem der Instabilitidt durch eine verletzte inf-sup Bedingung auftreten, das wir
durch die Verwendung des Galerkin least squares Ansatzes beheben. Hieraus re-
sultieren allerdings zuséatzliche Terme in der Problemformulierung, die bei der En-
twicklung der a posteriori Schéatzer ebenfalls beriicksichtigt werden miissen. Um die
allgemeine Giltigkeit unserer Methode zu untersuchen, analysieren wir Probleme
mit unterschiedlichen Eigenschaften, das heifit lineare und nichtlineare Gleichungen
mit linearen bzw. nichtlinearen Restriktionen in der primalen oder dualen Variable.
In numerischen Tests stellt sich heraus, dass wir in allen Fallen effiziente Gitter-
strukturen erzielen, die die kritischen Zonen der jeweiligen Probleme durch hohe

Verfeinerung herausarbeiten.
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1 Introduction

Production processes in industry are often based on central problems like contact,
torsion and of course material laws. In case of contact for example, there are many
applications including deformation processes (milling, deep drawing) or separation
(beveling, cutting, planing). Numerical simulations often help to work efficiently
because they replace complex experimental runs which cause a maximum of metal
loss and hence high costs. In general, those simulations are based on the Finite Ele-
ment Method. That means constructing a mathematical model of the real situation
based on physical laws and then discretising the resulting variational equation or
inequality by finite elements which are basic functions of an underlying mesh with
a triangulation of triangle or quadrangle elements. The geometry of the workpieces
is often very complex, so that getting good results by very fine meshes takes a lot of
calculation time and memory capacity. Thus, adaptive methods are of great interest
for production processes. In regions where the solution is smooth, a coarse mesh
offers a fast calculation and suffices to get precise results. Fine mesh structures
are necessary if there are critical zones or singularities. One can refine these zones
on a heuristic level, however it would be very helpful if the program was factored
in a criteria that makes it find critical zones itself and refine them automatically.
That is the effort of residual based error estimators. There have already been many
studies to develop such estimators (for an overview see for example [Ve96], [AO00]).
In most cases we have to take care of restrictions in the variational inequality. The
contact problem for example forbids a penetration of the workpiece into the obstacle.

Taking these conditions into account the residual based error indicators often get
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inconsistent in the restricted regions due to a missing Galerkin orthogonality. That
results in inefficient mesh structures. As an example we take an elastic membrane
which is fixed at the boundaries and push it down by a body force f onto a planar
obstacle. In regions of contact we find an over-refinement of the mesh since we do
not expect errors worth mentioning there. The effect is a higher calculation time
without getting solutions that are more precise compared to a triangulation with a

coarse mesh in the contact zone.

Figure 1.1: A membrane is pushed onto an obstacle (left). Inconsistent a posteriori

error estimators cause an over-refinement in the contact zone (right).

The effort of the work at hand is to develop residual based error estimators which
eliminate these inconsistencies. For this purpose we take principle examples of
restricted problems and reformulate the variational inequalities resulting in saddle
point problems. On this base we derive improved error estimators with the help of
Lagrangian multipliers. The restrictions can now occur in different situations, so for
a general study we will take an example for each situation and analyse the effects
that are caused by the new estimators. The scheme in Figure 1.2 shows the different

cases restrictions may occur.



equations

linear equation,
linear restriction

linear equation,
nonlinear restriction

nonlinear equation,
linear restriction

systems

mixed system,
linear restriction
in dual variable

mixed system,
nonlinear restriction
in dual variable

mixed system,
nonlinear restriction
in primal variable

Figure 1.2: Possible forms of restrictions on equations or systems.

The achievements are mesh structures that now concentrate on the critical zones

which are in general areas between restricted and non-restricted regions. In case of

the contact problem the over-refinement in the contact zone is balanced.

=

Figure 1.3: Adaptive mesh for the obstacle problem shown in Figure 1.1 (left) gen-

erated by an estimator which balances the inconsistencies by the use of
a Lagrangian multiplier.

A problem that may arise when discretising mixed variational formulations is in-

stability of the system. In most cases we get a solution due to the iterative solvers
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we use. However, the effect of the injured stability conditions are oscillations that
influence the physical relevance of the resulting values. Again, taking the contact
problem as an example, we observe oscillations in the Lagrangian parameter which
has the physical meaning of a counter force to the body force f in regions of contact
in a stable system. Therefore, a second assignment of this work is to stabilise the
mixed discrete systems and to ensure its unique solvability. The technique used here
is the Galerkin least squares method based on the studies of [HFB86]. Of course
the additional terms that result from the stabilisation have an influence on the error
estimators and have to be taken into account there. Figure 1.4 shows the Lagrangian
multiplier in the contact zone having oscillations in the unstabilised system (left).

On the right there are the resulting values of the parameter after stabilisation was

performed.
lambda lambda
20,53 9.996
15,40 |7,497
10,27 4,998
5,133 2,499
0.000 0,000

Figure 1.4: Left: Value of the dual variable in the unstabilised system showing
non-physical oscillations. Right: Stabilised system by the least squares
method. The dual parameter gets very smooth and retrieves its physical

relevance since the body force used here was the constant value f = —10.

The structure of this work is the following:

In Chapter 2 some basics about restricted minimisation problems and their solv-
ability are introduced. After the transfer to variational inequalities and their cor-
responding discrete systems is depicted, we give a short overlook of saddle point
formulations and the theory of stable systems in the continuous as well as in the
discrete case. Finally, we introduce the topic of Sobolev spaces and their main as-

pects.



The first example that is studied in Chapter 3 is the linear contact problem includ-
ing a linear restriction. We present the problem within a variational inequality and
examine existence and solvability. An a posteriori estimator is introduced. When
formulating the mixed system we eliminate instabilities by presenting a least squares
stabilisation. Again, an a posteriori estimator is developed which includes the La-
grangian multiplier and takes account of the stabilisation. It turns out to be consis-
tent, which is confirmed by numerical tests at the end of the chapter. Furthermore,

we present some solving algorithms and compare them in a benchmark.

Based on the example of Chapter 3, the situation in the fourth chapter describes a
nonlinear contact problem, that means a linear restriction on the nonlinear equation.
Once more we start with the introduction of the variational formulation and the
existence proof. We establish the SQP-Method for solving nonlinear systems and
show the derivation of an appropriate a posteriori estimator. This one is again
compared with the estimator that we develop after presenting the corresponding
saddle point formulation and the suitable least squares stabilisation of the nonlinear

problem.

An example of a linear problem with a nonlinear restriction is the so called torsion
problem which is studied in Chapter 5. We follow the scheme of the previous chapters
and present the variational form of the problem and the existence results before
introducing the corresponding saddle point formulation. The torsion problem is
often presented with the restriction on a flow rule with constant yield condition.
In addition to that we offer a theory with respect to a flow rule with a variable
yield condition that may vary in space. The achieved error estimator turns out to
produce efficient meshes which we compare to grids generated by known estimators.
Furthermore, we give a short sketch of the construction of goal orientated estimators

in case of the torsion problem.

Chapter 6 treats the aspect of plasticity. The primal and dual formulations of
Strang’s problem are studied which consist of a linear system with nonlinear restric-

tions on the primal variable. We point to the problems that occurred in the error
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analysis of the problem so far and start with formulating a mixed system for the
primal formulation followed by a new a posteriori estimation. Following that line
for the dual scheme, too, we first give a regularised version of the dual formulation
to ensure existence of all components of the developed error estimator. In addition
we require a stabilisation, which is again implemented by the least squares method.
Numerical tests confirm the expected results and offer excellent mesh structures

created by the new estimators.

As a last example we transfer the theory of the Lagrangian technique on the bound-
ary of a domain in Chapter 7. A standard example in this case is the simplified
Signorini problem which is again a contact situation but related to the boundary.
Existence and uniqueness is ensured for the variational problem as well as for the
stabilised saddle point formulation. It turns out that a consistent error estimator

related to this problem works efficiently just as the utilized stabilisation does.

Parallel to this thesis we worked on a project in cooperation with the TU Dort-
mund. Several aspects of deep drilling were examined, especially in view of heat
flux. Chapter 8 gives a short project-overview and the use of the presented methods

therein.

At last, we give a short conclusion of the results we achieved in this work and

mention some aspects and ideas for further studies.

Systems with nonlinear or linear restriction on the dual variable are not mentioned
in this work. These cases have already been studied in the papers [HKS11], dealing
with the special case of Bingham flow and [GHS10] which analyses the Stokes flow

with cavitation. The latter is also presented in [Gil2] more precisely.

The numerical results are made in deal.Il (Differential Equations Analysis Libary),
which is a toolkit of C++ dealing with finite elements (for more information see

www.dealii.org).




2 Basic principles

We introduce some basics we need in this work and start with the principle of
restricted minimisation problems and their solvability. After introducing the varia-
tional inequalities and their corresponding discretisations, an equivalent formulation
leads to the so called saddle point system which is also presented here followed by
its theory of stable systems in the continuous as well as in the discrete case. As
a last introducing topic we mention the Sobolev spaces and their main aspects.
These principles among others can be found in Hackbusch [GR92], Braess [Br07],
Céa [CeT8], Glowinski [GI83] or [GLT76].

2.1 Elliptic minimisation problems

If we study physical problems we want them to take a state of best energetic situa-
tion. That means we look for the minimum w fulfilling

J(u) = min J(v)

veK

of a functional J : V' — R. v describes, for example, some kind of velocity or some
other input values of a function space V. K can be defined by V itself, K := V', or by
a subset, K C V, if we have restrictions on V', for instance a maximal displacement in
a contact problem or a constraint of stress in an elasto-plastic problem. So choosing
K C V we have a restricted problem, otherwise an unrestricted one. We consider

V' to be a Hilbert space and by ||v|| we denote the corresponding norm of v in V.
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On V we take a continuous, symmetric bilinear form a : V x V — R, which thus

satisfies
lau, v)] < cllull fvll,  w,0eV,
a(u,v) = a(v,u), uw,veV
with a constant value ¢ > 0. a(-,-) is called elliptic if there is a constant a > 0 such

that

a(u,u) > allul]?, weV.

We take K C V with K being a closed convex and nonempty subset of V. Let
V'’ denote the dual of V and (f,v) := (f,v) the dual pairing between f € V' and

v € K. An elliptic minimisation problem of first kind is of the form:

min J(v) = min{;a(v,v) —(f,v)}. (2.1)

veEK veK

2.1.1 Existence and uniqueness of minimisation problems

One of the essential questions is about the existence of a solution for the minimisation
problem given above. First we introduce a variational formulation of the problem

and then make a statement about existence and uniqueness.

Definition 2.1. Let V' be a normed space with norm || - ||, then for a w € V', J is
Fréchet-differentiable in w if there exists a J'(w) € V' such that
YoeV: Jw+v)—J(w)={J(w),v)+ o(v),

with a function o : V. — R and |o(v)| = o(||v]]) for v — 0. J'(w) is called the

Fréchet-derivative in w.

Minimisation problems always have an equivalent variational formulation:

Theorem 2.1. Suppose K is a closed, nonempty convex subset of a Banach space.
J: K CV — R is an in u Fréchet-differentiable convex functional. Then u € K 1is
a minimum in J,

J(u) < J(v) YveK,
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if and only if
uwe K and (J'(u),v —u) >0 YveK.

If K =V we have
we K and (J'(u),v) =0 Yo e K.

If J is strict convex there exists at most one solution.

Let [ be a continuous functional [ : V' x V' — R such that I(v) = (f,v). The
functional J(-) of a minimisation problem of first kind is Fréchet-differentiable for

all weV:

J(w+v) —J(w) = ;a(w—l—v,w—irv) —l(w+wv) — ;a(w,w) — (w)

=a(w,v) —l(v) + ;a(v, v).

The continuity of the bilinear form a(-,-) implies
a(v,v) < cllv|)?.
So we have |a(v,v)| = o(||v||?) for ||v|| = 0. Therefore the Fréchet-derivative of J is
(J'(w),v) = a(w,v) — l(v).
That implies

Theorem 2.2. Let K be a closed convex nonempty subset of a Hilbert space V.
Problem (2.1) is equivalent to the variational inequality:

Find uw € K such that

a(u,v —u) > l(v—u) YveK. (2.2)
Theorem 2.3 (Lions and Stampacchia [LS67]). Problem (2.2) has a unique solution.
A proof can also be found in Glowinski [GI83]. Here, existence is proven by a fixed

point problem for the more general case that the bilinearform a(-, -) is not necessarily

symmetric.
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If we consider nonlinear problems of the form

ue K, (Alu)— f,v—u)>0 forveK, (2.3)

we introduce the following theorem that ensures the existence of u € K in (2.3). A

proof can be found in [AHO09]:

Theorem 2.4. Let V be a real Hilbert space, and K C V' be nonempty, closed and
convex. Assume A 1V — V' is strongly monotone and Lipschitz continuous. Then
for any f € V', the variational inequality (2.3) has a unique solution uw € K which

depends Lipschitz continuously on f.

2.1.2 The discrete case

For numerical studies we need to approximate the continuous inequality by a discrete
one. We keep all assumptions on V, K,[ and a and we are now interested in an
approximation of

a(u, v —u) > l(v—u) Yo,u€K.

Like it is described in Glowinski [G183] we suppose that we have a parameter h > 0
converging to 0 and a family {V},}, of closed subspaces of V. We are also given a
family {K}}p of closed convex nonempty subsets of V' with K, C Vj, Vh (in general,

we do not assume K, C K) such that {K}}, satisfies the following two conditions:

o If {v}; is such that v, € K} Vh and {vp,}, is bounded in V, then the weak

cluster points of {v,}, belong to K.

e There exists y C V,x = K and rj, : x — K} such that lim,_,qr,v = v strongly
inV, Vv € y.

The approximation of (2.2) is
a(up,vp, —up) > vy —up) Yo, up € K. (2.4)

Theorem 2.1.1. Problem (2.4) has a unique solution.

10
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Proof. In Theorem 2.3, taking V' to be V,, and K to be K}, we can perform the

proof like in the continuous case. O

2.2 Approximation of elliptic variational inequalities

Systems (2.2) and (2.4) have unique solutions in K and K}, respectively. In the
theory of variational equalities the Céa-Lemma gives an abstract statement about
error analysis. Due to the Galerkin orthogonality, to estimate the error of the
Galerkin solution, it suffices to estimate the approximation error inf,, ey, |[u — v ||.
In case of variational inequalities the Galerkin orthogonality does not hold. Hence,

we assume K; C K and formulate the generalised Céa-Lemma for inequalities:

Lemma 2.1. Let a(,-) : V x V — R be a continuous and elliptic bilinearform on
the Hilbert space V. with K C 'V being a conver, nonempty and closed subset of V
and l € V' a continuous linear functional. There is a constant ¢ > 0 independent of

h and u, such that

N

I}

lu —up|| < e inf [||u— o) + |a(u, vy —u) — (v, — u)|
v EKp,

For a proof see [AH09]. The first part of the right hand side is the one describing the
approximation error as usual. In addition there is a second term which is responsible
for the inconsistency we will observe in the common a posteriori error estimates

related to variational inequalities.

2.3 Lagrangian and Lagrange multipliers

In several cases it is more expedient to analyse the saddle point formulation of a
problem with restrictions. The advantage is that we can look for a solution in V
instead of a convex subset K C V. Appropriate projections on the Lagrangian mul-

tiplier ensuring the additional constraints on the solution are much easier to handle

11
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compared to the one on the primal variable in K. Our intention is to describe the
condition of an element v belonging to the constraint set K by means of an inequal-
ity condition for a suitable functional of two arguments. Following Céa [Ce78], we
introduce a cone A in an appropriate vector space and a suitable functional ¢ on
V' x A in such a way that ®(v, u) < 0 is equivalent to the fact that v belongs to K.

That means a transformation of (2.1) to a mini-max-problem for the functional
L(v,p) =Jw)+ P(v,pu) onV xA. (2.5)

L is called the Lagrangian associated to problem (2.1). Under suitable hypothesis,
if (u,\) is the solution of (2.5), then u will be the solution of the minimisation

problem (2.1). In Sections 2.3.1 and 2.3.2 we mainly follow [Ce78].

2.3.1 Saddle points

A pair (u,A\) € V x A is called a saddle point of the functional £: V x A — R, if
VoeV,VueA: Llu,p) < Llu,A) < L(v, A).

In other words, (u,A) € V x A is a saddle point of £ if the point w is a minimum
for the functional

LA :Vovm= Lv,A) €R,
and if the point A is a maximum for the functional

L(u,): A p— Llu,p) €R,
that means

sup L(u, pr) = L(u, ) = inf L(v, A).

peA veV

Following [ET99] there holds

Theorem 2.5. Let V and E be normed spaces with ) # A C E convex. Let
(u,\) € V. x A and the functional L :V x A — R satisfy

12
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(i) L, = L(u,-) concave and Fréchet-differentiable in \,
(1i) Ly = L(-,\) convex and Fréchet-differentiable in u.

Then (u, \) is saddle point of L if and only if

Yo eV (L\(u),v) =0 (2.6)
Ve A: (L,(N),un—A) <O0. (2.7)

2.3.2 Saddle point formulation for minimisation problems

We assume a Hilbert space V', a set of constraints K C V and a vector space E with
a subset A C E which is a cone with vertex at 0 and left invariant by the action of

R*. Furthermore, there exists a mapping
d:VxA—->R

such that

(i) the mapping A  u — ®(v, ) € R is homogeneous of degree one, i.e.

D (v, op) = 0P(v, 1) Vo =0, (2.8)

(ii) a point v € V belongs to K if and only if
O(v,u) <0 Ve A. (2.9)

Theorem 2.6. Let V' be a normed space and K be a subset of V' such that we can find
a cone A with vertex at 0 (in a suitable vector space) and a function ® : V x A — R

satisfying (i) and (ii). Then there holds

inf J(v) = inf (J(v) + sup ®(v, 1)) = inf ilég(J(v) + @ (v, 1)) (2.10)
Proof. Céa [CeT8] (Chapter V, Prop.1.1). O

13
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Essential for the proof is the fact that for the Lagrangian functional, there holds

0 ifvelkK,
sup ®(v, pu) = (2.11)

nea +oo ifv ¢ K.

Definition 2.2. The Lagrangian associated to the minimisation problem for J (with

constraints defined by the set K ) is the functional L :V x A — R defined by
L(v,p) = J(v) + P(v, p).

€ A is called the Lagrange multiplier.

We can prove: If (u,\) is a saddle point for £ then we have

sup inf L(v, u) = L(u, \) = inf sup L(v, p).
sup inf (v, p1) = L(u, N) Inf sup (v, 1)

That implies the Lagrangian problem:
Find (u, ) € V' x A such that

L(u, \) = sup in‘f/ﬁ(v, 1) (2.12)

peA veE

is the associated dual problem of the minimisation problem (2.1).

Theorem 2.7. If there ezists a A € A such that (u,\) € V X A is a saddle point for
the Lagrangian associated to the minimisation problem, then w is a solution of the

minimisation problem and X is a solution of the dual problem (2.12).
Proof. See Céa [CeT8] (Chapter V, Prop. 1.4). O

To get an equivalent variational formulation of the saddle point problem we obtain

with the help of Theorem 2.5:

Theorem 2.8. Let V' and E be normed spaces with A C E and K C V' convexr. The
functional ® : V x A — R is the Lagrangian functional. For (u,\) € V x A and the

convex functional J : V — R satisfying

14
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(i) J is in u Fréchet-differentiable.

(i) ®, = P(u,-) concave and Fréchet-differentiable in \.
(iii) @y = ®(-,\) convex and Fréchet-differentiable in u.
w s the solution of (2.1) if

Vo eV (J'(u) + P\ (u),v) =0 (2.13)
Ve A: (P (N),n—A) <O. (2.14)

In the test examples appearing in this work, the subset K will always be of the
following form:

K :={veV]w) <g}

with ¢ in a normed space E' and w € L(V, E’). Then g — w(v) is in a convex set

G C E’ and the Lagrangian functional is chosen as

O(v, 1) = (p,w(v) = g)- (2.15)

In order to prove (2.15) to be a Lagrangian functional, ®(-,-) has to fulfill (2.8) and
(2.9) (see for example [Sc05]):

Lemma 2.2. Let V' be a normed space, G CV a closed, convex cone and

G :={peV'|VveqG: (uv) >0}

Then there holds
velG & YueG :{uv)>0.

To prove (2.8) for @, for « > 0, v € V and p € A we can write

D (v, ) = (o, w(v) — g) = afp, w(v) — g) = a®(v, ).
Following Lemma 2.2 g — w(v) € G and therefore v € K if and only if

0<(u,g—w)=—-(v,u) Yuedq. (2.16)

15



2 Basic principles

Here it is G’ = A, so all constraints are fulfilled.

Choosing the same notation as above we consider the problem of the following form:

Find (u,\) € V' x A such that
1
L(0,11) = 5a(v,0) = (o) + (v, 1) — (1, 9), (2.17)
or in a more abstract way:

L:VXE—=V xFE (2.18)

(u, A) = ([, 9), (2.19)

where V and E are reflexive spaces, A C F closed and convex and g € E'. b :
V x E — R is a continuous bilinear-form and [(v) = (f,v). If we want to ensure a
unique saddle point (u, A) € V x A that fulfills (2.12), we have to comply with some

additional conditions:

Theorem 2.9. The saddle point problem (2.17) describes an isomorphism L : 'V X
E — V' x E" if and only if the following conditions are fulfilled:

(i) The bilinear-form a is on X :={v € V : b(v,u) =0 for p € E} V-elliptic, i.e.

there exists an o > 0 such that

a(v,v) > aljv||* forv e X.

(7i) The bilinear-form b fulfills the inf-sup-condition:

38 > 0: inf sup b(v, p) > 6, v,u#0.

neB vev ||vf| [l
If we define the continuous linear operator B : V — E’ with
(Bo,p) =blv,u) Vo eV, pekE,

condition (ii) is equivalent to the statement that Im(B) is closed in E' and B is

surjective.

If the conditions of Theorem 2.9 are ensured, we can make a statement of stability

for perturbation of the system:
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2.3 Lagrangian and Lagrange multipliers

Theorem 2.10. If (u,A\) € V x A is the solution of problem (2.17) under the

conditions of Theorem 2.9 then there hold the stability estimates

1 1 ¢
< — / — | — 1 /
Julle < L1l + 55+ Dllgl,

1
Az < 2 G+ DIy + 555+ Dlgller

2.3.3 The discrete saddle point problem

We approximate V' by the finite dimensional subset V}, like described in Section 2.1.2.
Let J, I : V;, = R be convex functionals on Vj, and K, = {v,|vy, € Vi; I(vy) < 0}
Then Kj, is a convex set and our minimisation problem is defined by:
Find u;, € K, such that

J(up) = inf J(vp). (2.20)

'UhEKh
Let Ay, C A with A, = {un| pn > 0} which is a cone with vertex in 0 in R and let

q)ZVhXAh%R

be defined by
(v, pun) = prnd (vn)-
Then the Lagrangian associated to problem (2.20) is

L(vn, pin) = J(vn) + pnd (vn),

or in an equivalent form:

£ ) = 5aon, ) — (L) + Do, 1) — s ) (2.21)

with a continuous bilinear-form b : V}, x E;, — R where A, C E}. Analogue to the

continuous case we have a discrete form of the inf-sup-condition. We introduce
Xy, = {Uh € Vh| b(Uh,/Lh) =0 Vu, € Eh}.

Theorem 2.11. A family of finite element spaces Vi, By, fulfills the inf-sup-condition

if there exist constants o > 0 and 8 > 0, being independent of h, such that

17



2 Basic principles

(i) The bilinear-form a(-,-) is Xp-elliptic with an ellipticity constant o > 0.

(ii) There holds
b(?)h,)\h)
sup ————=
VR EVR thH

= Bl VAR € Ep.
If the inf-sup-condition is fulfilled a unique solution of (2.21) is ensured. That means

we have a stable system.

Theorem 2.12. If (up, A\p) € Vi, X Ay, is the solution to problem (2.21) under the

conditions of Theorem 2.11 then there hold the stability estimates

1 1 ¢
sl < 21 + 5+ Dlglsg
1 c c

(B + D1f vy + 7

Theorem 2.11 is a reliable indicator for stable systems, but in many cases it is very

[ArllE, <

c
= —+1 z

- (£ +1)lglle;

difficult to prove the condition. Therefore, we will now give an alternative require-
ment which is easier to verify and that ensures a saddle point of the Lagrangian
formulation, but there is not necessarily given uniqueness of the Lagrangian para-
meter. There exist some qualifying hypotheses to ensure the existence of a saddle

point. If one of these hypotheses is fulfilled Theorem 2.13 holds. We will only

introduce one of these hypotheses because we will refer to this one in our studies.
Definition 2.3. Slater hypothesis: There exists a vector Z € R™ such that [(Z) < 0.

Theorem 2.13. Suppose the functionals J, I are convex and the Slater hypothesis
holds. If problem (2.20) has a solution, i.e. there exists an u, € K such that

J(up) = inf,ek, J(v), then the Lagrangian L has a saddle point.

Later in this work we will come across some examples for systems that are not
stable but solvable due to iterative solvers. However, the solution is not unique. In
an unstable system the Lagrangian multiplier loses its physical relevance as we will
see in resulting graphical outputs of the Lagrangian parameter. Oscillations appear
when there is no stability given.

Proofs of the inf-sup-condition can be found in Braess [Br07] and Brezzi/Fortin

[BF91] and a proof of Theorem 2.13 is shown in Céa [CeT8].
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2.4 Sobolev spaces

2.4 Sobolev spaces

The Sobolev spaces are composed of the function space Ly(€2). Let 2 be a bounded
subset of RY. Then Ly(f2) is defined as the space of functions where the integral

over the square is finite:

Definition 2.4.1. The space L2(2) of a domain Q) is defined as the set of all mea-

surable functions on €2 with

Ly(2) :=A{v | /9'02 dr < oo},

in sense of Lebesque.

Ly () is a Hilbert space with the (Lo-) inner product

(v,w)o == (v, W)L, = /va dx

and the corresponding norm

1
2 1
oo = ol = ( [ 02 da)” = (0,002,

Definition 2.4.2. u € Ly(2) has a weak derivative v = 0%u in Ly(S2) if v € Lo(Q)
and

(®,v)0 = (—=1)*1(8°®,u)y VP € C5°(9),

a being a multi-index.

C>(92) is the space of smooth functions and C§°(§2) is the subspace of functions

being zero on the boundary of €.

Definition 2.4.3. Let m € NU{0}. H™(R2) is the set of all functions u € Ly(2)
with weak derivatives 0%u for all || < m in Ly(S2). Furthermore, H™(Q) is a

Hilbert space with the inner product

(U, V) = (w0, V) gmy = Y (0%, 0%v)o

laj<m
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2 Basic principles

and the (Sobolev-) norm

[l = lJullmy = | D [l0°ull3. (2.22)
|| <m
[l == | 3 l10°ull§

is called the half norm of H™. H{*(SY) is the completion of C§°(§2) with respect to
| - I in La(S2) corresponding to (2.22).

In general, the Sobolev space W/(Q), I > 0 integer, is the set of functions in L?(€)
which possesses all weak derivations up to order [, that belong to LP(2), too. The

corresponding norm is set by

B =

HUHWIQ(Q) =

/Q > |[D"‘U](€6)|”d:c] : (2.23)

o<

In an analogous way, based on L>(f2), we define the space W! ().

Using Lo-functions, a point-wise restriction to the boundary is not reasonable. How-

ever, there exists a continuous linear mapping
v: HY(Q) — Ly(T)
which is compatible to the point-wise restriction of functions u € C°(Q) N H(Q):
Yu e C°(Q) N HY(Q) : ur = y(u). (2.24)

Theorem 2.14 (trace theorem). If Q has a Lipschitz boundary I then there exists

a constant ¢ > 0 such that

Y (@lay < cllulm@  Vue CHQ).

For a proof see [Br07]. The trace operator 7 generates new function spaces over
the boundary I' with the help of the underlying function spaces on 2. To be more
precise, we define Hz(T') := v(H'(Q)) with

H2(T) = {w € Ly(T") : v € H'(N) with w = y(v)}.
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2.4 Sobolev spaces

H %(F) denotes a Hilbert space, that is a proper dense subspace of Ly(I") with the
norm

= inf{[[o] mey| v € H'(Q), w = (v)}.

The dual space of H2(I') is denoted by H~2(T") with the norm defined by

~—

sup gl Vg € H%(F).

gl -1 =
HEEn weH3 (T) Hw”H%(r)

A special group of Sobolev spaces on the boundary are those where the function

values disappear on parts of it. So we define
H'(Q,To) := {v € H'(Q)|v(v)[r, = 0}

for a closed subset of the boundary Ty C T" with [;, ds > 0 and Hj(Q) :== H'(Q,T).
If T is sufficiently smooth, H}(Q) is proper dense in Ly(Q2). For I'y C ' with
[yUly =T and I'y NI} = 0 we define

H3(Ty) ==~y (H' (2, L)),
which is a closed subspace of H2(I') and denotes a Hilbert space with norm ||- [ 1)
which is proper dense in Ly(I';). The dual space is H~2(I';) with norm || - ||H_%(F X
1
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3 Obstacle problem

As a first test case we choose the linear contact problem including a linear restric-
tion. We present the problem within a variational inequality and examine existence
and solvability. When introducing an a posteriori estimator we notice it to be incon-
sistent in areas of contact. To overcome this problem we formulate the mixed system
in order to develop an improved error estimator. The unique solvability of the con-
tinuous problem may be not given for the discrete case. So after discretising the
system, we eliminate instabilities by presenting a least squares stabilisation which
ensures uniqueness and hence gives a good basis for the investigation of the new a
posteriori estimator including the Lagrangian multiplier and taking account of the
stabilisation. This one turns out to be consistent, which is confirmed by numerical
tests at the end of the chapter. Furthermore, we are interested in fast solvers, so we

present different algorithms and compare them in a benchmark.

Simulations in mechanical engineering applications are very important for reducing
the experimental effort. Often, models are of large complexity so that good mesh
structures are necessary for economical calculations. Taking for example mechani-
cal deformation where a workpiece is pressed into a form by an external force. An
accurate mathematical modeling of the contact situation and a precise numerical

simulation can help to process new concepts very efficiently and keep down the costs.
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3 Obstacle problem

stamp way

|

down hold pressure

Blank holder

Figure 3.1: An example for mechanical deformation: One possible way of forming a
tube out of a metal sheet is to press the sheet into an U-form as a first
step and then bend the ends of the sheet around. Pressing the sheet into
the U-form is a typical obstacle problem.

We will study the behaviour of the contact surface by a 2D obstacle problem. Taking
a domain 2 = R? the corresponding mathematical model has the strong formulation
—Au—f =0,

u—Wv >0, (3.1)

(u—W)(=Au—f) =0,
see [Su08], with u € C?(Q) N C(Q) and the boundary condition u = 0 on 9.
f € C(Q) represents the body force and ¥ € C?(Q) N C(Q) denotes the obstacle.
The second inequality in (3.1) is reasonable since we have zero boundary conditions
and hence the solution u is also the displacement v of the system. Otherwise the

gap would have to be calculated by (ug+v) —W¥ > 0 where ug is the starting position

of u.

3.1 Variational formulation

In order to use finite element techniques we rewrite system (3.1) to obtain a varia-

tional inequality:

we K: (Vu,V(p—u)) > (fp—u) VoeK, (3.2)
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3.1 Variational formulation

where we set V = H}(Q) and K = {v € V|v > VU ae. in Q}, with the obstacle
U Q — R and assume f € Ly(£2). Since K is nonempty, convex and closed, the

problem is uniquely solvable by Theorem 2.3.

3.1.1 Discretisation

To use the finite element method we introduce decompositions Tj, = {T;|1 <i < N, }
of € consisting of N, quadrangular elements T;, satisfying the usual conditions of
shape regularity. The width of the mesh T}, is characterised in terms of a piecewise
constant mesh size function h = h(z) > 0, where hy := hjpr = diam(T). So the

approximated solution uy, of the discrete inequality is characterised by
up € K : (Vup, V(e —up)) > (f,o—up) Yo € Ky, (3.3)

where V), is a finite element space on Tj and K; C V) is a closed, convex subset,
which is chosen as an appropriate discrete substitute of K. For our studies we use
standard bilinear finite elements for discretisation. W, is the linear interpolant of
U and so K, is given by Kj, = {v € V,|v > ¥, in Q}. For the sake of simplicity
we assume W to be polygonal and h is small enough such that we can set ¥ = W,,.

Here, unique solvability is guaranteed by Theorem 2.1.1.

We are especially interested in a posteriori error estimation. For getting a priori error

bounds in case of various underlying problems see for example [Fa74] or [BHR77].

3.1.2 A posteriori error analysis

In the further process, we frequently use the standard interpolation operator I, :
HY(Q) — V}, of Cléments type. For a function w € H'(Q), the application of I,
is shortly denoted by w; := [Ihw. We set |w||p := [|w| .y for a subset B C (.
Dropping the index B, we assume [|w|| := ||w||z,) to be the Ly-norm on €2 when

B = Q. Furthermore we define w,, := U{T" € Ty| x; € T'} if ; is a vertex of a
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3 Obstacle problem

mesh cell and &7 := U{w,,| x; € T'}. For the interpolation error, the estimates

lw = willr < Cirhr||Vwl|a, (3.4)
lw = willor < Ciory/hr|Vwlla, (3.5)

hold for all mesh cells T' € T}, (see for example [Br07]).

Following [Su08] in order to get an estimator measuring the approximation error,

we set e = u — uy, and start estimating (Ve, Ve;) by

(Ve,Vey) = (f,e:) = (Vup, Vei) +(Vu, V(e =€) = (f e —e) + (Vu, Ve) — ([, ¢)

(3.3) (3.2)
<0 <0

< (Vu,V(e; —e)) — (f,e; —e) (3.6)

taking into account that W, = ¥. Now we can easily estimate the error in the square

of the energy norm:

(Ve,Ve) = (Ve,V(e—e;))+ (Ve,Ve;)
(3.6)

< (Vu,V(e—¢€)) — (Vup, Vie—¢)) + (Vu,V(e; —e)) — (f,e; —e)
= (f,e—e;) — (Vuy, V(e —¢)).

Cell-wise integration by parts results in

(Ve,Ve) < > wrpr,

TeTy

with local residuals py and weights wr defined by

1.1
pr = hr||f + Auyllr + ih%Hn V] [lor

1
wr = maX{hq_vlne —éeillr, hy®lle — eillar}-

In p7 we exchanged half of the edge integral of cell T with the neighbour cell 7"
using that for the normal vectors there holds n’ = —n and define the jump of the

normal derivative by

n- [Vuh] = [&Luh] = 8nuh|T + (‘3n/uh|T, = &Luh\T — 8nuh|T/ (37)
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3.2 Saddle point problem

which is zero on 0. Using the interpolation estimates (3.4) and (3.5) yields the

following estimate for the discretisation error in the energy norm:

Theorem 3.1.1. For problem (3.3), there holds the a posteriori error bound

lelt < Cnlun) :==C >_ pr (3.8)

TeTy

with local residuals pr defined by

1
pr = hellf + Aun|lr + 5y her|[[Gnunl|or-
Looking at Theorem 3.1.1 we notice that the error estimator is not consistent in the

sense of the following definition:

Definition 3.1.2. An error estimator n(uy,) is called consistent, if it vanishes by
replacing the discrete FE-approrimation uy by the solution u of the original problem,

i.e. n(u) =0.

In regions of contact, there holds
[Au+ f| >0, (3.9)

which determines the actual unknown contact forces and is related to the second

term of Lemma 2.1.

3.2 Saddle point problem

Inconsistency has a negative influence on meshstructures as we will see in Section
3.4.2. Economical meshes can only be received by consistent estimators. In physics,
the contact force that causes the gap in (3.9) is called constraining force and can be
discribed by Lagrangian multipliers. For this purpose, we present a mixed formula-

tion of problem (3.2). In what follows, we set a(-,-) = (V-, V-).
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3 Obstacle problem

3.2.1 Saddle point formulation

The resulting Lagrangian formulation looks as follows (see Chapter 2):

Find a pair (u,\) € V x A with A :={q € Ly(Q)| ¢ > 0 a.e.} and

L(u,\) = in‘f/ sup L(p, w)

PEV el

= inf sup {Sale,0) — (1,9) — (@0~ W)},

PEV weA

where a(p, @) = (Vi, Vo).

Theorem 3.1 (regularity). If f € LP(Q2) (2 < p < 4+00), we have
u € Hy N W?P(Q),

with forp > 1

ov 0%
20(Q)) = _--
W) = (ol g

€ LP(Q),i,5 = 1,n}.

For a proof see [LS92].
Theorem 3.2. The pair (u,\) with A\ = —Au — f is the unique saddle point of
L(v,p) on'V x A.

To prove the theorem we follow [GLT76].

Proof. Existence:

Since we have

0, ifu>W
sup [ ®(p,u)dr =sup | —pu(u— V) dr =

A A .
He He +o00, otherwise

(see (2.11)), from (3.1) we receive
A= —Au—f (3.10)
with A(u — W) = 0 a.e. Here, A € A = L3 () due to Theorem 3.1. Furthermore,

uZ\I/:>/Q,u(u—\I/) de >0 Ve L2(Q), (3.11)
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3.2 Saddle point problem

and hence with L(v, u) = J(v) — (u,v), J(-) from (2.1), there holds:
L(u,p) < L(u,\) (= J(u) Vi€ LL(Q).
With A fixed, we consider the optimisation problem:

min L£(v, \). (3.12)

veV
The solution of (3.12) is given by —Auy = f 4+ A, uy € V. Using Theorem 2.6 we

know that wu, is the unique optimal solution u) = u and hence:
L(u,\) < L(v,\) YveV.

We have shown that (u, A) is a saddle point of £(v, ). By (3.11) and Mu— V) =0
we observe

L= Nw=-9de=0 vueL2(@). (3.13)

Uniqueness:
In order to prove uniqueness, we note that any saddle point (u*,\*) € V x A of L
satisfies the relation (3.10). So every solution fulfills
—Au"=f+ )\ on
u eV
(3.14)
/(u St —Wde >0 YueA
Q
At e A
Setting p = A* in (3.13) and p = A in the third relation of (3.14) and summing up

the two equations we receive
/Q()\* ~ A (ut — w)dz <0,
Subtracting (3.10) from the appropriate equation in (3.14) there holds
A= A= —-A(u" —u).
From the last two relations and using ujp = ujp = 0 we get
—/QA(U* —u)(u* —u)dr = /Q lgrad(u* — u)|*dx <0

which gives |u* — u|; <0 and therefore u* = u and A* = . O
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3 Obstacle problem

Derivation with respect to ¢ and w leads to the saddle point problem:

Find a pair (u, ) € V' x A fulfilling the mixed formulation

a(uvgo) o ()‘590) = (f,go) VSO eV
(uy,w—A) > (V,w—A) YweA.

(3.15)

Here, A\ has a physical relevance. As it is different from zero only if there is contact,

it describes a counter force to the external body force f.

The discrete version of (3.15) reads:

Find (un, An) € Vi x Ay, such that

a(un, p) = (A, 0) = ([, ) Vo eV, (3.16)
(U}“w - /\h) Z (\Il,w - /\h> Yw € Ah = Lh NA (317)

with V,, = {v € H}(Q)|v bilinear on T' € Ty} and L;, consisting of either piecewise
bilinear or constant functions on each cell 7. In case of constant basis functions

there holds

Ly, = {w| w = Z wT@T, wr € R} (318)
Te?l'h
with
© = characteristic function of T,
and

Ah:AﬂLh:{wELh|wTZOVT€']I‘h}.

Now the advantage of choosing the Lagrangian method for finding consistent a
posteriori estimators gets obvious. Locking at (3.16) and the first equation of (3.15)

we notice that we gained equations for which the Galerkin orthogonality holds.

System (3.16)-(3.17) reads in matrix vector notation

Auy + B\, = F (3.19)

Ve, (u— )" (BYu, —¥) <0 (3.20)
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3.2 Saddle point problem

with the usual stiffness matrix A = (a;;) of elements a;; = a(v;,v;), v € V), and right
hand side F; = (f,v;). We choose Aj, := R" and B = (b; ;) with b, ; = (wj,v;),w € Ay

represents the pairing of A\, and wy.

3.2.2 Stabilisation

To ensure a stable system the inf-sup-condition (Theorem 2.11) has to be fulfilled by
(3.16)-(3.17). Practical experience shows that using bilinear elements to discretise
A and u does not lead to a stable discretisation, see Section 3.4.1. It is very difficult
to find a stable pair of finite element spaces in the sense that the discrete inf-sup-
condition holds. Therefore, we want to stabilise the system. There are different
methods for this purpose. One of them is to calculate the primal and the dual
variable on different meshes. The mesh of A, has to be coarser than the one of
up,. This method is described in [Sc05]. For our studies we use the Galerkin least
squares method by adding a consistent stabilisation term like proposed by Hughes
et al. [HFBS86] and theoretically analysed by Franca and Stenberg [FS91]. The
advantage of this method is that the choice of finite element spaces that can be used
is considerably enlarged and the stabilisation is easy to implement in an existing

code. From (3.15) we know Au+A+ f to be equal to zero in case of u € C*(Q)NC(Q).

So the continuous system including consistent stabilisation terms reads

0, 9) — (0, ) (10— N+ (A A, 8w+ Ag) > (f, )+ (W0 ) — (f, 6(w+Ap)),

(3.21)
for all (p,w) € V x A, where § is a piecewise constant positive parameter function.
In the discrete system wu is approximated by bilinear functions, and since we have
regular, parallel rectangles, the terms Awuj, and Ay vanish on every cell. If the grid
is wrapped, neglecting Auy, and Agp causes an interpolation error of the order O(J).
Numerical tests and a comparison to studies about the MINI-Element show that
ought to be chosen by § = yh? with a positive constant -, where on a cell T there

holds 6 = o7 := 87 = vh%. The approximation error can be neglected since our
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3 Obstacle problem

error estimator is of the order O(h) as we will see in Section 3.2.3. We receive

a(un, ) = (An,0) = (f,0) Vo € Vi

(3.22)
(up,w — M) +0(Ap,w) > (U, w—Ap) —0(f,w) Yw € Ay.
Let Uj, be the discretisation of Ly(€2). Setting
A5({uh7 Ah}? {QO,CU}) = Fé({@ﬂ”}) v<907 w) € Vi x Uy (323)

with the bilinear form

As({un, A}, { @, w}) i= alun, @) = (A, @) + (un, w) + (An, ),

and right hand side
Fs({p,w}) = (f,¢) + (Y, w) = (f, w),
the natural mesh-dependent norm corresponding to the bilinear-form As is given by

1
{an, An I = lunl + 1102 An|*.

Since

As({p,wh {o,w}) Z cll{w, w5, 0<e<1,
As is Xp-elliptic with X, = Vj, x Uy. Following the Lax-Milgram-Lemma (see e.g.
[GRI92| Chapter 3.3, Lemma 3.6), the unique solvability of the mixed problem is

ensured.

Looking at (3.19)-(3.20), we get another mass matrix C' = (¢; ;) with ¢; ; = d(w;, w;)

which stabilises the system.

The matrix vector notation (3.19), (3.20) now looks as follows:

Auh + B)\h = F
(3.24)
Ve An: o (=) (BTup — ) = (= M) (Chn + f) 0.

So what is derogatory to the system using a least squares stabilisation is the fact
that we get another matrix-vector multiplication in our solver. It runs very robust,
even on irregular meshes. The shape functions of the Lagrangian parameter can be

chosen constant or even bilinear.
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3.2 Saddle point problem

3.2.3 A posteriori error analysis

The reason for using the saddle point formulation of problem (3.1) is to develop
an error estimator that is consistent in areas of contact, too. That will be put into
practice by utilising the counter force A to fill the gap in the residual term [|Au+ f]].
The additional stabilisation term causes an error which has to be taken into account

by deriving the estimator.

Like in Section 3.1.2 we start with estimating (Ve, Ve;) by

(Ve,Ve;)) = (f,e)— (Vup, Ve;) + (Vu,Vie; —e)) — (f,e; —e)
+ (Vu,Ve) — (f,e)

<0

(3.16)

< _(/\iu 6i) + (vua v(el - 6)) - (fa € — 6)'

The last term is estimated by < 0 because we can test (3.2) with ¢ = uy,. Further-

more, we get

(Ve,Ve;) < (Vu,V(e; —e)) — (f,ei—e) — (A, e;+e—e)
= (Vu,V(e; —e)) — (f,ei—e) + (A, e —e;) — (Mp, €)
= (Vu,V(e; —e)) — (f,ei —e)+ (M, e —€;)
—(Anu—up — U+ U+ 5(f+ M) = 5(f + )
= (Vu,V(e; —e)) — (f,ei—e)+ (A, e — )
+ (M U+ 0(f+ M) —uw) + (Apyun — ¥ = 6(f + An))
= (Vu,V(e;—e)) = (f,ei—e) + (A, e — &)
(A U +0(f + (—Aup — f)) —w) + (Apyun — ¥ = 6(f + An))
= (Vu,V(e; —e€)) — (f,ei—e)+ (A, e — )
+(An, U — 0Au, —u) + (A, up — ¥ = 5(f + An))
= (Vu,V(ei—¢)) = (f.ei =€) + (A, e — &)
+ M O —w) + (A, =0{Aup + [+ M} +up — V).

<0 =N
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3 Obstacle problem

Now we can measure the error in the energy-norm:

(Ve,Ve) = (Ve, V(e —¢)) + (Ve, Ve;)
< (Vu, V(e —e)) = (Vun, V(e - e;))
+ (Vu,V(e;—e)) — (f,es—e) — (An,e—e;) + N
= (f,e—ei) — (Vuy, V(e —¢;)) + (A, e —e;) + N.

Cell-wise integration by parts results in

(Ve,Ve) < > wror+ N,

TeT

with local residuals pr and weights wr defined by

11
or = hr || f + An + Auplr + §h%||” A{Vuntor,

_1
wr = max{h;'|le — ei|lr, hp?lle — ellor},

and

N = (A, ={Aup + f+ M} +up — U) (3.25)
using definition (3.7) for the jump terms [0, up]. Next, one uses the interpolation
estimates (3.4) and (3.5) and Young’s inequality to get the following estimate:

(Ve,Ve) < > wror+ N

TeTy

<C ) orlVelr +N

TeTy,

1
<C Y (eh+ L lIVel3) + N

TeTy,

1
=Ce 3 o+ [IVel* +N.

TeTy,

This results in the next theorem:
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3.3 Solvers

Theorem 3.2.1. For the mized FE-scheme (3.22) there holds the a posteriori error
bound

el < Y Cof+cN (3.26)

TETh

with
1
or = hrllf + M+ Bunlir + 5/l [Owun]lor

and N defined by (3.25) where for interior interelement boundaries [Onuy] denotes

the jump of the normal derivative O,u;, which is zero on OS).

As we mentioned before the approximation error can be neglected because it is of

the order O(h?).

3.3 Solvers

Variational inequalities can be solved by different solving methods. Some of them
are introduced here and we will later compare them with the help of test examples

to figure out which one is the most efficient in different contact situations.

cgPSSOR

The cgPSSOR is a SSOR-preconditioned cg-algorithm (see [BBS04]) for solving the
variational inequality (3.3). SSOR (Symmetric Successive Over-Relaxation) is, sim-
ilar to Gauss-Seidel, a splitting method to approximate the solution of a linear
system. The projections are performed after the forward and after the backward
iteration, respectively. In contrast, the cg(conjugate gradient)-method is a mod-
ification of the gradient method and belongs to the Krylov space methods. For
more information see for instance Braess [Br07]. The algorithm at hand fulfills one

projected SSOR-step before evaluating u;, by a projected cg-iteration.
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3 Obstacle problem

Algorithm 3.3.1.

Choose an initial u°

u' = pSSOR(u?)
for j=1,2,...
@ = pSSOR(u?)
=l — !
¢ =t —
for i = 1,2, ..., diam(A)
if (max{|g7], [d] '} > |l — W)
& =0
gl =0
determine @’ such that @™ + ¢’ minimises the quadratic
function (2.1) on the set
@ + span{d’~t, ¢’}
Wt — gl o
if (w/tt — ¥ <0)
determine the largest number « such that @™ + ad’ — ¥ > 0

W =@ 4 ad

Here, pSSOR(v) calculates one projected SSOR-step. The condition rate of this

solver is O(y/k) where k is the condition of the system matrix.

Uzawa

To solve saddle point problems of a pair (u,A) € V' x A, a standard method is the
Uzawa-algorithm which describes an alternation between a minimisation step in V'

and a maximisation step in A.

36



3.3 Solvers

Following Braess [Br07] minimising a problem

under restriction

leads to the system

1
J(u) = §uTAu — ffu

Bu=g

Au + BTXN = f,
Bu = g

as described in (3.19)-(3.20). The Schur complement of the system is

BA™'BTAN=BA'f —g.

To solve these problems we introduce the following

Algorithm 3.3.2 (Uzawa’s algorithm).

Choose an initial iterate \° and o > 0.

Fors=1,2,...:

Aus — f _ BT)\S—l’

A = max (0, \*! 4+ a(Bu® — g)).

(3.27)

Here, a is assumed to be small enough. Looking at our stabilised problem we have a

slightly different system (3.24) which includes another mass matrix C'. Taking into

account the additional term we get the extended version of the Uzawa-algorithm:

Algorithm 3.3.3.

Choose an initial iterate \° and o > 0.

Fors=1,2,...:

Au = f o BT/\S—I7

M = max (0, \* ' + a(Bu® — g+ CX¥1)).

The convergence of the system is ensured by

(3.28)
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3 Obstacle problem

Theorem 3.3. Let s1 be the mazimal eigenvalue of the Schur complement S =
BTA™1B —C and sy be the minimal eigenvalue. If the Schur complement is positive

definite Uzawa’s algorithm converges if, and only if

2
0<a<—. (3.29)
S1

In addition, the optimal convergence parameter « is given by

2

. 3.30
S1 + S9 ( )

Qopt =

A proof can be found in [Sa03].

Using Uzawa’s algorithm (Algorithm 3.3.3) for the linear obstacle problem we elim-

inate the first equation of the system which leads to the Richardson iteration
(BA™'BT —C)A=BA™'f —¢g (3.31)
and we have to calculate
A = max (0, (1 — a(BAT'BT —C))\_1 + a(BA™ f — g)). (3.32)

The conditions for convergence of Uzawa’s algorithm are fulfilled because A and C'
are symmetric and so is the Schur complement S = BTA™'B — C. With A and
A BT

B
Let s; be the maximal eigenvalue of S and sy be the minimal eigenvalue. Then the

being positive definite the Schur complement is positive definite, too.

condition of the matrix S is defined by £(S5) = 2. If S is not well conditioned (x is
large) then the iterative method may converge very slowly. For a better illustration,
in the following test case we also calculate the convergence factor which is, following

[Sa03], defined by

_ M>i _ (H(BAlf —9) (BAlBT>Ak||>’1“
B = ( A1 — Ao B |(BA-1f — g) — (BA=1BT))\|| ) (3.33)

with Ag and A being the start value and the kth iterate of (3.32), and the corre-

sponding convergence rate by
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3.3 Solvers

Elements | condition | oppt Ey CRy | Uzawa steps (cg-it.)

16 2.15 271 | 0.3645 | 1.009 23(198)

64 6.19 1896 | 0.6692 | 0.4017 55(810)

256 22.32 9331 | 0.8735 | 0.1352 157(3744)
1024 86.12 39599 | 0.9629 | 0.038 541(23219)
4096 332.17 | 160864 | 0.9884 | 0.0117 1699(137497)
16384 1380.55 | 645977 | 0.9964 | 0.0036 5336(854203)
65536 5482.58 | 2.59e6 | 0.9988 | 0.0012 15063(4351832)

Table 3.1: Condition of the Schur matrix S = BT A~ B — C, convergence factor and

convergence rate of Uzawa’s algorithm for the linear obstacle problem

with stabilisation. Here we set ¥ = —0.25 and stopped the algorithm

when a residual of 1e-10 had been reached. The last column contains the

iteration steps of Uzawa’s algorithm and the sum of the inner cg-iterations

in brackes.

Table 3.1 shows that there is slow convergence of the classical Uzawa-algorithm.

The convergence factor is nearly 1 and the number of iterations nearly grows with

h=2. That motivates to develop a preconditioned Uzawa-algorithm.
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3 Obstacle problem

Preconditioned Uzawa

Although working very robust, the Uzawa-algorithm needs a lot of iterations. There
are many works dealing with preconditioning of the classical Uzawa-algorithm. See
for example [Ca03], [Cu02]. Gimbel [Gil2] lists some improvements which will help
us to make the Uzawa-algorithm run with very few outer iterations. First we have
to find a good preconditioner A,. It turns out that taking the diagonal entries of the
Schur complement S, A, = diag(BA™'BT + ), works very efficient. Furthermore,
since the Schur complement is symmetric and positive definite, we include an SSOR-
and a cg-step in every iteration loop. Let the SSOR-step pSSOR(v) be defined as

follows:

Algorithm 3.3.4 (projected SSOR).
for k= 0,1,2, ...
uf = A7 (f + BTXY)

forj=1,....m

et d 1 i1 ki &
/\jJr4 = )\f + Df (g] — (B’Uk)J — Z Cji)\i+4 - Z Cﬂ)‘f)
=1 1=j

Ji

ktd k+d 1 1 J ktd di k+1
>\j = )\j + Df (gj — (Buk+2)j — ZC]Z)\’L — Z CJZ)\Z )
77 =1 i=j41
1 1
it <o) AR o0

Finally the improved Uzawa-algorithm for (3.31)-(3.32) looks as follows:
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3.3 Solvers

Algorithm 3.3.5 (preconditioned Uzawa).

Choose an initial \°

D := diag(BA™'BT + ©)
A= pSSOR(\?)
for k=1,2,..
AFt2 = pSSOR(AF)
dE-1 — Nk _ \k-1
gk _ \ktg )k
for i = 1,2, ..., diam(A)
if (max{lgf], [df [} > [\7))
=0
g9t =0
determine d* such that A*™! 4+ d* minimises the quadratic
function (2.1) on the set
pLas span{d*~t "}
NetL — Nkt gk
if (A" <0)
determine the largest number a such that pLas +adf >0

Netl — \B+3 4 qF

To guarantee convergence the accuracy of A~!, which can be calculated by a cg-
solver or by a direct solver, must be less than square of the gained Uzawa residual.
The improvement of this algorithm can be seen in Table 3.4 and 3.5. Figure 3.2

illustrates the better convergence, too.
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Figure 3.2: Comparison of convergence of classical Uzawa’s algorithm (Alg. 3.3.3)
and the preconditioned one (Alg. 3.3.5). Uzawal and pc-uzawal is calcu-
lated on 1024 cells and uzawa2 and pc-uzawa2 on 4096 cells. Obviously
the preconditioned algorithm converges much faster than the classical

one.

Penalty-method

The theory of penalty-terms is a standard method for nonlinear optimisation (see
[GRI2]). The main principle is to follow the problems restriction asymptotically with
the help of an additional term (penalty-term) that consists of a penalty parameter
and a measure of violation of the constraints. The measure of violation is zero
in the region where constraints are fulfilled and increases the more the constraints
are violated. We achieve a variational equality which only depends on a single
parameter but has no restrictions in space anymore tending to the solution of the
optimisation. In order to illustrate this method we assume that there is a continuous
linear mapping F' : V' — V' and a continuous bilinear form b : V. x W — R.

Moreover, we define G C V as

G={veV|buw) <gw) Ywek).
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3.3 Solvers

Here, KK C W is a convex and closed cone in W and g € W’. The associated mixed

variational formulation

Fu,v + b(v, = 0 YoeV
(Flu,v) (v, p) (3.35)
b(u, w — p) < glw—p) VYwekK

is now regularised by the following form:

Find (u,,p,) € V x K:
Fu,,v + b(v, = 0 YveV
(Fup, v) (v, pp) (3.36)
b(upow —pp) — Sppw—p,) < glw—p,) YweK.

p > 0 describes a constant parameter which is called penalty parameter. For the

sake of simplicity we set W = W’ and define B : V — W’ as follows:
(Bv,w) =b(v,w) YveV, wel.
Then, the second equation of (3.36) can be written as
(p, — p(Bu, — g),w —p,) >0 Yw € K.

Let Pc : W — K denote the projection on the closed convex cone K C W, so we

have
pp = pPx(Bu, — g). (3.37)
Consequently (3.36) can be formulated by (3.37) and
(Fu,,v) + p(Pc(Bu, — g),Bv) =0 YveV. (3.38)
This is called the penalty-problem corresponding to the problem: Find u € G:
(Fu,v—u) >0 ved (3.39)

with
G={veV]|bvw) <glw) YweK}

So we found a variational equation corresponding to (3.39). Solvability and conver-

gence of this formulation are proven in [GR92].
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3 Obstacle problem

Comparing (3.36) to (3.22) we notice that the stabilised obstacle problem already
has the form of the penalty-formulation which is even consistent in our case. So we
use this technique to solve the saddle point system by developing one variational

equation out of it. We have W = Ly(2), so the cone K has the form
K={we Ly() |w > 0}.
Setting []+ : W — K with
[w] (z) := max{w(z), 0},
the projection is defined as
Pew = [w]y Yw e W.

Then our penalty-problem (3.38) looks as follows:

1

/ VusVoudr — =
0 )

/Q[‘I’—U5—5f]+vdx:/gfvd:c Yo eV,

Theorem 3.3.6. Let f € Loo(Q) and g € W2 (Q) with glr <0 and Q C R? a convex
polygon. For the obstacle problem

/QVUV(v—u)de/Qf(v—u)dx YoeG

with
G={veHjQ)|v=>g}

there exists a suitable corresponding penalty problem
/QVuva dx — p/Q[g — Uppv dr = /va dr Vv € Hy (). (3.40)

Then (3.40) has a unique solution u, € Hg(2) for all p > 0 and it holds the estima-
tion

[l = wplloce < (lgll200 + [IFlloce)p ™

A proof can be found in [GI83]. The resulting system has the form:

Au + D®(u) = f, (3.41)
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3.3 Solvers

where A is a N x N positive definite matrix, D is a diagonal matrix with positive
diagonal elements d; and where v = (uy,...,uy) € RV, f € RY, ®(u) € RY with
(®(u)); = ®(u;). An equation of this form can be solved by different methods. One
is the Gradient Method (see Glowinski [G183], Chapter IV, Sec. 2.6):

Algorithm 3.1.
Choose a start value ug € R™.

Forn=20,1,2,...:

Ut = u"t — aSTH AU + DO(M) — f), o> 0. (3.42)

Here, S is a symmetric positive definite matrix which can be chosen S = Id € RV*V,

A better convergence speed allows the choice S = A if A is symmetric and S = #

if A# A* with A* being the adjoint of A. Although it needs less iterations than the
Uzawa-algorithm there are faster alternatives. Choosing Newton’s method we have

to solve a linear system in every newton step:

Algorithm 3.2.
Choose a start value ug € R™.

Forn=20,1,2,...:

u" = (A+ DO (u™) YD (u)u™ — DP(u") + f), (3.43)

where ®'(v) denotes the diagonal matrix
P’ (vy) 0
P'(v) = : (3.44)
0 ' (vy,)

A+ D®'(v) is positive definite Vo € R™ because ® is nondecreasing and thereby
®’ > 0. Addicted to the start value it is possible that a damping is needed to reach

convergence.
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3 Obstacle problem

3.4 Numerical results

For our numerical tests we always take a surface area 2 = [0,1]? and an external

body force f = —10. The obstacle ¥ is varied throughout the examples.

3.4.1 Stability

Taking the test example with a smooth obstacle ¥ = —0.25 we compare displace-
ment and Lagrangian multiplier in the stabilised and the unstabilised method for
the numerical solution of the underlying problem. The subfigures of Figures 3.3
and 3.4 show the displacement in case of Q)1/@Q); discretisation. In the unstabilised
problem (Figure 3.3) the surface €2 soaks into the obstacle whereas in the stabilised
one the surface lies exactly on the obstacle (Figure 3.4). The subfigures on the right

show the contours of {2 in the contact zone.

u
I-O,ZSOO

u
0,000
-0,2509

-0,06343
-0,2518

-0,1269
-0,2527

-0,1903
-0,2536

-0,2537

Figure 3.3: The obstacle is a smooth surface ¥ = —0.25 and f = —10. The left
picture shows the displacement of the membrane which soaks into the
obstacle in the unstabilised system. In the right picture there are the
contours of the penetration and it can be seen that the obstacle condition

is violated mostly at the boundary of the contact zone.
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u
-0.2400
u
0,000 I

-0,06249
-0,1250
-0,1875

-0,2499

-0,2424

-0,2449

-0,2473

-0,2498

Figure 3.4: Having the same settings like in Figure 3.3, the stabilised system shows

optimal values for the displacement.

Here we choose 6 = vh? with v = 0.3 and the finite element spaces uy, A\, € Q; with
Q1 :={v e Q) vr € Qi(T)}.

On the left hand of Figure 3.5 there are the values of the Lagrangian multiplier,
which has non-physical oscillations in the unstabilised case. Nevertheless, in the

stable system (right) \j, yields the physically expected values.

lambda lambda
2053 9.996
15,40 I7,497
10,27 4,998
5,133 2,499
0,000 0,000

Figure 3.5: In the left picture there are the corresponding values of the Lagrangian
multiplier to the unstable system in Figure 3.3 which are way too high.
To adjust the force in the contact zone they ought to have a value of
about 10 there. Furthermore, there are non-physical oscillations. The
right picture shows the Lagrangian multiplier of the stabilised system

(Figure 3.4) having the expected values.
We can see the same effect if we choose Elements u;, € ()1 and

A € Qo = {v € Ly(Q)| vjr € Po(T)}.
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u
-0.2500
u

0,000

-0,2503
-0,06298

-0,2506
-0,1260

-0,2508
-0,1889

-0,2511
-0,2519

Figure 3.6: Choosing the same obstacle as in Figure 3.3 the left picture shows the

displacement of the membrane which also soaks into the obstacle in the

unstabilised system. The contours in the right point out the penetration.

u
-0,2400
u

0,000

-0,2424
-0,06249

-0.2449
-0,1250

-0,2473
-0,1875

-0,2498
-0,2500

Figure 3.7: Optimal values in the stabilised system choosing u; € Q1, Ay, € Qo.

lambda lambda
17,22 9.976

12,92 7,482
8,612 4,988

4,306 2,494

0,000 0,000

Figure 3.8: In the left picture there are the corresponding values of the Lagrangian
multiplier in the unstabilised problem which are far too high. Further-
more, there are non-physical oscillations, too. The values of A, in the
right picture belong to the stabilised system and show the expected

values.
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The values of the displacement of the unstable and the stabilised system can be seen
in Figures 3.6 and 3.7 and the corresponding Lagrangian multipliers are shown in

Figure 3.8.

Although being unstable the system converges to a solution since we use iterative
solving methods which allow convergence in some cases. This would not be possible
using direct solvers. However there are examples, i.e. if the obstacle gets more
complicated, where the unstable system is not even calculable due to the injured
inf-sup-condition. One example where the unstable system fails to converge against

a solution is presented in Figure 3.9.

obstacle lambda
0,000 33.39
-0,1500 25,04
-0,3000 16,70
-0,4500 8,348
-0,6000 0,000

) Obstacle ¥ b) Lagrange multiplier A

solution

-0,0876¢

-0,1754

-0,2631

-0,3507

(c) Displacement uy,

Figure 3.9: This problem is only solvable if the system is stabilised. Figure (a) shows
the obstacle U = 0.3 sin(7x) sin(my) —0.3 and (c) the displacement calcu-
lated by the Uzawa-algorithm. In Figure (b) there are the corresponding

values of the Lagrangian multiplier.
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3.4.2 Adaptivity

In this section we compare the two discussed error estimators (3.8) and (3.26). We
choose a smooth obstacle with W = —0.25 and an external body force f = —10
on a 2D surface Q = [0,1]%. If we take a look at the grids created by adaptive
mesh refinement we can see a great difference between estimator (3.8) and (3.26).
While the grid created by (3.8) is well refined in the contact zone (Figure 3.10,
left), estimator (3.26) yields coarse grids in the interior where u, = ¥ (Figure 3.10,
right), which is more efficient because in the contact zone nothing happens that
causes errors worth mentioning. Consequently, we save calculation time using the
improved error estimator by reaching the same accurateness. The reason for creating
these different meshes is the residual term ||Auy + f] in (3.8) which is large in the
contact zone. In (3.26) ||Aup + f+ Apl| is a consistent term and therefore very small

in the area of contact.

HEE e e i HiE [
H 23 H 23
H 23 H 23
£ 53 H 23
i i H 53
B i
i
53 53
53 53
53 H
23 H
i i
i 23
i i
A
B i
53 53 53 53
HEEE diba e i S iEEE

Figure 3.10: The grid on the left is the one without using the Lagrange multiplier
in the error estimate. One can see the contact zone being refined very
often even if this region is not error-prone. The mesh on the right has
been created by estimator (3.26). Due to the term [[Auy, + f + M|
there is almost no measurable error in the contact zone and so there is

no dispensable refinement there.
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3.4 Numerical results

# cells Cres ejump N ’@ ‘ 1

64 | 1.32e+00 | - | 4.99-01| - |3.0le-01| - 1.82e+00 | -
256 | 7.13e-01 | 0.86 | 3.36e-01 | 0.57 | 1.02e-01 | 1.56 | 1.05e+00 | 0.79
1024 | 3.69e-01 | 0.98 | 1.84e-01 | 0.86 | 3.24e-02 | 1.66 | 5.53e-01 | 0.93
4096 | 1.86e-01 | 0.99 | 9.58e-02 | 0.94 | 1.22e-02 | 1.42 | 2.81e-01 | 0.97
16384 | 9.33e-02 | 0.99 | 4.88e-02 | 0.97 | 4.40e-03 | 1.48 | 1.42¢-01 | 0.99
66536 | 4.67e-02 | 0.99 | 2.47e-02 | 0.98 | 1.56e-03 | 1.50 | 7.13e-02 | 0.99

Table 3.2: Convergence of the error terms of estimator (3.26). We set eps =
(S W3l Aun + A+ FIP)?, €jump = (S hrlln - [Vun)|3r)? and Jef; de-
notes the complete error estimator. In the right columns there is always
a value o determining the convergence order by O(h®) for every refine-

ment step.

Global refinement steps show that the whole estimator has an optimal convergence
rate of order O(h) which is proven in Table 3.2. Comparing the two estimators we
find estimator (3.26) is giving a better convergence rate than (3.8). They are both
upper bounds for the true error so estimator (3.26) turns out to be a more accurate

one as shown in Figure 3.13.
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Figure 3.11: Sequence of grids created by estimator (3.8) offering a well refined con-

tact zone.
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3 Obstacle problem

Figure 3.12: Sequence of grids created by estimator (3.26). Due to the consistent
residual term there is almost no measurable error in the contact zone

which involves more economical mesh structures.

1 T
estimator (3.27) —+—
estimator (3.8)
O(h) ——

estimated error

0.1 |

102 10° 10*
Number of Elements
Figure 3.13: Estimator (3.26) offers a smaller error than estimator (3.8) at the same
number of elements and it also tends to have a better rate of convergence
than the inconsistent one. That is the achievement of the consistent

residual term in (3.26).

Comparison of the terms (X || f+Aup||2)2 and (S || f+M+Aup||2)? in the contact
zone shows the reason for over-refinement if we have no Lagrangian multiplier in
the estimator: In areas of contact (7 ||f + Aup|/%)2 gives the norm of f which
is constant everywhere. In contrast, in (X7 ||f + Ay + Auy||2)2 the Lagrangian

multiplier eliminates this inconsistency and reduces the error in every refinement step

52



3.4 Numerical results

(see Figure 3.14, left). The improvement for the whole estimator is obvious if we look
at Figure 3.13. However, one could expect it to be even better if we look at Figure
3.14. The fact that we use bilinear elements causes that Auw, vanishes outside the
contact zone, too. So here we only measure f in the norm which is no inconsistency
but depends on the choice of the finite elements. Since (X || f + M, +Auy||2)? tends
to zero in the contact zone, the value of the norm in the whole area converges to the
one that is measured in this norm outside the contact area (see Figure 3.14, right)

which remains constant after a few steps.

+Ay, in contact T ‘ ‘ +Ap, in contact ———
-Ap in contact +\, area
A area —s—
no contact —=—
10 10 1
e
5 5
5 3
\\\\\ \\\\\
1 . . . 1 . . .
10° 10° 10* 10° 10° 10*
Number of Elements Number of Elements

Figure 3.14: In areas of contact we compare (7 ||f + A + Aup||2)z to (XS |If +
Auy||2)z within a global refinement (left). We find a reduction
of the estimator term including )\, whereas the other term is left
nearly constant. Right: “+\, area“= (7 ||f + A 4+ Auy|2)? in the
whole area, “-\, arca“= (Y7 ||f + Auyl2)? in the whole area, "no
contact“= (Sr||f + Auy|2)? in areas of no contact. Since the value
of (X7 |If + A + Aupl|2)2 tends to zero in zones of contact, the value
of the norm in the whole area converges to the value the norm reaches
when neglecting the contact zone which is constant here since we use

bilinear elements for u; and hence Awyj, vanishes.

So just to show how efficient the use of the Lagrangian multiplier really is, we use
biquadratic elements for u;, and compare the estimators again (Figure 3.15), being

aware of the more complicated stabilisation situation. That means adding some
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3 Obstacle problem

mixed terms which is in fact no big issue to program. To overcome this problem we

can also use Algorithm 3.3.1 and calculate A\, by the residual (see Section 3.4.3).

~ + A global

AN - A global
8 + Ay, adaptive ——
N - A, adaptive —=—

0.1

estimated error

0.01 |

100 1000 10000
Number of Elements

Figure 3.15: Comparison of the error estimators (3.26) and (3.8) for uniform and

adaptive refinement using (J2-Elements for the displacement wy.

In Figure 3.16 the estimated convergence rates for uniform and adaptive refinement

based on the a posteriori error estimate (3.26) are depicted.

ddlobal —
adaptive
N o(h)y ——
S
o
e]
[0}
T
£ 01} 1
1)
(0]
100 1000 10000

Number of Elements

Figure 3.16: Comparison of the estimated convergence rate for adaptive and uniform

refinement based on the estimator (3.26).
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3.4 Numerical results

Since we consider a smooth obstacle here, the uniform approach leads to the opti-
mal convergence rate of O(h). The adaptive refinement has only a slightly better
convergence rate and also converges of optimal order. The advantage of adaptive

refinement can be seen even better with a discontinuous obstacle.

# cells \6’1,global # cells |€\1,adaptive
64 | 0.880 | - 64 | 0.880 | -

256 | 0.530 | 0.73 304 | 0.465 | 0.82

1024 | 0.330 | 0.68 1432 | 0.230 | 0.91

4096 | 0.200 | 0.72 5776 | 0.116 | 0.98

16384 | 0.127 | 0.66 || 17824 | 0.072 | 0.85

Table 3.3: Table of convergence of the error estimator using a discontinuous obstacle
with global and adaptive refinement. The right value o determines the
convergence order by O(h®) for every refinement step. With global mesh
refinement the error converges with about (’)(h%). In the adaptive case

we have almost linear convergence.

~ ‘ ‘ global —
S adaptive
N O(h) ——
5 -
o
o T
[0} ~—
E
3 01}
100 1000 10000

Number of Elements

Figure 3.17: Comparison of the estimated convergence rate for adaptive and uniform

refinement based on the estimator (3.26) using a discontinuous obstacle.
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3 Obstacle problem

We choose

—0.25 ifz,y € [0.5—0.125,0.5 + 0.125]
U= (3.45)

—1 elsewhere

Using global mesh refinement the singularity causes a slower descend of the conver-

gence rate whereas the adaptive method almost reaches an optimal order of O(h).

TR T
Eesigiss
e

Figure 3.18: Sequence of grids created by estimator (3.26) using the discontinuous

obstacle (3.45)

3.4.3 Solvers

We compare the presented solvers in two different contact situations. In the first one
we set the obstacle to ¥ = —0.25 which leads to a large contact zone. This is a good
assumption for the cGPSSOR-solver because many nodes are in contact and are
simply projected onto the obstacle, a fact that makes the solver very efficient here.
Although needing more iterations on the same number of elements ,the penalty-
method has the same convergence order as the cGPSSOR which makes it efficient
in cases of many elements, too. For this test example we had to damp the method
with a damping factor @ = 0.5. A large contact zone induces that many entries of
the Lagrange multiplier are nonzero. That results in many iterations of the Uzawa-
algorithm and thus many cg-iterations. The preconditioned Uzawa-algorithm needs
less iterations and has a better convergence rate than the original one. However, it

can not keep up with the cGPSSOR algorithm.
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3.4 Numerical results

Elements | Penalty | cGPSSOR Uzawa pc. Uzawa
64 53(953) 7 55(810) 7(201)
256 53(1381) 17 157(3744) 14(612)
1024 53(2347) 29 541(23219) 28(2024)
4096 52(4191) 65 1699(137497) 61(7948)

16384 54(8062) 142 5336(854203) 98(23685)
65536 | 51(14288) 238 15063(4351832) | 218(104396)

Table 3.4: Comparison of the iteration number of different solution algorithms, ¥ =

—0.25 and residual=1e-11.

The columns contain the number of outer

iteration steps of the different algorithms and in brackets there is the

total number of cg-iterations. (Residual for inner solver: res=1e-16)

Elements | Penalty | cGPSSOR Uzawa pc. Uzawa
64 54(959) 16 17(240) 2(85)
256 53(1462) 30 147(3504) 4(225)
1024 53(2652) 57 489(20980) 5(457)
4096 55(5232) 104 1594(127417) 13(1824)
16384 51(9468) 208 4804(710805) 22(5436)
65536 | 51(18886) 416 13339(3799734) | 40(18594)
Table 3.5: Comparison of the iteration number of different solution algorithms,

U = —(.7 and residual=1e-11. The columns contain the number of outer

iteration steps of the different algorithms and in brackets there is the

total number of cg-iterations. (Residual for inner solver: res=1e-16)
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3 Obstacle problem

If we reduce the contact zone the solvers react differently. The ¢cGPSSOR needs
more iterations now since there are less projections. In contrast, the steps of the
Uzawa-algorithm are reduced, especially in the pc Uzawa because the values of the
Lagrange multiplier are zero in many nodes. Nevertheless, the cGPSSOR is the
solver with minimum number of iterations. The advantage of the Uzawa and the
pc Uzawa is that we are able to use a direct solver instead of a cg-solver for the
inner problem. That makes the pc Uzawa attractive for solving problems with small
contact zones if there are not too many elements. In that case a direct solver is

much faster than an iterative one.

1e+07

1e+07

peﬁalty — peﬁalty —

1e+06 1e+06

100000 ¢ 100000 ¢

10000 | 10000 |

cg-iterations
cg-iterations

1000 1000
100 | 1 100 |

10 ¢ 1 10 ¢

10 1 60 1(;00 1 0600 10000( 10 160 1(;00 10600 10000(
Number of Elements Number of Elements

Figure 3.19: Comparison of the total number of cg-iterations that are used by differ-

ent solvers where the obstacle is set to ¥ = —0.25 (left) and ¥ = —0.7

(right).

Comparison of the different solvers makes clear that the cGPSSOR is much more
effective than Uzawa’s algorithm. However, we need to know the Lagrangian mul-
tiplier for calculating our error estimator. There is another possibility to get these
values by computing the residual Ax — b since the Lagrange multiplier eliminates

the inconsistency and therefore the gap of Az and b.
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3.4 Numerical results

lambda lambda
10,000 33,673
7.5000 25,255
5,0000 16,836
2,5000 8.4182
0,0000 0,0000

a) Ap for ¥ = —0.25 b) Ap, for ¥ = 0.3sin(wz) sin(ry) — 0.3

Figure 3.20: Lagrangian multiplier calculated by the residual of Az — b. Figure (a)
shows the Lagrangian multiplier for the obstacle ¥ = —0.25 and for (b)
we chose the obstacle ¥ = 0.3 sin(7z) sin(7y) — 0.3.
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4 Nonlinear contact problems

In contrast to Chapter 3, we now analyse a nonlinear equation including a linear
restriction. Therefore, we examine the contact problem again, which now underlies a
nonlinear material law. We start with the introduction of the variational formulation
and the proof of existence. For solving nonlinear restricted problems we establish
the SQP-Method and give a statement about convergence. The problem of incon-
sistency returns by the derivation of an appropriate a posteriori estimator, which is
again compared to the estimators that we develop after presenting the corresponding
saddle point formulation and the suitable least squares stabilisation, which ensures
the problem to be well posed. Here, two different ways of stabilisation are presented
and both give adequate results. Numerical tests at the end of the chapter approve
the theoretical achievements of stability and consistency. As a special example we

discuss the minimal surface problem.

When we want to study contact problems in elasticity for example, we have to deal
with different constitutive relations. In case of linearised elasticity we take the linear
relation

o= Ce(u)
which is called Hooke’s law, with the elasticity tensor C and o defining the stress
variable. We set S? the space of second order symmetric tensors on R?.  With
u:Q — RY ¢ and o take on values in S and hence C is a fourth order tensor. For

small deformations, €(u) is defined by

c(u) = ;(Vu + (V)T
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4 Nonlinear contact problems

However, often we have to work with nonlinear stress-strain relations:
o= F(z,e(u))
with a given nonlinear function F satisfying the following conditions:
e F:Qx S¢ — §4.
e There exists L > 0 such that

H]:(x,gl) — ,F(I,€2)|| < L||€1 — 62” \V/51,€2 € Sd, a.e. x € (. (41)

e There exists m > 0 such that

[F(z,e1) — F(x,89)] : (€1 —&2) > mlley — &2|)* Ve1,60 €S, ae. 2. € Q. (4.2)

e For any ¢ € S¢, 2+ F(x,¢) is measurable in (2.
e The mapping x +— F(x,0) € Ly(2)%<.

A family of elasticity operators satisfying these conditions is called nonlinear Hencky

materials (see [Ze88]). The equilibrium equation then reads
—dive = fin Q

with 0 = F(e(u)). So in contrast to Chapter 3, where we have studied a com-
pletely linear problem, we now analyse applications in physics and mechanics with

a material described by nonlinear constitutive laws.

Our intention is to check if the Lagrangian technique is still efficient in case of

nonlinear systems. For the general study we take on a scalar function u.

4.1 Variational formulation

Again, taking a domain Q C R?, the strong formulation of the nonlinear obstacle

problem reads

—div F(Vu) - f >0,
u—Vv >0, (4.3)

(u — ) (= div F(Vau) — f) = 0
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4.1 Variational formulation

with u € C?(Q)NC(Q) and the Dirichlet boundary condition u = 0 on 9. f € C(Q)

represents the body force and ¥ € C?(Q2) N C(£2) describes the obstacle. Similar to

(3.2), we have the variational inequality

where F(Vu) is a nonlinear strong monotone and continuous operator which is zero
if w = 0 and that describes the material law. Like in (3.2) we set V = HJ(2) and
K ={v € Vlv > ¥V ae. in Q} and assume f € Ly(€2). Theorem 2.4 ensures a

unique solution of (4.4).

Discretising (4.4) by bilinear finite elements we achieve
upn € K : (F(Vug), V(e —up)) > (f,o—up) Yo € Ky, (4.5)
with the discrete finite element spaces
Vi, = {v € Hy(Q)| v bilinear on T € T},},
K ={veV,|v>WV,ae. in Q}.
K; C Vj is a closed, convex and nonempty subset. Like it is described in Chapter 3,

U}, is the linear interpolant of ¥ and we assume ¥, = W. Following [AH09], problem

(4.5) has a unique solution, too.

4.1.1 SQP-Method

We want to solve inequality (4.5) with the help of the CG-PSSOR-Method (see
Section 3.3). For a non-restricted problem one can use Newton’s method for lin-
earisation. That means, if we want to minimise a suitable two times differentiable
functional J(-),

min J(z), x €V, (4.6)

we compose the quadratic approximation

gi(z) == J(2") + VJ (") (z — 2') + ;(x — 2V (2" (x — 2")
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4 Nonlinear contact problems

with an iteration index i. If the Hessian V2J(z?) is positive definite, the solution

21 is defined by V¢;(x) = 0. So we get the system
Vai(z) = VJ(2') + V2J(z")(z — o)
and thus
2 =2t = V2 J(2") TV I (o).
To avoid the calculation of V2J(z")~! we solve the problem
V2 (2")d = VJ(z")

and set

=2t —

Given a nonlinear problem with restrictions we have to use the SQP (Sequential
Quadratic Programs)-Method. Using Newton’s algorithm with restricted problems
we can easily get a wrong solution. By setting the derivation of the quadratic
approximation of J(x) to zero, the algorithm may converge to a solution that does
not exist in the convex cone we are searching in. In contrast, the SQP-Algorithm
minimises the quadratic linearised problem under the given restrictions. We study a
special variant of SQP-Methods, which is called the Levitin-Polyak-Method and can

be found in [LP66] or [GT97]. Our problem is characterised by the minimisation of
1
J(z0) + VI (z0)T (7 — 20) + §(x — 20)T V2 (20)(x — mp) — min, z € K.

Here, J(z0) is locally quadratic approximated under the restrictions of the problem.

To get an equation in x we rewrite the Taylor approximation as follows:
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4.1 Variational formulation

T(a) ~ T(ao) + VI @) (o~ w0) + 5 — 20) T2 (w0 0)
= J(xo) + VJ(zo) 'z — VJ(20) w0 + ;xTVQJ(xO)(x — Zp)
— ;xOTVQJ(xO)(x — )
= VJ(z0) 2 + ;xTVQJ(xO)x — ;xTVQJ(xO)xO — ;%TVQJ(xO)x +C
= VJ(xg) x + ;xTVZJ(xO)x — iV (z)z + C

1
= (VJ(xO)T - $OTV2J(x0)> T+ ixTVQJ(xO)m +C

with C' = J(zo) — VJ(20) o + 28 V2J(20)z0 including all terms that are inde-
pendent of x. We can neglect C' because it vanishes by using our minimisation
techniques. Let a(1;¢) be a suitable semilinearform with right hand side F(yp),
then there holds:

VJ(zo) 'z = a(ze; ) — F(2)

'V (xg)x = ;x(a(x, x) — F(x))(zo)

where a%a(m, x)(zg) denotes the derivation of the semilinearform a(-;-) and hence
its linearisation with arguments (x,z) at the iteration point xg. Then we have to

minimise

1
(VJ(x0) — 2t V2 (20))7 + §xTV2J(xO)x
9, 10

=a(wo;x) — F(x) — 5 (a(zo, 2) = F(2))(20) + 5 5-(alz, 2) = F(z))(20)
=a(xe;x) — F(x) — ;Ua(:)sg,x)(xg) + (iF(:v)(xo) + 26(1&(93, x)(x0)
10
- 5%1?(53)@0)
=a(zro;z) — F(x) — i_a(xg,m)(xg) + F(xo) + ;aaxa(az, z)(xg) — ;F(aro).

Again, we neglect the terms that are independent of z and achieve

10

0 .
§%a($, x) (o) — (a(m, x)(zo) — a(zo; ) + F(x)) — min, =z € K.

ox

To obtain a numerical solution we discretise the equation in space with z;, € K,
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4 Nonlinear contact problems

and receive

10 0

Ea—%a(xh,xh)(xh,o)— (axha(xh,o, zp)(zho) — alzno; xn) + F(xh)) — min, z, € K},

which has to be minimised in the SQP-Algorithm.

Algorithm 4.1 (Levitin-Polyak).

1 Choose a start value zf, € K, and set the iteration index i = 0. Let y be

the error tolerance.

2 Minimise the linearised problem

10 , o ‘ ‘ ‘ |
58—%a($h, wn)(x),) — (Ma(xﬁu xp) () — alxy; xy) + F(xh)> — min,

x), € Ky,

3 Set e = ||la(xp; pn) — F(en)|| for on € K.

4 Ife >~ seti=1i+1, zi, = x;, and go to step 2, else finish.

4.1.2 Convergence of the Levitin-Poljak-Method

Unfortunately, this method is not convergent in general. The starting value has to
be taken out of a sufficiently small neighbourhood of the solution we are looking for,

but then it shows quadratic convergence:

Theorem 4.1.1. For the iterated sequence {xy} of the Levitin-Poljak-Method, there
exists a 0 > 0 so that for any xo € K NU,(Z) the sequence {x} converges to the

local solution & of (4.6). With a constant ¢ > 0 there holds the estimation

ekin — 2| < cllag = 2|* fork=1,2,...
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4.1 Variational formulation

In order to get the algorithm more stable with regard to the choice of the start
value, we can use a damping method similar to the damped Newton-Method x%! =
xl + Axt.
Using such a damping step, we can even form a statement about global convergence
(see [Ha77]) if we use a certain step wide «; € (0, 1]:
it =2l + a; A,

In contrast to Newton’s method, Az} is a linear combination of the previous and
the new solution x, and x}""

Azl =2t — ).
We iterate 2! and so we modify our update-step to get the new solution ;"' from

the old solution i and the new iterated one:

B = (1 — )b + o™ for 0 < oy < 1.

Algorithm 4.2 (Damped SQP-Method).

1 Choose a start value xY) € K}, and set the iteration index i = 0,

e=a(x);on) — F(en), on € Ky. Let v be the error tolerance.

2 Minimise the linearised problem

10 ; J . . . '
§a—Iha(Ih, wp)(x),) — (axha(xm xp) () — alxy; x) + F(xh)> — min,

xy, € Ky,
8 Set k=0 and of = 1.
4 Set & = (1 — al)at + abay,.
5 If |la(@ ™ 0n) — Flen)| < e set o™t = 7 and go to step 6, else set
ap =30h, k=k+1 and go to step 4.
6 Set e = a(x}"™; on) — Flpn).

7 If e > seti =1+ 1 and go to step 2, else finish.
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4 Nonlinear contact problems

4.1.3 A posteriori error analysis

To be able to use adaptive meshes we develop an a posteriori error estimator for

problem (4.5).

For a strong monotone operator there holds:

YNV (u = up)|]? < (F(Vu) — F(Vuy), Vu — Vuy,)
with v > 0.

We denote with e; := Ij,e the interpolation of e on the finite element space and start

with the following estimation:

(F(Vu) — F(Vup),Ve;) = (f,e) — (F(Vuy), Ve;) +(F(Vu), Vie; — e))

This allows us to achieve the following:

YNV (u—w)|* < (F(Vu) = F(Vup), Ve — Ve) + (F(Vu) — F(Vuy), Ve;)
< (F(Vu), V(e —e)) = (F(Vun), V(e - &)
HF(Vu), V(e —e)) = (f.ei —e)
= (f.e—e) = > (F(Vup), Ve — Vei)r

T

= (fre—e) = X[~ (div F(Vur).e ey

T

+/aT(n - F(Vup)) - (e —ei) dF]

. 1
<X (If + div F(Tun)lirle = e + 5l - (F(Tu)lorlle - eilor
T

There holds
v(Ve,Ve) < Y wror, (4.7)

TETh
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4.2 Saddle point problem

with local residuals o7 and weights wr defined by
. 11
or = hr||f + div F(Vup)llr + Shilln - [F(Vun)l llor,
wr := max{hz'|le —&llr, hr*|le — eillor},

where on the interior interelement boundaries n - [F(Vuy)] denotes the jump of

F(Vuy) at the element faces in normal direction.

The interpolation estimates (3.4) and (3.5) yield the following estimate for the dis-

cretisation error in the energy norm:

Theorem 4.1.2. For problem (4.5) there holds the a posteriori error bound

e} <C Y or (4.8)

TETh
with local residuals op defined by
) L1
or = hr|[f +div F(Vup)llr + Shi|[n - [F(Van)] [lor.

Like in the linear case we achieve an inconsistent estimator since in regions of contact

there is an unknown contact force which causes a gap |f + div F(Vuy)| > 0.

4.2 Saddle point problem

In order to avoid the estimator’s inconsistency, we introduce the Lagrangian formu-

lation which looks very similar to the linear case.

4.2.1 Saddle point formulation

For the problem at hand there holds:
Find a pair (u,A) € V x A :={q € Ly(Q)| ¢ > 0 a.e.} with

L(u, \) = inf sup L(p,w)

PEV e

= inf sup{J(V) = (f. ) — (w,p — V)},

PEV e
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4 Nonlinear contact problems

with the nonlinear Fréchet-differentiable functional J(-).

Derivation with respect to ¢ and w leads to the saddle point system:

ueV: (F(Vu), Vo) — (Ay) = (f.9) VoeV
AeA: (u,w — ) > (V,w—A) YweA

(4.9)

where F(-) denotes the Fréchet-derivative of J(-). Existence can be proven like in

the linear case. For uniqueness we note that there holds:
A = —div F(Vu) — f (4.10)

and furthermore

/Q(,u—)\)(u—\lf)d:czo Vi e A. (4.11)
Any other saddle point (u*,A*) € V' x A of L fulfills

—div F(Vu*) = f+ A" on Q

ut eV
(4.12)

/(u St —Wde >0 YueA

Q

A" e A

Setting p = A* in (4.11) and g = A in the third relation of (4.12) and summing up

the two equations we receive
/Q (N = A) (" — w)da < 0, (4.13)
Using (4.10) there holds
N =\ = —div F(Va*) + div F(Va)
and hence by (4.13)
- /Q div (F(Vu*) — F(Vu))(u" — u)dz = / (F(Vu*) — F(Va)) (V' — Vu)da < 0.

Q

Since we have a strong monotone operator we achieve

YIVu* — Vul|? < /Q(]:(Vu*) — F(Vu))(Vu* — Vu)dr <0,

which gives |u* — u|; <0 and therefore u* = w and A* = .
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4.2 Saddle point problem

4.2.2 Stabilisation

Discretising the problem again results in an unstable system:

up, € Vi:  (F(Vwn), Vo) — () = (fi9) Vo eV
A € Ay (uh,w — )\h) > (\I/,w — /\h> Yw € Ay,

(4.14)

with Ay, consisting of cellwise bilinear or constant functions on each cell of T;,. We

know from (4.3):
div F(Vu) + A+ f =0

in case of u € C*(Q)NC(). Using this knowledge we extend system (4.9) by adding

the resulting consistent term and after discretisation we obtain for (up, Ap) € Vi x Ay:

(F(Vup), Vo) — (An, @) + (un, w — Ap) + (div F(Vug) + A, 6(—div F(Ve) +w))

= (fro) + (T, w =) = (f,6(=div F (V) + w))
(4.15)

for all (p,w) € V3, x Aj. We set
As({un, A}, {o,w}) = Es({p,w})  V(p,w) € Vi x Un, (4.16)
with

As({un, An}, {p,w}) =(F(Vun), Vo) = (An, @) + (un, w)
+ (div F(Vup) + Ap, 0(—=div F(Vy) + w))

and right hand side
Fs({p,w}) == (f,0) + (¥, w) = (f,6(=div F (V) + w)),

where § > 0 is a piecewise constant parameter function and U}, denotes the discreti-

sation of Ly(€2). The natural mesh-dependent norm corresponding to As is given
by

1
I {ean An IS = [unl3 + (192 A0 ]
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4 Nonlinear contact problems

For Aj there holds

As({p, wh {p,w}) = (F(Ve), Vo) — (w, ) + (¢, w)
+ (6(div F(V) +w), —div F(Vp) + w)

(F(Vp), V) + (6(div F(Ve) + w), =div F(Ve) + w)
(F(Ve), V) — (8 div F(V), div F(Ve)) + [|52w])?

> (F(V), V) — |02div F(Ve)|? + [|62w].

Since we have bilinear elements for ¢, div(-) is linear and bounded and therefore

continuous:
[ div F(Vepr) = div F(Vs) || < M| F(Ver) = F(Vo)|| (4.17)
with a positive constant M. Hence we get
As(fe,wh {p,w}) > (F(Ve), Vi) = ME|IF (V)| + [|52w]?

where §* = maxy o7.

Due to the strong monotonicity of F(-) and the Lipschitz continuity we can do the

following estimation with constants m and L from (4.2) and (4.1):

As({p,w} {p,w}) = m||Ve|® — M&" L[| V| + ||07w|?

= (m — M&"L)[[Vel* + [|52w]*.

Theorem 4.1. If 0 < 0* < with 0* = maxy ér, M from (4.17) and m and L

ML
denoting the constants taken from the strong monotonicity (4.2) and the Lipschitz

continuity (4.1), As is coercive with a positive constant c:

As({e, w}, {o,w}) > cll{e, w3

So for § sufficient small stability is guaranteed. Now we have an arbitrary operator
F(-) fulfilling the conditions of Theorem 2.4, which can be very complex and relating

to the mixed terms arising due to the stabilisation, the equation might be extensive
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4.2 Saddle point problem

for programming. So inspired by [Be95] we introduce an alternative way of stabili-

sation with the confinement that A; can only contain cellwise constant elements:

Find (up, An) € Vi, X Aj, such that:

(F(Vup), Vo) — (An, @)

(f.9) Vo e Vi

(un,w—=An) 4+ XrdrXrcr((Mnles [w—MNlr)r > (W,w — Ay) Yw € Ay,

(4.18)

where [-]r denotes the jump over an element edge I'. This is also a consistent

stabilisation since the jump terms vanish for the continuous solution A\. The term

Sr o7 Yrer([Anlr, [wlr)r has the meaning of a weighted discrete Laplacian.

We set

(6[An], [w]) = ZT:% > (Male, [wlr)r

Ircr

and
1
192 [An][I* = (8 [An], [An))-
Existence can also be proven by defining a mesh-dependend (semi-)norm
I eans A IS = lunly + 1162 [Aa]I*.

With a redefinition of

As({un, An}, o, w}) o= (F(Vun), Vio) = (A, @) + (un, w) + (6 [An], [w])

and right hand side

F5({90aw}) = (f7 30) + (\Ij>w)

we can easily see

As({o,w}t {o.w}) 2 cll{e,w}l5, 0<e<l.

1 . . . . .
Here ||62[A4]]|? is a seminorm so we have uniqueness only for the primal variable.

Again we want to solve the system with the help of Uzawa’s algorithm (Algorithm

3.3.2). However, we have to handle a nonlinear equation.
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4 Nonlinear contact problems

We linearise the system using the SQP-Method and have to solve Uzawa’s algorithm
in every SQP-step:

Algorithm 4.3.

1 Choose a start value u) and set i = 0. Let v > 0 be the error tolerance of

the SQP-Algorithm and € > 0 be the one of Uzawa’s algorithm.

2 Linearise the equation
A(u}’l)uh = f - BT)\}L
with v}, describing the point of approzimation.
8 Choose a start value N} and ul) for Uzawa’s algorithm, set k = 1.
4 Solve the linearised system
(A=A (up)up = f = BTN = Al )u,

A= max{0, \f ' + a(Bu — CA\;™t — g)}.

5 HW > ¢, setk = k+1 and go to step 4, else set uj™t = ul, N\, = \F

and go to step 6.

6 If | A(up it — f+ BT || > vy, seti =i+1 and go to step 2, else finish.

4.2.3 A posteriori error analysis

In Section 4.1.3 we recognised that the a posteriori error estimator we derived with-
out using Langrange techniques is not consistent. This problem can be eliminated
by the following approach using the Lagrangian multiplier. We start with an esti-
mator for the stabilised system (4.15) and rewrite (4.14) in the following way:
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4.2 Saddle point problem

Find (upn, An) € Vi, X Ap, such that:

(F(Vup), Vo) — (div F(Vuy),d div F(Ve)) — (An, @) — (Ap, 0 div F(V))
= (o) + (f,0divFE(Vy))  VpeV,

(up, w — Ap) + (div F(Vup,), dw) + (A, dw)
> (U, w— ) — (f,00)  VYw € Ay,

For the estimation there holds

(F(Vu) — F(Vuy),Ve;) = (F(Vu),Ve;) — (f,e:) — (An, €:)
— (div F(Vup) + f + My, 0 div F(Ve;))
= (F(Vu),Ve; = Ve + Ve) — (f, ;) — (A, €:)
— (div F(Vun) + f + A, 8 div F(Vey))
= —(f,e)) — (An, &) + (F(Va), Ve; — Ve) + (F(Vu), Ve)
(div F(Vup) + f + A, 0 div F(Ve;))
(f.€i) = (An,ei) + (F(Vu), Ve; — Ve) + (f€)
(div F(Vun) + f + A, 6 div F(Vey)).

< —

The last inequality originates from testing (4.4) with wuj,. Then we continue with

(F(Vu) — F(Vuy), Ve) = (F(Vu) — F(Vuy), Ve — Ve; + Ve;)
< (F(Vu), V(e =€) = (F(Vun), V(e —e))
+ (F(Vu), Viei =€) + (f,e —ei) = (An, ) (4.19)
— (div F(Vup) + f + M, 6 div F(Ve;))
= (fe—ei) = (F(Vun), V(e —e)) = (An, &)
— (div F(Vup) + [+ A, 0div F(Ve;)).
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4 Nonlinear contact problems

Looking at the last terms we go on estimating as follows:

—(An, &) —(div F(Vuy) + f + A\p, 6div F(Ve;))
S _<)\hvei_e+€)
+ Z (5TH div}"(Vuh) -+ f + )‘hHT H div f(Vel)HT
T

(4.17)

< (An,e—e€)— (An,e)
+M Y op||div F(Vup) + f+ Ml [|F(Ve) |
T

(4.1)

< (Ame—e)— (Au—u,+¥ —0)
+LM > b7|| div F(Vup) + f + M|l | Veillr
T

S ()\h,e—ei)+()\h,\ll—u)+()\h,uh—‘ll)
FLMS. 67| div F(Vun) + f + Mz [ Vellr
T

(¥<u)
S ()\h, e — 61') + ()\h,uh — \If)

+LM Y op| div F(Vug) + [+ M|z || Vel 7.
T

Again, we use the strong monotonicity of the operator F(-) which allows the follow-

ing estimation, setting ¢ = LM:

NV (u—=w)|? < (F(Vu) = F(Vuy), Ve)
< (f,e—e) — (F(Vup),V(ie—e¢)) + (An, e — )
+ ()\h,uh — \I’) + CZ(ST” diVF(VUh) + f + )\h”T ||V6||T
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4.2 Saddle point problem

and by partial integration we achieve:

YV (=)l < (f + Anye =€) + (A, up — )

+ ¢ 67l| div F(Vaun) + £+ Mallr | Vellz

T
-2
T

< (Ap,up — W) + CZ or||div F(Vuy) + f+ Ml (| Vellr
T

(—div F(Vun), e — e)r + /a 0 F(Tup) - (e = e)dl

+ 30 [IF + M+ div F(Vun)llrfle = el
T
1
+ 5 lln - [F(Tun)lorlle — eillor .

There holds
v(Ve,Ve) < Y wror + N,

TeTy

with local residuals o7 and weights wr defined by
. 1.1
or = hrllf + A+ div F(Vup)llr + Shilln - [F(Vun)l llor,
wr == max{hz'lle — ellr, hy? [le — eillor},

and

N = (Npyup, —0) + ¢ 67| div F(Vu) + £+ Mllz | Vel|r.
T

After using estimates (3.4), (3.5) for wr and Young’s inequality like presented in

Section 3.2.3 we achieve

Theorem 4.2.1. For problem (4.15) there holds the a posteriori error bound

(Ve,Ve) <C Y o2+ N, (4.20)

TeTy,

with local residuals or defined by

1 1
or = (hy + 0p)||f + Mn + div F(Vuy)|| 7 + §h:2r|!” [ F(Vun)] l|ar,
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4 Nonlinear contact problems

where for interior interelement boundaries n-[F(Vuy)| denotes the jump of F(Vuy)

i normal direction and

N = ()\h,uh — \I/)
We derive a second estimator for system (4.18):

(F(Vu) — F(Vuy),Ve;) = (F(Vu),Ve;) — (f,e) — (An, €)
= (F(Vu),Ve; — Ve+Ve) — (f,e) — (An, )
—(f,ei

—(f, e

ei) — (A, &) + (F(Vu), Ve, — Ve) + (F(Vu), Ve)
) = (Mn &) + (F(Vu),Ve; = Ve) + (f, e).
Again, in the last inequality we test (4.4) with uj,. Then we continue with

(F(Vu) — F(Vuy),Ve) = (F(Vu) — F(Vuy),Ve — Ve; + Ve;)
< (F(Vu),V(e—¢€)) — (F(Vuy), V(e —¢))

(4.21)
+ (.F(VU), v(el - 6)) + (f7 € — ei) - ()‘hv ei)
= (fie —e) = (F(Vun), V(e —€)) — (An, €:).
Looking at the last term of (4.21) again, we now go on estimating:
(>\h7 ei) = <>\h7 € —¢€ + 6)
—(An, e —e;) + (A, €
(An )+ (Ans€) (4.22)

=—(Ane—e)+ Anu—up+ ¥ — W+ u, —uy)

—()\}” € — 61') — ()\h, U — U) — ()\h, Up — \If) + ()\h, uh) — ()\h,uh).

Testing (4.18) with w = 0 there holds by (4.21) and (4.22)

78



4.2 Saddle point problem

(F(Vu) — F(Vuy),Ve) <(f,e —e;) — (F(Vup), V(e =€) + (An, e — &)

+ (A, U —u) +(Apyup — ) — (An, up) + (An, up)
20

<(f,e—e;) = (F(Vup),Vie—¢)) 4+ (An, e — &)
+ ()\h, Up — \If) — ()\h,uh) + (\117 )\h)

—Z5T > (Awle, alr)r

<(f,e—ei) = (F(Vup),Vie—¢)) + (An, e — &)
+ s — ) 4 (A, U — 1wy, +26T > Wl

20 rcr

<(f,e—e;)— (F(Vup), V(e —¢)) + (An, e — €)
+ et = 9) + X b (e | e )2

By the strong monotonicity and integration by parts we have

NV =)l < (F(Vu) = F(Vun), Ve)
< (f,e—e;) = (F(Vup),V(e—e)) + (A, e —e)
+ ()\h, Up — \I’) + ZéThT(ng%(‘ [)\h]p ’)2

=(f+A,e—e)+ (Anup — V) + Z5ThT(III}aX| Anlr [)?
T cT

- Z [ div F(Vuy), e —e;)p + n-F(Vuy) - (e —e;)dl’

or

< SIS A+ 2+ div F(Vu)lrlle — el
T

1
+ glln - (F(Vun)llorlle — eillor ]

+ (An,up — ) + ZfSThT(fglaX\ Al )%
T cT

Finally, there holds

v(Ve,Ve) < Y wror + N,

TeTh
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4 Nonlinear contact problems

with local residuals o7 and weights wr defined by

. 11
or = hellf + A+ div F(Vup)llz + Shilln - [F(Vun)l llor,

wr = max{hz'|le — eillr, hy? e — eillor},
and
N = ()\h, Up — \I’> + Z 5ThT(max ’ [)\h]p |>2 (423)
= rcT
After using estimates (3.4), (3.5) and Young’s inequality we achieve

Theorem 4.2.2. For problem (4.18) there holds the a posteriori error bound

1(Ve,Ve) <C 3 o2+ N, (4.24)

TeTy,

with local residuals op defined by

) 1 1
or = hr||f + M+ div F(Vuy)|r + §h%||n [ F(Vup)] |lor,

where for interior interelement boundaries n-[F(Vuy)] denotes the jump of F(Vuy)

in normal direction and N defined by (4.23).

4.3 Numerical results

As a test example we consider the minimal surface problem with the nonlinear

operator F(Vu) = L__Vu. F(-) fulfills the conditions of Theorem 2.4 so the

vV 1+|Vu|?

variational problem is well defined and has a unique solution (see for example [K109]

or [LS71] and the references there in).
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4.3 Numerical results

4.3.1 Adaptivity

Choosing the domain Q = [—1,1]% the obstacle ¥ = —0.15 and a body force
f =5-exp(—=9(z? + y?)), we perform some global refinement on our test example
to find out the convergence rate of estimator (4.24). Table 4.1 presents a linear

convergence in this case.

Remark 4.3.1. We have a constant obstacle here, so the divergence-terms in system
(4.15) almost vanish in the contact zone. Since they also get very small elsewhere,
we can neglect them for our test example and stabilise with the C-Matriz (A, dw)

and the corresponding right hand side (f,dw).

Remark 4.3.2. Using QQ1/Qo-Elements, estimator (4.20) and (4.24) offer very sim-
tlar solutions using the corresponding stable systems, so that we show tables and

figures for only one of them in each case.

# cells Cros Ejump N le]q
64 | 3.956e-01 - 1.245e-01 - 6.867e-02 - 5.152e-01 -
256 | 2.033e-01 | 0.96 | 7.880e-02 | 0.66 | 2.970e-02 | 1.21 | 2.796e-01 | 0.88
1024 | 9.902¢-02 | 1.04 | 4.334e-02 | 0.86 | 1.267e-02 | 1.23 | 1.415e-01 | 0.99
4096 | 4.835e-02 | 1.04 | 2.238e-02 | 0.96 | 5.487e-03 | 1.21 | 7.045e-02 | 1.01
16384 | 2.419e-02 | 1.00 | 1.141e-02 | 0.97 | 2.329e-03 | 1.24 | 3.547e-02 | 0.99
65536 | 1.213e-02 | 1.00 | 5.766e-03 | 0.98 | 1.045e-03 | 1.16 | 1.782e-02 | 0.99

Table 4.1:  We set e, = (O P3| Auy + A + fH%)%, Cjump =
(>rhr|n - [.F(Vuh)]H%T)% and |e|; denotes the complete error esti-
mator. In the right columns there is always a value o determining
the convergence order by O(h*) for every refinement step. Global

refinements lead to a descend of O(h) for the whole estimator (4.24).
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4 Nonlinear contact problems

By comparing estimator (4.8) to (4.24) within adaptive refinement, we achieve the
same effect as in the linear case. The estimator without the Lagrangian multi-
plier causes an over-refinement in the contact zone, whereas the improved estimator

concentrates on the transition region (Figure 4.1).

Figure 4.1: Adaptive refinement by different estimators for the minimal surface prob-
lem with a constant obstacle. The left grid has been refined by estimator
(4.8) and shows an over-refinement of the contact zone similar to the
linear case. The estimator including the Lagrangian multiplier (4.24)
produces a coarse grid in the contact zone and a very fine one at the
transition area, where the material that is pushed down by a body force

touches the obstacle.

The reason for this effect gets clear if we look at Figure 4.5. There, we compare
the inconsistent term of (4.8) to the corresponding term in (4.24) and (4.20), re-
spectively and observe that the residual error in the contact zone rests constant
in the inconsistent case which causes the over-refinement. In areas of contact
(X7 || f 4div F(Vauy)||2)2 gives the norm of f, which is constant in every refinement
step whereas in (X || f + An 4+ div F(Vuy)||2)2 the Lagrangian multiplier eliminates

this inconsistency and reduces the error uniformly (see Figure 4.5).
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4.3 Numerical results

Figure 4.2: Sequence of grids created by estimator (4.8) offering a well refined con-

tact zone.

Figure 4.3: Sequence of grids created by estimator (4.24). Due to the consistent
residual term there is almost no measurable error in the contact zone

which involves more economical mesh structures.

The grids are more economical since we get the desired accurateness with less degrees
of freedom than in the inconsistent case, and the estimator offers a sharper error
bound which can be seen in Figure 4.4. The improvement will be even more obvious
if we use biquadratic elements for u;, and compare the estimators again (Figure 4.7).
By the use of bilinear elements, div F(Vuy;) almost vanishes outside the contact zone,
too. So here we only measure f in the norm which is no inconsistency but depends

on the choice of the finite elements.
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without lambda
with lambda
o) ——

§ 0.1
@
e]
Q
©
£
D
(0]
0.01 |

102 10° 104 10°
Number of Elements

Figure 4.4: Comparison of estimator (4.8) and (4.24). Since both estimators are
upper bounds of the true error, the Lagrange technique serves a sharper

estimation.

- A in contact —— ‘ ‘ - A in contact ——
+ Ay in contact + Ay in contact
o(h'?) o(h'?)

— N -

estimated error
-
estimated error

‘°2 S - * 1°2 S - *

Figure 4.5: We compare (S || f 4+ M 4 div F(Vug)||2)2 to (g || f +div F(Vuy)||2) 2
by using the stabilisation term > ¢ dr > prer([Anlr, [w]r) with Q1/Qo-

Elements (left) and stabilisation (4.15) for )1/Q1-Elements (right). The

effectivity of the Lagrangian multiplier can be observed since we get a

consistent residual term.
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10

+ Ay incontact
no contact

+ Ay inarea ——

-Apinarea —s—

error

102

10° 10* 10°
Number of Elements

Figure 4.6: We compare (X7 || f + A +div F(Vup)[|2)2 to (Sr ||f +div F(Vuy)|[2)2
within a global refinement. “+\, area“= (S ||f + A + div F(Vuy,)||2) 2
in the whole area, “-\, area“= (Y ||f 4 div F(Vuy)||2)2 in the whole

area, "no contact“= (Y ||f + div F(Vuy)|[2)2 in areas of no contact.

Since the value of (X7 || f + An + div F(Vuy)||2)2 tends to zero in zones

of contact the value of the norm in the whole area converges to the value

the norm reaches when neglecting the contact zone which is constant

here since we use bilinear elements for u; and hence div F(Vuy,) almost

vanishes.

Since (Xr ||f + An + div F(Vup)||2)2 tends to zero in the contact zone, the value

of the norm in the whole area converges to the one that is measured in this norm

outside the contact area (see Figure 4.6) which rests constant after a few steps.

Using biquadratic elements the norm (X ||f 4+ A + div F(Vuy)||2)2 tends to zero

in the whole area and hence the estimator gets a better convergence rate.
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Figure 4.7: Comparison of estimator (4.8) and (4.20) using ()-Elements for the

0.1 ¢

+ A, global ——

- A, global

+ Ay, adaptive ——
- A, adaptive —=—

100

displacement.

The effectivity of estimator (4.24) can also be seen in the comparison of global and

adaptive refinement. Here, we test with a discontinuous obstacle ¥ = —0.08 if

1000

Number of Elements

r<0,y<0orxz>0,y>0and V= —0.2 elsewhere.

10000

# cells |e]1,global # cells |e]1,adaptive
64 | 8.554e-01 - 64 | 8.554e-01 -
256 | 4.958e-01 | 0.79 232 | 2.879e-01 | 1.69
1024 | 2.898e-01 | 0.77 1108 | 1.277e-01 | 1.04
4096 | 1.747e-01 | 0.73 4276 | 6.594e-02 | 0.98
16384 | 1.083e-01 | 0.69 17428 | 3.310e-02 | 0.99

Table 4.2: Table of convergence of estimator (4.24) using global and adaptive refine-
ment and a discontinuous obstacle. In the right columns there is always a
value a determining the convergence order by O(h®) for every refinement

step. In the adaptive case we have a linear convergence whereas global

refinement leads to a slower descend of the estimator.
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K ‘ global ——

\ adaptive

\ o(h) ——

01

estimated error

0.01 : : :
10* 10? 10° 10*
Number of Elements

10°

Figure 4.8: Using adaptive refinement in case of a discontinuous obstacle we see a

better convergence than in the global case.

A sequence of global refinements only leads to a convergence order of about O(h%)

whereas the adaptive refinement still reaches a rate of O(h).

4.3.2 Stability

We calculate our test example with two different choices of finite element combina-
tions and differ between the stabilised and the unstabilised system. Using Q1/Qo-
Elements for (up,An) without applying the least squares terms, we observe oscil-
lations in the values of the Lagrangian multiplier as we can see in Figure 4.9(a).
Furthermore, the solution u; penetrates the obstacle a little bit. The same effects

can be seen using ()1 /Q;-Elements (Figure 4.10(a), Figure 4.11).
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4 Nonlinear contact problems

(a) Unstabilised: Lagrangian multiplier Ap, (b) Stabilised: Lagrangian multiplier Ap

Figure 4.9: Using Q;-Elements for displacement and QQo-Elements for the Lagrangian
multiplier there are oscillations in the latter for an unstabilised system
(a). After stabilising we achieve the expected values for A\, (b). Both
variants of stabilisation ((4.15) and (4.18)) show the same effect.

lambda
5,062

I3,789
2526
1.263

0,000

lambda
4,979

3,735
2,490
1,245

0,000

(a) Unstabilised: Lagrangian multiplier A, (b) Stabilised: Lagrangian multiplier Ap,

Figure 4.10: With @;/Q:-Elements we observe the same effect like in the case us-
ing piecewise constant elements for the Lagrangian multiplier. If we
leave the system unstabilised there are non-physical oscillations (a) in

contrast to the stabilised system (b).
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u
0.000 u
-0,15000
-0,03771
-0,15018
-0.07542 015036
0,113 015055
-0,1508 0,15073

(a) Unstabilised: Displacement up (b) Unstabilised: Contours of uy,

Figure 4.11: The values of the displacement u; seek a little bit into the obstacle
which can be seen on the scale of subfigure (a) and looking at the

contours of the unstabilised problem in subfigure (b).

u
0.000 '
0,14800
-0,03750
0,14844
-0,07500 o 14889
01128 014933
-0,1500 014978
(a) Stabilised: Displacement wuy, (b) Stabilised: Contours of uy,

Figure 4.12: The obstacle is set by ¥ = —0.15 and not penetrated by u; solving the
stabilised system. Here we used (1 /Q:-Elements.
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4 Nonlinear contact problems

If we activate the stabilising terms \;, gets very smooth and the imperfections con-
cerning A, and wuy, vanish, which can be observed in Figure 4.9(b) for a piecewise
constant A, and in Figure 4.10(b) for A, consisting of piecewise bilinear elements.
The displacement u;, of the stabilised system is shown in Figure 4.12. Again, A\, has
the physical meaning of a counter force balancing f in the contact zone. A fitting
procedure offers § = 0.36h? to be a good choice for both finite element combinations
using stabilisation (4.15). When stabilising with the jump terms of A\, we propose
0 = 0.0002h.
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5 Torsion problem

The torsion problem which is studied in this chapter is an example for a linear prob-
lem with a nonlinear restriction. We give a short introduction how to achieve the
variational form of the problem and present the existence results before introducing
the corresponding saddle point formulation. The torsion problem is often presented
with the restriction on a constant yield condition. In addition to that, we offer a
theory with respect to a variable yield condition that may vary in space. On this
base we develop an a posteriori estimator that turns out to produce efficient meshes
which we compare to grids generated by known estimators. Furthermore, we give
a short explanation of the construction of goal orientated estimators in case of the
torsion problem. At the end of the chapter the new estimator is examined by nu-

merical tests.

The construction of numerical algorithms for solving discrete problems of contact
type like the obstacle problem in Chapter 3 is straight-forward, since the restrictions
only apply to the solution itself. In the present case, we have to handle point-wise
restrictions for the gradient of the solution. A standard example for variational
inequalities with gradient constraints is the torsion problem which is described in
[GI83]. In what follows we basically conform to [GI83],[Su08] and [DL76]. The
physical situation behind the torsion problem is a cylindrical bar Q € R3, bounded by
two plane sections [y, I';. The curved surface area is denoted by I'y = 9Q\(To UT).
We assume that this bar is made up of an isotropic elastic perfectly plastic material

whose plasticity yield is given by the Von Mises criterion. Starting from a zero-stress
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5 Torsion problem

initial state, an increasing torsion moment is applied to the bar by twisting one of

its ends and fix the other one.

€2

€1

Figure 5.1: A cylindrical bar is twisted on I'; and fixed on I'y. « denotes the angle

of rotation.

The result is a displacement U which depends on the angle of rotation a > 0. Let

n be the outward normal of 9Q. The corresponding classical notation then reads

T -n=20 Onl_‘g:ag\(r()UFl)
T33:O on F07F1
Ul = U2 =0 on FO

Uy =—-aHxy, Us=aHxy only,

with a given o > 0 and H denotes the height of the bar. Displacement U and the
corresponding stress tensor T' are affected by the volume force F' = 0 which acts
in Q € R3. Along the portion Iy of the boundary the first two components of the
displacement vector U are fixed, whereas on I'; we have a prescribed torsion. The
following pictures in Figure 5.2 show a milling process and its model situation which

is an example of mechanical work where torsion appears.
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Figure 5.2: Snapshot of a milling process (left) and its model situation (right) taken
from [Su08].

Twisting the bar results in an inner stress which is called shear stress. The tensor
Ty Ty T
T'= Ty Ty Ty
Ty Ty Tss

describes the complete stress of the bar. We can reduce the number of unknowns
by using physical laws. For kinematic deformation we assume that there is no
strain along the main axis of the bar. So the diagonal of the stress tensor which
describes the normal stresses disappears. In addition the stress tensor is symmetric
so that there are only three unknown entries left: 15, T13 and Ts3. Torsion induces
stress orthogonal to the normal of the surface, which in our case is the es-direction.
Therefore To is zero, too. As described in [DL76] there are only two nonzero

components for the stress left:

Tij(x1,22) if (ij = 13) or (ij = 23)
Tj(x) =

0 otherwise.

Under these conditions the equilibrium equations divT + F' = 0 reduce to
O1'Th3 + 0oThs = 0.
That means there exists a © = O(z1, x2) such that

T13 = 8@/8@, T23 = —5’@/8371 (51)
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5 Torsion problem

The equations Tj;n; = 0 on I'y can now be written as
dO/ds =0,

where s is a curvilinear abscissa on I'g. That means © = constant on the boundary
of Ty in R? and since (5.1) defines © up to a constant, we can choose © € H}(Ty),
in order to fulfill T;3 € Ly(€2). Taking account of the Von Mises yield criterion,
{T};} € K,, where K, is the set of admissible stresses, can then be written with
reference to

O c K ={v|ve HjTy),|gradv| <1 a.e. on [y}

Following [DL76] (Chapter V, sec. 6.3) the field © associated with {T};} by (5.1)

minimises on K the functional
;~/F0 lgrad v|*dzidwy + po /Fo (x10v/0x1 + 2200/ 0x9) dr1dzs,
with the shear module p. Using Greens formula we achieve
;/Fo lgrad v|*dzdwy — 2 /Fo v dzidx,.

I'g is a 2D surface and for the further studies we set € :=T.

5.1 Variational formulation

Setting a(p, ) := (Ve, Vi) and f = 2ua, where the constant parameter p > 0
denotes the shear module, the torsion problem can now be written as:

Find v € K, such that

a(u,v —u) > (f,v—u) Yv €K, (5.2)

where

K ={ve H)Q)| |[Vv| <1ae. inQ}.

This is equivalent to the minimisation problem:

Find v € K such that

J(w) < J(w) = ;a(w,w) ~(fw) VweK. (5.3)
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5.2 Saddle point problem

Theorem 5.1.1. Problem (5.2) has a unique solution.

For a proof see [GI83].

The stress vector o can be expressed by u by the relation ¢ = Vu, so that u has
the physical meaning of a stress potential, and we can obtain ¢ once the solution of
(5.3) is known.

u € K is approximated by u;, € K; C K with

a(up, v —up) > (f,v—up) Yv € Ky, (5.4)
where

K,={veV,||Vu| <1}, V,={veC(Q)|v bilinear on T € T,} N Hy(Q). (5.5)

Since K, is a closed convex nonempty subset of V}, there holds the

Proposition 5.1.2. The approzimate problem (5.4) has a unique solution.

The proof is analogue to the continuous case.

5.2 Saddle point problem

Yet, to find good a posteriori estimates for the torsion problem is quite difficult.

One is given by [LY00] in the following form:
lu—upli < CD (RF||f+Auplf+herlln- [Vus]||3r+ “terms of higher order”). (5.6)
T

This estimator is not consistent. We take for example a quadratic domain ) =
[—1,1]? like described in Section 5.3 and a constant body force. Torsion appears

and the workpiece begins to plastify, starting at the boundaries.
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5 Torsion problem

stress_x

stress_y
1,0001

1,0001
0,50003 0,50003
0,0000 0,0000
-0,50003 -0,50003

-1,0001 -1,0001

Figure 5.3: Stress in 2- and y-direction of a torsion problem.

At each boundary there exists the main stress in z-direction or in y-direction so that
in regions where |Vu| = 1 there holds Au =~ 0 and hence |f+ Au| > 0. Furthermore,
we will observe an over-refinement in the elastic zones (Section 5.3, Figure 5.7). That
effect appears since the error of the jump terms is almost zero in regions of plasticity.
Using cellwise bilinear elements for wu; the residual term rests constant for all cells
and there is no further estimation for the plastic fraction. The advantage of the
Lagrangian formalism applied to this problem is that an a posteriori error estimator

can be derived that gives us very good mesh structures by refining adaptively.

5.2.1 Saddle point formulation

In order to present such an estimator, we introduce the Lagrangian functional

L(v,w) = %a(v,v) —(f,0) +%/Qw<<vm2 1) da (5.7)

forv € V= Hy(Q) and w € A = {qg € L*(Q)| ¢ > 0a.e.}. Following Céa
[CeT8], we know that if there exists a saddle point (u, \) then u is the solution of
the minimisation functional (5.3). Existence of the saddle point is proven for the
physical case of a constant f for example in [Br72]. We choose f in such a way that
L(+,-) has a solution in V' x A. For the discretisation we choose K} and V}, like in
(5.5) and

Apy=ANL,={wé€ Ly|wr >0VT € T}}
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5.2 Saddle point problem

with Lj, consisting of cellwise constant functions like described in (3.18). Existence
of the saddle point (up, An) € Vi, x Ay for the discrete problem is guaranteed by
Proposition 3.5 in [GI83]. Like in the continuous case wuy is then the solution of
problem (5.4). Derivation of (5.7) with respect to v and w lead to the problem:
Find a pair (u, A) € V x A fulfilling the mixed formulation

(14+MNVu,Vo) =(f,v) YveV
(|Vul?,w—X) < (1,w—A) VYw €A,

Its discrete version reads

up € Vi (1 4+ M) Vug, Vo) = (f,v) Yv eV,
An € Ay (|Vup>w =) < (Lw—MN\)  Yw€ A,

Remark 5.2.1. As we will see in Section 5.3 (Figure 5.14) the torsion problem
discretised by Q1/Qo-FElements runs very robust. However, the system is not stable.
A possible way of stabilisation is to add the consistent matriz, including the jumps of
the Lagrangian multiplier over an element edge, to the linearised system (see Section

4.2.2). For linearisation we rewrite the system in an implicite way:

Find (up, \p) € Vi, x Ay, such that:

(Vup, Vo) + (AnfB, Vo) = (f,v) Yo eV,
(BVup,w =) — ZrXrerhr([An]r, 0w —Alr)r < (Lw =) Ywe A,
(5.9)

with a constant parameter § > 0. Here, B* = Vul ' is iterated by a fized point
iteration. In every iteration step we have a system, that is unique solvable in uy,.

For a better convergence of the fixed point iteration we can use a linear extrapolation

of B' by 25" — B

5.2.2 Variable yield condition

Up to now we have assumed that our workpiece has a flow rule with constant yield

condition. In physics the yield condition of a material often depends for example
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5 Torsion problem

on temperature which can be a function of space. Figure 5.4' shows a possible

stress-strain diagram for an aluminium alloy at different temperatures.

140,00

120,00

A/.______—Ao—————' =% 200°C
100,00 . =

‘/_'/-'/ —=—300°C
80,00 ’ _

60,00 -

400°C

stress

40,00

500°C
20,00

0,00 # T T T T T
0,00 0,01 0,02 0.03 0,04 0,05

strain

Figure 5.4: Stress-strain diagram using the Von Mises yield condition for an alu-

minium alloy at different temperatures.

Our intention is to study a torsion problem with a variable yield condition. Inspired
by Kunze and Rodriguez [KRO00] this can be realised by a non-constant gradient
constraint:

Find a scalar function u on €2 being a minimiser of the functional

J(p) = ;(V% Vo) = (f¢)

over the set

Ky ={p € Hy(Q)| V| < g(z) a.e. in Q},

with given data

g(x) >0 a.e. in Q.

We gain the variational formulation
ve Ky alu,o—u) > (f,o—u) Yoe K, (5.10)

Since K is a nonempty, closed and convex set, problem (5.10) has a unique solution.

ITaken from: [MJO05)
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5.2 Saddle point problem

Proof: In order to use Theorem 2.3, we have to prove K, to be nonempty, closed
and convex. With v = 0 € K, since g(x) > 0 a.e. in Q, K, is nonempty. K, is a
convex set if every convex combination of elements in K, is an element of K, too.
Therefore, we have to show (eu + (1 — €)v) being an element of K for all v,u € K,
e € [0,1]. Taking u,v € HL(Q), eu + (1 — e)v is in HI(Q). We have to show
IV(eu+ (1 —¢e)v)| < g:

IV(eu+ (1 —e)v)| = [eVu+ (1 — &)V
<e|Vu|+ (1 —¢)|Vy|

<eg+(l—eg)g=g

At last we have to prove the closure of the subset. Therefore, the limit of every
convergent sequence in K, again has to be in K,;. Let (v,),en be a convergent

sequence in Ky with limit v:
0= ,}1_{130 [[vn — U”?{(}(Q) = nh_?olo(HUn - UH%Q(Q) + [vn — Uﬁ{(}(g))

Both, |lv, —vl[|7,(q) and v, — v|}1 gy have to converge to 0 because both norms are
non-negative. That means that v,, converges to v in the H'-seminorm and therefore
lim Vv, = Vv a.e.

n—0o0

There holds v, € K, Vn, so we have v € K, too.

Again we introduce

Vi = {¢ € H;(Q)| ¢ bilinear on T € T;,} and

Kgn = {0 € Vil |Vo| < gn},

where g, is a cellwise constant approximation of g, defined by

gnir = ess inf g(z).
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5 Torsion problem

Then the discrete version of (5.10) reads:
Find u, € Ky, such that

a(un, p —up) > (f, o —up) Vo € Kgp, (5.11)

where existence and uniqueness can again be proven analogously to the continuous

case.

The Lagrangian formulation is defined by

L(p,w) = gale.9) — (f9) + 5 [w((Ve) ~ ) (512)

forp e V:=H}(Q) andw € A = {qg € L=(Q)|q > 0 a.e.}. For our discrete problem

we choose V},, K}, 4 as above and introduce A, C A by
Ay, = {w € A w constant over each T € T}, }.

Theorem 5.2.2. The Lagrangian L has a saddle point {up, \p} in Vi, x Ay where
up, is the solution of (5.11).

Proof:  Following [Ce78](Chapter 5) existence of the saddle point (us, \s) can
be proven if V}, and L; are finite dimensional and if the assumptions of Theorem
2.13 are fulfilled. So we have to show that there exists an element v, of V}, where
the constraints are strictly satisfied in a neighborhood Uy: |Vwy|* — g < 0 for all
wy, € U,. We define g, = essinf,cq g(z). Then g, > 0 and for v, = 0 there holds
|Vop|? — g2 = —g3 < 0. The functional F : V;, — R defined by wy, — |Vwp|? — g3 is
continuous in 0 and hence there exists a neighborhood of v, where the constraint is

strictly fulfilled. O

Remark 5.2.3. The boundedness of || An||r< is given by the relation:

(14 2)Vup, V) = 30 /T<vuh)2da:+ 3 /T(1+/\h)dx: (f, un)

TEQ\B}L TeBy,

where By, is defined by
By, = {T € T|>\h >0 on T},

implying that |Vup| =1 on By,.
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5.2 Saddle point problem

Derivations of the Lagrangian functional lead to the system:
Find a pair (up, Ap) € Vi, x Ay, fulfilling
(L4 M) Vup, Vo) = (f,0) Vo€V,
(Ve w—A) < (ghw—A) Yw € Ay

(5.13)

We use Uzawa’s algorithm to solve the discrete torsion problem:
1. Choose an initial iterate A}, a > 0 and a residual res.
2. Solve the linear problem [o(1 + Ap)Vu,Vode = (f,v) Vv € V.
3. Update: A\itt = max(0, \; + a(|Vu3|? — g?)) on each cell.

s+1 s
At x|

4. If H e > Tes: Set s = s+ 1 and go back to 2,
h

else finish.

The Lagrangian formulation allows us to rewrite the a posteriori error estimator in

the following way:

5.2.3 A posteriori error analysis

We consider a more general problem for the error estimation:
Minimise

T0) = 5(Vo,V9) - (f.0), o€ H] (514
over the set

Kye = {p € HY| [V — £(2)] < g(x) ae. in 0}, (5.15)
with given data & € Ly(§2) and g(x) > 0 a.e. in Q.
For the discretisation there holds
Khnge ={p € V| Vo — &l < gn} (5.16)
where &, and g, are cellwise constant approximations of £ and g, defined by
grr = ess inf g(), (5.17)

\Vuh—f\ S ]Vuh—fh]. (518)
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5 Torsion problem

We start estimating

ale,e;) = a(u,e; —e) — (f,e; —e) + (f, ;) — alup, ;) +a(u,e) — (f,e).  (5.19)

Since we made the assumptions (5.17) and (5.18) we can test uy, in (5.10), replacing
K, by K, ¢ and hence the last two terms can be estimated by zero. For term I we

get

(f, Gi) — CL(’U,h, 62‘) = ()\h(Vuh — gh), V(e@ — 6)) + ()\h(Vuh — gh); Ve) . (520)

17

Furthermore, term II can be estimated by

(M(Vup — &), Ve) = (M(Vup — &), Vu — &, + &, — Vuy)
< ET:/T/\h|VUh—§h| Vu —§+ & — &l do

+An(Vup — &), (€n — Vug))
5 M (V= €l 5 1€~ ol

IA

+(An(Vup, — &), (& — Vug))

o A d (Y 24
< Téh/T ngn(g + 1€ = &l) I_;/T w(Vaup, — &,)° dx
= 3 [ Cuanla = 90)+ Ml - )

Collecting these results we obtain for the square of the energy error

ale,e) = ale,e —e;) + ale, e;)
< (Vu,V(e—e;)) — (Vup, V(e —¢;)) + (Vu,V(e; —e)) — (f,e; —e)

— (M(Vun —&). Vie—e))+ D /T Mgn(g — gn) + Angnl§ — &l do

TEBy,
< (fre =) = (Vun, Vie = ) = ((Vun = &), V(e — ;)
+ Z /T)\hgh(g — gn) + Angnl€ — & da.

TeBy,

Cellwise integration by parts results in
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5.2 Saddle point problem

(Ve,Ve) < > wror + N,

TeT
with
N= ) /T)‘hgh(g — gn) + Angnlé — &l dx

TeBy,

and the local residuals g7 and weights wr defined by

or = hr|[f + VA Vuy + (1 4+ Ap)Aup — V(Arén)||r
1 1
+ 5’1%’\” (1 + M) Vup — A&l |lor,

_1
wr = max{hr'|le — el|r, hy?|le — eillor},

where for interior interelement boundaries n - [(14 A,)Vup, — Apép] denotes the jump

of {(1 + Ap)Vup — A&} over the element faces.
Next, one uses the interpolation estimates (3.4), (3.5)
wr < Cir||Vel|r,

and with the help of Hoelder- and Young’s inequality we yield the estimation mea-

suring the discretisation error in the energy norm:

Theorem 5.2.4. Problem (5.14) - (5.18) with nonlinear gradient constraints has

the a posteriori error estimator

lelf <C > o + N, (5.21)
T€eT
with

1. 1
or := he || fHV AN+ (14 An) Aun =V (M)l A3 [0-[(1+ An) Vun = Ml [lor

where for interior interelement boundaries n - [(14+ Ap,)Vu, — Ap&n] denotes the jump

{(L+ M\p)Vup, — A&} over the element faces and

N=c 3 [ ugulg—gn) + Mgnlé — &l do.

TeBy,

Setting £ = &, = 0 we receive the estimator for the torsion problem (5.13).

103



5 Torsion problem

5.2.4 DWR-Method

A great advantage of formulation (5.8) is the fact that we now have an equation
which allows us to apply the Dual-Weight-Residual Method. The resulting local
error indicators generate economical meshes which are tailored according to the

particular goal of the computation as well as singularities of the domain.

We solve the primal problem like before and perform a postprocess on A;, for example
by using the Lo-projection P, : () — 1. On a heuristic level we replace the primal

problem by
weV: ((1+/~\)VU,V(,0) =(f,p) VoeV.

Let .J(-) be an arbitrary linear error functional defined on V', X := Py, (\,) is the

Lo-projection of Ay and z € V the solution of the corresponding dual problem
(1+ NV, Vz2)=J(p) YoeV. (5.22)

We set Z, € Vj, the finite element approximation of z using higher order finite

elements, for example Z,r € (J2 and achieve

(L+ Ve, Vz) = J(p) Vo€ Vi

Taking ¢ = e in (5.22) there holds

J(e)=((1+ S\)V(u —up),Vz)
= ((1+ S\)V(u —up), V(z—=2,))+ (1 + S\)V(u —up), VZp)
<L+ A V(= up)|[ V(2 = 2)| + (L + NV (u— up), V).

From a priori estimations we know for a convex, polygonal domain €2 there holds

IV(u —up)|| < ch,
V(2 — 2| < ch®.
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5.3 Numerical results

Calculating adaptively on a domain including singularities we almost reach those

convergence rates, too. The last part can be further estimated:

(L + MV (u—up), Vz) = (1 + NV (u—up), V(Z — InZn))
= (f, éh — Ihgh) — ((1 + /N\)Vuh, V(fh — ]hgh))
= > {(f. 2 — Iua)r

TeTy

+ (V(l + S\)Vuh + (1 + S\)Auh, Zh — ]hgh)T
1 -

— i(n . [(1 + )\)Vuh], 2h — Ihéh)aT}

where [,Z), is the interpolation of Z, on Vi So for the discretisation error measured

in form of a linear functional J(-) one receives:

J(u) = J(up) < S AF+ VA + NV, + (1+ N Aup, 2, — InZn)r

TeTy
1 .
- §(n (1 4+ NVupl, 2, — InZn)er} + “terms of higher order”.
(5.23)
5.3 Numerical results
As a test example we consider the torsion problem on € = [—1, 1]? choosing a con-

stant force f = 5 and a discretisation using ();-Elements for the displacement wy,

and cellwise constant functions for the Lagrange parameter Ay,.

To test convergence of the true error we consider a two-dimensional problem taken

from [GLT76] and we set
Q = {z]|2] + 23 < R?}
f=c
with ¢ = 5 and R = 1. Then setting r = (22 4+ #2)2, the solution u of (5.2) is given

by

u(z) = —(R* —1r?), ifc<

Y

=
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2.
forc>§.

R
2
"

0,8?261 ]s/’ggzs

0.6196 07638

04131 05276

02065 0.2914

0.000 0,08517
(a) Stress potential (b) Norm of stress

lambda
3.356

2517

1,678

0,8390

0,000

(c) Lagrangian multiplier

Figure 5.5: Solution of the torsion problem on a domain Q = [—1,1]? choosing a
constant force f = 5 and a discretisation of ();-Elements for the stress

potential u;, and cellwise constant functions for the Lagrange parameter

Ah-
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5.3 Numerical results

The error norms show the expected results as we can see in Table 5.1.

# cells H-error Ls-error
20 | 4.186e-01 | - | 1.048e-01 | -
80 | 2.130e-01 | 0.98 | 2.728e-02 | 1.94
320 | 1.069e-01 | 0.99 | 7.002e-03 | 1.96
1280 | 5.356e-02 | 1.00 | 1.706e-03 | 2.04
5120 | 2.680e-02 | 1.00 | 4.363e-04 | 1.97
20480 | 1.340e-02 | 1.00 | 1.082e-04 | 2.01

Table 5.1: The H;- and Ls-error of our test problem show the expected error rates.

In the right columns there is always a value o determining the convergence

order by O(h*) for every refinement step. The Hi-error shows a O(h)-

behaviour whereas the error in the Lo-norm has a rate of O(h?).

For simulating a variable yield condition as described in Section 5.2.2 we write the

yield condition as a function of z in 2 and give two examples to show the resulting

stress condition.

stress
1,198

0.,9083

0.6122

03191

0,02598

stress
2,000

1,507

1.013

05195

0.,02598

Figure 5.6: Torsion problem with a variable yield condition g(z) = 0.2z + 1 (left)

and g(x) = 1.5 if |z] < 0.5 and f(z) = 2 elsewhere (right).
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5.3.1 Adaptivity

For testing the rate of convergence of estimator (5.21) we explicate some global

refinement steps. Table 5.2 offers a linear convergence in this case.

# cells Cres €jump N le]q

16 | 2.236e+00 | - 8.326e-01 - 2.543e-01 - 3.017e+00 | -
64 | 1.118e+00 | 1.00 | 5.359e-01 | 0.63 | 1.354e-01 | 0.91 | 1.645e+00 | 0.87
256 | 5.590e-01 | 1.00 | 2.865e-01 | 0.90 | 6.704e-02 | 1.01 | 8.435e-01 | 0.96
1024 | 2.795e-01 | 1.00 | 1.483e-01 | 0.95 | 3.344e-02 | 1.00 | 4.272e-01 | 0.98
4096 | 1.398e-01 | 1.00 | 7.515e-02 | 0.98 | 1.671e-02 | 1.00 | 2.148e-01 | 0.99
16384 | 6.988e-02 | 1.00 | 3.770e-02 | 0.99 | 8.351e-03 | 1.00 | 1.076e-01 | 1.00
65536 | 3.494e-02 | 1.00 | 1.886e-02 | 1.00 | 4.175e-03 | 1.00 | 5.380e-02 | 1.00

Table 5.2: Convergence of estimator (5.21). We set €05 = (X7 ha|| f+V A\ Vg +(1+
M) Aup||2)2, €ump = (Xp hr|[n-[(1+ M) V] [|27)2 and |e; denotes the
complete estimator (5.21). In the right columns the value o determines
the convergence order by O(h*). We get linear convergence in every

component and thus the whole estimator converges with O(h).

Comparing (5.6) to estimator (5.21), we find improvements in the latter related to
the residual term and the term including jump errors. That leads to different mesh
structures. As the solution is smooth in the elastic parts and also not error-prone
in regions of plasticity we would expect the transition areas to be the most critical
parts. Looking at Figure 5.7, estimator (5.6) shows an over-refinement in the elastic
zone whereas estimator (5.21) offers a grid with a dense mesh at the transition zone

between elastic and plastic regions which is more reasonable (Figure 5.8).
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!

Figure 5.7: A sequence of grids created by estimator (5.6). It shows an over-

refinement in the elastic regions.
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Figure 5.8: A sequence of grids created by estimator (5.21). The zone where elastic
and plastic areas meet is always well refined. Instead of refining the

elastic part, the estimator concentrates more on the plastic zones.

Estimator (5.6) causes an over-refinement in the elastic zones since the estimation
of the jump terms is very small where |Vuy,| = 1 which causes an unbalance in the
estimation. Figure 5.9 shows that the Lagrange multiplier compensates this effect

and the term [|n-[(1 + A\y)Vuy] || describes an estimation of optimal order in regions

of plasticity.
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10

with lambda ———
o without lambda

error
T
Il

0.1

0.01 . ‘ ‘
10t 102 10° 10* 10°
Number of Elements

Figure 5.9: Calculation of (X7 || - [Vun][|2.)2 and (Sr [n - [(1+ ) Vaua] |2,)2 in
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regions of plasticity. Without the Lagrange multiplier the error of the
jumps descends with O(h). Thus zones of plasticity are not well refined.
In contrast, estimator (5.21) characterises a well balanced estimator in

all regions, showing a O(h?)-behaviour.



5.3 Numerical results

(a) Grid created by (5.6) (b) Grid created by (5.21)

lambda
3,390

2,542
1,695
08474

0.000

(c) Solution for the Lagrangian multiplier (d) Zoom to a refinement zone

Figure 5.10: Mesh (a) is created by estimator (5.6). It shows an over-refinement in
the elastic regions. In contrast the second one (b) created by estimator
(5.21) is a mesh mostly refined in the zone where elastic and plastic
areas meet. The background colours of picture (c¢) show the Lagrangian
multiplier and we can easily see that the refinement appears in the
transition zone since the values of the Lagrangian multiplier only exist

where |Vu,| = 1. Picture (d) is a zoom to the red marked zone in (c).
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5 Torsion problem

The effectivity of adaptive refinement can be seen in Figure 5.12. Using uniform
refinements, the estimated error only shows a slow descent whereas in the adaptive
case a linear convergence order is conserved. We point out that for a cell number
of about 36000 the uniform refinement offers an error of about 4.46e-02. The same

error is gained with only a tenth of cells using adaptive refinement.

stress
1,000

stress
1,642

1,238 0,7570
0,8349 05140

04314 0.2710

0,02795 0,02795

Figure 5.11: ||o,|| on a three-quarter circle with midpoint (0,0) and radius 1 when
using a constant right hand side f = 8 if (z + 0.5)> + (y — 0.5)> < 0.5
and f = 0 elsewhere and a constant yield condition g(z,y) = 1. The
left figure shows the true stresses. The colour scale of the right one is

scaled to 1 to show the regions where the yield stress is reached.

In Figure 5.11 we find the stress in the singularity to be extremely high. On that
account we expect the most significant error in this corner. The effectivity of adap-
tive refinement can be observed here since the singularity is refined very well and

therefore the error is confined efficiently as we can see in Figure 5.12.
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5.3 Numerical results

# cells ’e‘l,global # cells \efl,adaptive
144 | 1.780e-01 | - 144 | 1.780e-01 | -
076 | 1.115e-01 | 0.67 726 | 9.000e-02 | 0.84

2304 | 7.587e-02 | 0.56 2493 | 5.043e-02 | 0.94
9216 | 5.634e-02 | 0.43 8838 | 2.631e-02 | 1.03
36864 | 4.456e-02 | 0.34 || 13323 | 2.158e-02 | 0.97

Table 5.3: Convergence table for the refinement of the area illustrated in Figure

5.11 and a constant body force f = —5. Using global refinement steps,

we observe a slow convergence. On the contrary the adaptive case shows

very efficient results.

Again, in the right columns there is a value «

determining the convergence order by O(h®).

estimated error

global ——
adaptive
O(h) ——

100 1000

10000

Number of Elements

Figure 5.12: Convergence of global and adaptive refinement calculated on the do-

main of Figure 5.11.
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5 Torsion problem

Figure 5.13: Sequence of grids by refining the three-quarter circle of Figure 5.11
adaptively using estimator (5.21).

The discretisation with @;/Qo-Elements is not stable. However, we get smooth
results for the dual variable, too, which can be seen calculating the stress on an

irregular mesh:

stress
1,0012

0.75394

0,50670

0,25947

0,012235

(a) Irregular mesh (b) Stress |Vup|

(c) Lagrange multiplier Ap,

Figure 5.14: Irregular mesh (a) and stress of the torsion problem calculated on the
irregular mesh (b). The Lagrangian multiplier looks very smooth (c)

so that we can expect the system to run very robust.
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5.3 Numerical results

5.3.2 DWR-Method

For showing the efficiency of the Dual-Weight-Redidual-Method we consider an L-
shape domain © = [—1,1]?\(0, 1]? and as a functional we integrate the stress poten-

tial over a line [ in the area with z = 0.5 or measure it in a single point.
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(c) Adaptive refinement by estimator

(5.21)

Figure 5.15: In (a) the functional J(¢) describes an integral over the line with z =
0.5 and in (b) there is a point value zy = (0.5, —0.5) the quantity
of interest. As a refinement indicator we used the DWR-method and

hence estimator (5.23). (c): Adaptive refinement by estimator (5.21).
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5 Torsion problem

It is obvious that the estimator of the DWR-Method concentrates on the singularity
just as the quantity of interest whereas estimator (5.21) mainly refines the singu-
larity. Getting a better knowledge of functionals that give for example information

about the stress situation in one point is of great interest for engineering processes.
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6 Strang’s problem

In this chapter we treat the aspect of plasticity. The primal and dual formulations
of Strang’s problem are studied which consist of a linear system with nonlinear re-
strictions on the primal variable. There have been efforts in error analysis of this
problem before and we point to the problems that occurred. We first concentrate
on the primal mixed fomulation and start with expressing the plasticity restriction
by another Lagrangian multiplier which helps us to develop a consistent a poste-
riori estimator. When we concentrate on the dual mixed system, we first give a
regularised version of the dual formulation to ensure existence of all components of
the developed error estimator. In addition we require a stabilisation, which is again
put into practice by the least squares method. Numerical tests confirm stability
and offer excellent mesh structures created by the new estimators as well as optimal

convergence order.

The mathematical model of anti-plane shear or Strang’s problem describes a non-
linear relation between a stress vector o = (07, 02) and a scalar displacement u that
arise when an external load is acting on a bounded domain €2 C R?. The nonlinear
relation, the so called plastic behaviour of the material, is taken into account by the

restriction |o| < 1.

As described in [DL76], the problem stems from the flow theory of elastic perfectly
plastic materials. Like in Chapter 4, in general € and o take on values in S? where

for small deformations, e(u) is defined by

c(u) = ;(Vu + (V)T
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6 Strang’s problem

g g
P z
S S P z
g|---- gt---- >
O 'Q 5 0] Q €

(a) (b)

Figure 6.1: (a): Stress-strain relation including work hardening. (b): Stress-strain

relation for an elastic perfectly plastic material.

We consider a metal rod and plot the stress-strain relation in a graph, where € is
marked off as abscissa and ¢ as ordinate (Figure 6.1 (a)). When a force is acting on
the material, € increases, starting from zero. The effect is that o increases too and
(g, 0) describes a straight line segment from the origin O. When o reaches a suitable
value g, (g,0) starts to describe a curve, starting form S. The more the metal is
loaded, the curve becomes closer to a parallel to the abscissa. Up to the point S,
where (e, 0) is linear, we have an elastic behaviour, whereas the arc Sz describes
the plastic region which provokes that within relaxation the material does not go
back to its origin state. Furthermore, PQ turns out to be linear and reversible
when decreasing £ and we observe OS5 < P() as long as the arc Sz is not a half-line
parallel to Oe. This effect is called work hardening. It increases the yield stress g
by permitting a zone of linear reversible behaviour with a greater amplitude than
that obtained starting by the natural state. For our studies we consider a perfectly
plastic material (Figure 6.1 (b)). In this case the stress o never passes the threshold

g, which is independent of the amount of strain.

118



Following [Jo76/1], the general problem reads

dive=—f, e(u)=A:6+Xin Q,
Ai(1—0) <0 V7 with F(r) <0, A:6=0in Q,

u=0only, o-n=gonl,,

where 7 is the time derivative of u and A is a fourth order tensor. Here, F denotes
the flow rule which can be defined by the Von Mises yield function F(7) = |o| — ¢,

g > 0 and X describes the plastic growth!. Setting in two dimensions

Ki={re H"™(Q)| F(r) <0, 7-n=gonTl,},
Ky = {1 € (L2(Q))?| F(7) < 0},
V= Q)

with

H%™(Q) = {1 € (Ly())?*| divr € Ly(Q)}

and v = 1, we can formulate the dual mixed system by:

Find a pair (v,0) : I — Ly(€2) x K satisfying

(Ao, 7 — o)+ (v,divr —dive) >0 Vr € K, (6.1)
_(diV g, 90> = (fa 90> Vgp € L2<Q)7 (62)
a(0) =0,

and the corresponding primal formulation:

Find a pair {v,0}: I — V x K, such that

(Ao, 7 —0)— (Vu,7—0) >0 V7 e Ky,

(0, Vo) =(f,9) + (9. 9)r, Vo€V,
a(0) = 0.

'Here, A is a second order tensor describing the Lagrangian multiplier for the yield condition.
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6 Strang’s problem

Here, I is the time interval [ := [0,7]. Furthermore, A is the part of the strain rate
£(v) due to the plastic flow. In the purely elastic case, F (o) < 0, there holds A = 0,
otherwise, if (o) = 0, we have

A=0, ifo=g,6<0,

A>0, ifo=g,6=0.
Collapse occurs when there is no admissible stress. That means, the external loads
cannot be kept in equilibrium without exceeding the yield condition. To analyse
Strang’s problem [St79], we neglect the rate dependence and consider an infinitely
long vertical pipe with square cross-section €2, filled with a plastic material. If some

force f is acting vertically, it is balanced by the shear stresses 0y = 0., and 09 = 0,

and the equilibrium law is given by
dive = —f.

The Von Mises yield criterion is satisfied if |o| < 1. The fixed square results in zero

boundary conditions on the displacement.

6.1 Variational formulation

Due to the considerations above the classical form of Strang’s problem is given by

—dive=f, o=1IIVu in , (6.3)
u=0 on 09,

where IT denotes the pointwise projection onto the circle with radius 1. We introduce

H = (Lx())*,

IIH :={r € H,|r| — 1 <0},

where |7|? = 7¥ + 72. Now, similar to the approach above (or see Johnson [Jo78]),

we formulate the primal mixed system of (6.3) by:
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6.1 Variational formulation

Find {o,u} € IIH x V such that
(U,T—U)_<VU,T—U)+(U,V@)Z(f,(ﬁ) \V/{T7QD}EHH><V

For our discretisation we choose u, € Vj, where V), C Hj(Q) contains standard
bilinear shape functions. The stresses are constructed of elementwise constant func-

tions of I1H,, C I1H:
(on, 7 —on) = (Vup, 7 — on) + (o, Vo) > (f, ) 7,0} €IH, X Vi (6.4)

Existence and uniqueness for the stress ¢ in the continuous case have been proven,
e.g. by Johnson [Jo76/1]. For the discrete system the choice of piecewise bilinear
functions for ¢ and 7 consisting of piecewise constant functions results in a stable
system on triangular elements. On quadrilateral elements it is unknown whether
the LBB condition is fulfilled, but numerical tests show the system runs very robust

(see [Drl1]).

6.1.1 A posteriori error analysis

A posteriori error estimates controlling the stress in the Lo-norm have been devel-
oped by Johnson and Hansbo ([JH91]):
2 2
2 i 2 i
lo = onll* < > I1hCR; (on) I,z + D_ lhle(un)|C5 Ry (o)l ar) (6.5)
j=1 j=1
with certain interpolation constants C; and Qf, OF denoting the parts where the

discrete solution behaves elastic and plastic respectively. Furthermore, there holds

Ry(oy) = |dive, + f| on T € Ty,

1{[onngl|
Ralon) = PSP hy

onT e Th;
where an element edge is denoted by F, its normal vector by ng and [-] is the jump
across E. This estimate appears to be suboptimal because on Q) we get at most a

convergence order O(h%). In addition, inconsistency appears in the plastic regions

due to the term Ry(0y).
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6 Strang’s problem

For an optimal error estimator there have to be improvements that allow a bet-
ter estimation in the plastic regions. We rewrite the problem to a saddle point

formulation from which we derive an error estimator localised to the critical parts.

6.2 Saddle point formulation for the primal mixed

system

In preparation of the announced error analysis, we follow [Sul0] and introduce the
Lagrangian functional

1

L) = 5{(rnr) + [l = Dde}+ (F9) = (1 V0) (6

2

for triples (1, ¢,w) € Hy X Vi, X Ay, where we assume A, C A with

Ay = {w € A |w constant on each T € T} },

A={qe L*(Q)|q¢>0ae. in Q}.

Appropriate derivations allow an equivalent characterisation of the solution of (6.6):

(L + Mp)op, 7) = (Yo, 7) V7 € Hy (6.7)
(on, V) = (f,0) Vo €V (6.8)
(02 —1,w—Ay) >0 Yw€ A, (6.9)

Remark 6.2.1. v, in (6.7) does not necessarily coincide with uy, in (6.4).
When introducing
Bh:{TGTh‘)\h>OOHT},

implying that |o,| = 1 on By, we can conclude from

(fsvn) = (on, Vo) = (L + M)on,on) = ) /Uh e+ ) / (1+ Ap)dx

TeQ\By, TeBy,

that ||An||z is bounded.
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6.2 Saddle point formulation for the primal mixed system

Like described in [Sul0], following the line of arguments presented in Glowinski
[G183], Proposition 3.5, for a similar elasto-plastic torsion problem, the existence of
a saddle point (op,,vp, A\p) € Hp X Vi X Ay of (6.6) is guaranteed. In addition, the
stress component oy, is the solution of the original discrete problem (6.4).

Again, we use standard Uzawa-type schemes to solve the discrete problem (6.7)-(6.9)

by the following iterative algorithm:
1. Choose an initial iterate A}, p > 0 and a residual res.
2. Solve [o(1 + A})opT dx — (1, V) + (on, V) = (f, ) V(7,¢) € Hp, X V.

3. Update: A\;™' = max(0, \Y + p(]o¥]? — 1)) on each cell.

f I
T

4. 1 > res: Set v = v + 1 and go back to 2,

else finish.

The iteration of A, costs a lot of time. We now have a system of three unknowns
instead of two. Getting knowledge of this values can also be done by calculating the
residual of the primal system. This reduces the system that has to be iterated to

two unknowns. From the Lagrangian formulation we know

(1 + )\h)o-h = Vuh.

Solving (6.4) and calculating the residual by evaluating

: |V (i)|? y
A =5 -1 > 0 6.10
0=\ o = 1 () (6.10)
for every degree of freedom i of )\, where Vi, and G, are the averaged values of

Vuy, and oj, on a cell T', we nearly get the exact values for A\,. Although this is not

the mathematical correct way, it is a fast alternative to iterate (6.7)-(6.9).
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6 Strang’s problem

Figure 6.2: Left: ), iterated by (6.7)-(6.9). Right: A, calculated by (6.10) after

iterating (6.4).

lambda lambda
0,73009 0,72990
|O,54757 |O,54743
0,36505 0,36495
0,18252 0,18247
0,0000 0,0000

cells | residual | iteration
64 0.08 0.17
256 0.69 2.14

1024 7.26 41.65

4096 | 104.57 | 1111.79

Table 6.1: Time in s for calculating A, by using the residual (6.10) and by iterating
(6.7)-(6.9).

6.2.1 A posteriori error analysis

To achieve an a posteriori error estimator, which especially outlines the critical zones

of the problem, we use equations (6.7) and (6.8). From (6.7) we have

1
= V.
Oh =7 o,
For case of simplicity we set
1
Kp 1= .
TN

Then we only have to solve a linear equation

(kaVup, Vo) = (f,0) VoeV,
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6.2 Saddle point formulation for the primal mixed system

with an update |k, Vup,| <1 in every Uzawa iteration step. After the iteration has

finished we get our Lagrangian parameter in every degree of freedom ¢ from

M) = ﬁ() — 1, if (i) > 0,
0, if k(i) = 0.
In what follows we set
a(u,p) = (kpVu, V) Vo eV
and

S(U, QO) = ((K - /ih)vu7 Vgp) V(p evV.

Then our linear equation is written as

a(u, o) +s(u, ) = (f,9) VpeV. (6.11)

s(-,-) can be separated into two parts:

where

5h<u790): Z S(uago)lTv SN(“?SO): Z 3(“790>|T-

TEACT, TETH\A

Here, A is the set of cells where s(-,-) is active in our calculations, that means we
calculate with the continuous solution . On the rest of the cells s(-, ) is not active

and we calculate with the discrete value k;,. Furthermore, there holds the equation

a(up, p) + sp(un, ©) = (f,¢) Vo € Vi, (6.12)

Remark 6.2.2. Since we do not know the continuous solution of k, we will set
sp(+,+) = 0 at the end of our estimation. sy(-,-) is to be understood as an auziliary

variable.

It follows by subtracting (6.12) from (6.11) for all ¢ € Vj:

0= CL(U — Up, ()0) + S(ua QD) - Sh(uha 30)

a(u — up, @) + s(u, ) — {sn(un, ) + sy (un, @)} + sy (un, @)

a(u — up, @) + s(u — up, ) + sy (upn, ). (6.13)
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6 Strang’s problem

We make the assumption that there exists a solution of the continuous problem with

A € A. Then there exists an upper bound |[M|o < M and hence k > v = .

1+M
Therefore we get:
(kVe,Ve)g = / kVe-Vedr > ’y/ Ve-Vedz.
Q Q
Using this result we can start our estimation:
YNVu = Vu|? < ale,e) +s(e,e)
(6.19) ale,e) + s(e,e) —{ale, ;) + s(e, e;) + sn(un, €;)}
= a(u—up,e—e;)+ s(u—upe—e)—sy(up,€;)
= (f,e—ei) —alup,e—e) — splun, e —e;)
_SN(uh7 € — ei) - SN(Uh, ei)
= (f,e—e;) —alup,e—e;)— sp(up,e—e;) (6.14)

_SN(uha 6).

The last term can be estimated by Young’s inequality:

sy (un, e)r = ((k — kp)Vuy, Ve)r

IN

1(5 = Kn)Vunlz [[Vellr

1 Y
< ZH(K — i) V|7 + §||V€||2T
and so we have
1 2
sy (un, e 2*2 K — Rn VUhHT *HVGH .
T

Taking result (6.14) and setting sp,(up, e — ¢;) = 0 (because we never use the exact
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6.3 The dual mixed system

solution of x;) we achieve
%HV@L — Vup||? < (f, e —e) — alun, e — &) — sp(un, e — )
1
+ o Sl = )Vl
7T

1
= {(f + rrAu, + VE Vup, e — €;)r — 5(77, [knVugl, e — e)or}
T

1
o= S s — ) Ve 3.
7T
Finally the error estimator results in

2 1
%HV@H2 §§Cz D AW + knBun + VEnNun|[7 + Zhlln - [kn V][l }
T
1
o ZT: (5 = #n) Vunllz.

Similar to the Z2-techniques proposed by Zienkiewicz and Zhu [ZZ87], we introduce
M (kp) which is a (superconvergent) approximation of x and achieve the following

theorem:

Theorem 6.2.3. For Strang’s problem (6.7)-(6.9) there holds the a posteriori error

bound

8 1
[Ve|? S;CQ S AR + snAuy + Vi V|5 + Zth[ﬁ'hvuh]HgT}
T

9 (6.15)
+ = > (M(kn) — kr) Vus|7
7T
with
1
fih = 14+ A,

and where for interior interelement boundaries n - [k Vuy| denotes the jump of the

normal derivative kpVuy,.

6.3 The dual mixed system

Using the primal mixed formulation of Strang’s problem we considered v € V =
H (). In practice there exist examples where a solution of u can have discontinu-

ities or is not uniquely defined. The regularity result u € H' is only achieved under
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6 Strang’s problem

additional conditions, described in [Jo78|, which assume an arbitrary small linear
hardening. Therefore, it may be more convenient to use the dual formulation of the
problem which requires weaker conditions on u. Before we introduce the dual mixed
formulation, we follow Johnson and Hansbo [JH91] in order to give a regularised
version of the problem which has better regularity results and thus will help us later

on when processing error estimations.

6.3.1 Regularisation of Strang’s problem

The original problem is defined by:
Find 0 € P{ such that
J(o) < J(r) VreP{ (6.16)

with the following definitions:

Iy =5l el = [ s,
Py = PN H;,
Pl = p H,
P={reH:|r(x)] <1ae. inQ},
HE = Hy 0 H,
Hy={reH: —divr=fin Q},
H% ={r € H: divr € Ly(Q)},

H = [L2(Q>]2>
V = Ly(),
V = HLQ).

We introduce a regularisation of problem (6.16) with a regularisation parameter
> 0:
Find 0, € H{" such that

(o)) < J (1) Ve H ", (6.17)
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6.3 The dual mixed system

where
1) = 22+ g — e
T) = =||T —||7 — 77||”.
a 2 2u

The convex functional ®,(7) = iHT — 77||? has the monotone Gateaux derivative

1 . . .
P, (1) = (1 —77) (see [JHI1]) and 77(x) denotes a projection of 7(x) onto the unit

disc {r € R?: |r| < 1} defined by

T(x), if|7(z)| <1,
I L)

@) i ()] > 1

This problem has a unique solution since o, is the minimum of a convex functional.
Safe load hypothesis: There exists x € H{" and § > 0 with [y(z)| <1 -9, a.e.

x € .

The mixed formulation of the regularised problem is then given by:

Find a pair (0,,u,) € H x V such that:

o+ i(on —7no,) = Vu, in ,

f in ,

—divo,

with the unique solution (o,,u,) € H x V. Alternatively the problem is mentioned
as:

Find (0, u,) € H% x V such that

(04, T) + (u_l(cru —m0oy,),T) + (uy,divr) — (div oy, ¢) = (f, @)

V(1,0) € H x V, respectively. For all > 0 the mixed problem has a unique
solution (o, u,) € H™ x V with o, satisfying (6.17). If the safe load hypothesis is
ensured and P§" # (), it is shown in [Jo76/1] that there exists a solution o € P§*

of problem (6.16) and o, tends weakly to o in H as p tends to zero.

With respect to the safe load hypothesis there holds

1
17 @n = 7o)l + Vel < € (6.18)
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6 Strang’s problem

with a constant C' independent of u, and hence there exists an u € BV (Q) =
{v € Ly() : Vv € [M(Q)]?}, where M(Q) is the set of bounded measures on €,
such that w, converges to u weak star in BV (£2) and such that u is a displacement

corresponding to the stress solution o of (6.16) (see [JHI1]).

6.3.2 Saddle point formulation for the dual mixed system

In what follows we make the assumption that there are no discontinuities in the
displacement which may appear if there is an accumulated slip in plastic regions.

We introduce

K :={r e H"(Q)| |r| -1 <0},

and the variational inequality for the dual mixed problem:

Find a pair (o,u) € K x V satisfying
(0,7 —0) + (u,divr — dive) — (dive, @) > (f,p) V(r,¢) € K xV

with a body force f € L>°(Q2). Written in a block system, the problem looks like

follows:

(o,7—0) + (u,divr —dive) > 0 Vre K
~(diva, ¢) = (fp) VpeV.

When we introduce the corresponding finite element spaces

Ky, :={7 € K(Q)| 7 bilinear on T € T}, },

Vi, .= {¢ € V()| ¢ constant on T € T},

the discrete version reads

(o, 7—o0n) + (up,divr —divey,) > 0 V1 € K,

i (6.19)
—(div oy, ¢) = (f,p) Vo€V,
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6.3 The dual mixed system

6.3.3 Stabilisation

However, (6.19) does not lead to a stable system. As described in [Be95] we stabilise
the system by adding the jump of the displacement u;, over an element edge I' = 9T

(op, T —op) + (div oy, b divT) + (up, div T — div oy,) > —(f,09divT)

—(divon, @) + XrXreroir([unlr, [Plr)r = (f,¢).
(6.20)

The stabilising term Y7 > 7 017 ([un]r, [¢]r)r has the meaning of a weighted dis-
crete Laplacian. Consistency is still satisfied because the jump terms vanish for a

continuous displacement which is ensured by the assumption above.

The second stabilisation term (div oy, d2 div 7) simplyfies the stabilisation proof since
for u, we now have ellipticity on the whole space H%(Q2) for d; > 0 and not only

on the kernel. By setting

(01 [unl, [e]) = >_ > dvr([unlr, [elr)r (6.21)

and
162 [unlll? = (81 [un] ), (6.22)
we define
As((on,up), (1,9)) == (1,04) + (divr, dodivoy,)
+ (divr, up) — (divoy, @) + (01[un], [¢])
Fs(1,¢) :== —(divr, 62f) + (f, ¢)
with

As((on,up), (1,90)) = Fs(1,0)  Y(p,7) € Vi x Uy, (6.23)
where Uj, is the unrestricted space U, = H4(Q)N{v € C(Q)|v bilinear on T € T} }.

The mesh dependend (semi-)norm is defined by

1 1
I (ons wn)llls := llowllg + 1103 divon|[g + 1167 [ua]ll5r
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6 Strang’s problem

and even by setting o = 1:

1
ll(on, un)llls = llonllz,,, + 107 [ua]ll5z-

It is obvious that As is positive definite since

A5({T>90}7 {T’ 90}) > C|||{T, 90}|”§’ 0<c<1

Remark 6.3.1. An advantage of the stabilisation we used in (6.20) is the posi-
tive definite mass matriz (01{uy], [¢]). This matriz allows us to evaluate the Schur
complement in oy, of the system

(1,0n) + (divr, dodivey) +  (divr,u,) = —(divr, daf)

—(divos, @) + (Gifwl,[¢]) = (f,9)

The Schur complement reads

(B*M™'B — A)oy, = B"TM™'F - G

with
M = (61[unyl, [@i])s  Ei = (fis 00), G; = —(div T, dafi),
BiJ’ = —(le Oh,j, QDZ), BZTJ = (le Tj,uhﬂ'), Ai,j = (Tj, O'hﬂ') + (le Tj, (52 div Oh,j)-

Using a cgPSSOR method, we can solve oy, directly without calculating wuy. This
is a faster variant than the Uzawa algorithm, which calculates uy and oy in every

iteration step.

6.3.4 A posteriori error analysis

We will provide an error estimator by using the appropriate dual mixed formulation
of the regularised problem, with regularisation parameter p > 0:

Find (0,,u,) € H% x V such that

(0, T) + (/fl(ou —m0o,),T) + (u,, divr) — (divoy,, ¢) = (f, ¢) (6.24)

Y(7,¢) € H% x V, which has a unique solution.
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6.3 The dual mixed system

Lemma 6.1. There holds the estimate

A proof can be found in [Jo76/1].
For the error there holds

lo = onll < llo = apll +[low = anl|-

As a first step we prove the strong convergence of o,,:

Since we have the monotone operator ] (1), we achieve

1
(;(Uu —Tou) — p(a —m0),0,—0) >0
and we can estimate
5 1
||‘7u —of]" < (Uu — 0,0y —0o)+ (;(Uu _Wgu) - *(U_Wg)aau -

Furthermore, for the continuous solution ¢ holds
(0 —mo) =0

and
—(dive, @) = —(diva,, p) = (f, ).

Hence one receives:

low = ol < (04,04 — 0) + (= (0, = T0,), 04 = 7)

1
W
- (J’ Ou — ) (ulm le( - U))

=—(0,0,—0) =0 for u— 0.

o).

So we received strong convergence of o, out of the weak convergence proven by

[Jo76/1]. In the following we concentrate on the estimation of |0, — oy,||. Here, for

case of simplicity, we redefine the notation w;, := u, and start with
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6 Strang’s problem

(0=0n, 0 — o) + (81 [y — un], [ — un)
< (o, = on, e — un) |5
= (o, — on, 0, — op) + (dive, — divoy, 62(div o, — divoy))
+ (d1fuy — unl, [uy — un))

< (ou,0, — on) + (u,,dive, — dive,) —(u, — up, dive, — divoy) + (61[up], [un))

1 11

+( (Uu - WUM) — —(on — Wgh)agu —op)

1
I

>0

—(up, dive,, — divey,) — (o4, 0, — o) +(div o, — div oy, 62(div e, — divoy)).

11
We consider that (o5, — mop,) = 0 and hence for term [ we receive by testing (6.24)

with o, — op:
1
(0,0, —on) + (;(Uu —moy), 0, — op) + (u,, dive, — divey,) = 0. (6.25)

The next part can be rewritten with the help of the following equation:

(¢n,dive,, — divey,) = (¢n, dive,,) — (¢n, divoy,)
(6.24),(6.20)

= —(on, [) + (on, f) — (01]on], [un))-

Let w; := Iu, describe the interpolation of u, on the finite element space I, : V' —

V. Then for I we get
—(uy, — up,dive,, — divey) + (61[up), [un])
= —(u, — wp + u; — u;,dive, — divey,) + (91 [us), [us))
= —(uy — w;, divey, — divoy) + (0uun], [un]) — (91 [un][un]) + (02[un], [wi])
= —(uy, — w;, dive, — divey,) + (01 [ug), [w])-
Furthermore, for 11 there holds
—(up, dive,, — divey,) — (on, 0, — o) (6.26)

= —(up — Z,dive,, — divey,) — (Z, dive,, — divey,) — (o4, 0, — 03)
(6.27)

= —(up — Z,dive,, — divey,) + (VZ — o, 0, — 0p). (6.28)
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6.3 The dual mixed system

Here, Z € W}, := {w € H} ()| w bilinear on T' € T}} is determined by

1
(FZ)VZ, V\I/) = (O'h,V\I/) YU S Wh,

where p(Z) denotes a projection of Z defined by

1, if |[VZ] <1,
p(Z) = (6:29)
|VZ|, otherwise.

Setting A, = p(Z) — 1, the last term of (6.28) can be estimated in the following way:

(VZ —on,00—0p) =Y (VZ = p(Z)on, 0, — on)r + (Awon, 0, — 03)
T

<Z||VZ p(Z)onllzllon — onllr

+/ )\haho_u_/ )\hlah]

<Z*HVZ p(Z)anll7 + H%—ahll (6.30)
A —/ Anlonl?

+ /Q onl ol = [ Ml
1 1

< Y5 IVZ = p(Z)onll + Sl — o

T
+/Q>\h|0'h|(1+c\/ﬁ)—/g/\h’0'h’2.

The last step includes the estimation i|% —mo,|? < C (see Lemma 6.1). Collecting

results (6.25)-(6.30) we achieve

1
lo— onll* + 1167 [un]

< (u, — w;, divoy, — diva) + (01[us), [wi]) +(up, — Z, divey, — divo)
=7 VI

1 1
+3 2 IVZ = p(Z)onlly + S llo = onll?
T

[ Aulonl ((1+ ey/) = lowl) + 115 (div on + )
(6.31)

Taking the first term, we follow the interpolation estimate from [JHI1]

1 1
(f.0=0)| < Ol fly | Vellymy o+ 2 =1 T€Th paellod] (632
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6 Strang’s problem

where v; := I v denotes the interpolant of v on the finite element space, C' indepen-
dent of v, f, h, T" and achieve:

(uy —wg, divo, + f) = Z(Uu —u, [ = fi)r

T

<O Nhe(f = fi)lloo IVuull Ly (-
T

Term VI on the right hand side of (6.31) can then be further estimated:
01 ([un), [ui])r = 61 > ([un], wilr — wilmy)r
rcr

<o FZT [(un)swilr = w)r + ([un], wy = wilry)r ]

where ui|T1£ describes the interpolation of u,, on the neighbour cell of T" with T'N7T}. =

I'. Again we follow [JH91] by using interpolation estimate (6.32):

(1[unl, [wi])r < Cov7l|hr Dpun||oo, ||V Ly ()

with the maximal jump over an element edge

|[un]]
hT )

Dyup, = max
RUR 12,

Due to the considerations of [JH91] we can estimate ||[Vuy|/z,r)y < C under the
assumption that the safe load hypothesis if fulfilled (see inequality (6.18)). Al-
ternatively, for a complete a posteriori estimator, we can replace ||[Vu,| L, () by
|Vur|| £, (). Since we have chosen piecewise constant elements this would be zero,
so we rather choose the definition || Dyusl/z,(r). Collecting the results and passing

to the limit p — 0, we receive the following theorem:
Theorem 6.3.2. For problem (6.20) there holds the a posteriori error bound
o = ol + 15F unll? < € 3 (bl = illr + el Dy o
VIVZ = p(Z)onll2 + (un — Z,divoy + f)r  (6:33)

+ [ Mnlonl (1 = lon) + darl div o + £17).

where for interior interelement boundaries [uy] denotes the jump of displacement

variable uy over an element edge.
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6.4 Numerical results

6.4 Numerical results

We give some numerical results for the primal mixed system and for the dual one
afterwards. As a test example we take the two dimensional domain Q = [0, 1} and

a body force f = 0.757%sin(wz) sin(7y).

6.4.1 Primal problem

Testing estimator (6.15) of the primal system w is discretised by bilinear elements
and ky, are piecewise constant functions on the corresponding triangulation. In order
to use (6.15), we take the Lo-projection of kj into the FE-space consisting of Q-
Elements, that means M : Qo — @1, for calculating ||(M (k) — k) Vuy|%. If we
refine the grid uniformly the estimator shows an optimal convergence order of O(h)

as we can see in Table 6.2.

# cells Eres €jump €r el

16 | 1.309e+00 | - | 3.258e-01 | - | 0.000e+00 | - 1.206e+00 | -

64 | 6.543e-01 | 1.00 | 2.005e-01 | 0.70 | 5.467e-02 | 0.00 | 6.169e-01 | 0.97

256 | 3.271e-01 | 1.00 | 1.104e-01 | 0.86 | 3.438e-02 | 0.67 | 3.126e-01 | 0.98

1024 | 1.636e-01 | 1.00 | 5.689e-02 | 0.95 | 1.614e-02 | 1.09 | 1.566e-01 | 1.00

4096 | 8.178e-02 | 1.00 | 2.872e-02 | 0.99 | 7.804e-03 | 1.05 | 7.831e-02 | 1.00

16384 | 4.089¢-02 | 1.00 | 1.440e-02 | 1.00 | 3.847e-03 | 1.02 | 3.916e-02 | 1.00

65536 | 2.045e-02 | 1.00 | 7.209e-03 | 1.00 | 1.917e-03 | 1.01 | 1.958e-02 | 1.00

Table 6.2: Setting e,es = (Xg B2\ f + snlup + ViaVug||2)2, eump = (X he|n -
[knVup] %)z and e, = (Xp (M (kn) — k1) Vug||2)2, every component of
the estimator converges optimal and so does the whole estimator (6.15)
denoted by |e|;. This can be observed in the right parts of every mul-
ticolumn, where there is always a value a determining the convergence

order by O(h*) for every refinement step.
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6 Strang’s problem

Comparing the estimator to (6.5) the improvement gets obvious since estimator
(6.15) has a convergence order of O(h) in every region whereas estimator (6.5) has

a convergence order of O(h2) in plastic areas (see Figure 6.3).

‘ estimator(6.5) A
estimator(6.15)

S .
5 N
pe)
(0]
© -
£ .
g ~_

0.1}

10 102 10° 10*

Number of Elements

Figure 6.3: Comparison of estimator (6.5) and the improved estimator (6.15). The
latter has a better convergence rate because the convergence order is still

optimal in regions of plasticity which is not fulfilled in (6.5).

Adaptive refinement leads to a good mesh structure which outlines the critical zones.

Figure 6.4: A sequence of grids created by estimator (6.15) within adaptive

refinement.

Critical zones in this example are those where the material begins to plastify. Like
in other examples before, the Lagrangian multiplier implies a good refinement of

these areas which can be seen in Figures 6.4 and 6.5.
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6.4 Numerical results

stress

0,04111

(a) Norm of Stress (b) Adaptive mesh structure

lambda
0,7093
lambda
|o,7093 I
0.5320 0,5320
03547 0,3547
0,1773
0,1773
0,000
0,000

(c¢) Lagrangian multiplier Ay, (d) Zoom to Ap,

Figure 6.5: (a) shows the solution of the stress ||oy||, (b) gives the corresponding
mesh structure for the appropriate refinement step. In (c¢) and (d) we
can observe that the most refined areas are those critical parts where

the material begins to plastify.

Working on shapes which have singularities formular (6.15) turns out to produce
almost optimal convergence order refining adaptively. So again we achieved an
economical error estimator producing optimal mesh structures with the help of the

Lagrangian parameter.
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6 Strang’s problem

stress

|1 065

0,7987

kappa

I] 000

0,7508
0,5328 0,5016
0,2668 0,2525

0,00088' 0,00329

Figure 6.6: Norm of Stress ||}, || and rj, calculated on an L-shape Q = [—1, 1]\ (0, 1]%.

The singularity as well as zones where plasticity arise are well refined.

Figures 6.6 and 6.7 as well as Table 6.3 confirm these results.

# cells |€| 1,global # cells |6|1,adaptive
192 | 9.986e-02 - 192 | 9.986e-02 | -
768 | 1.105e-01 | -0.15 540 | 8.843e-02 | 0.24

3072 | 8.073e-02 | 0.45 4053 | 3.791e-02 | 0.84
12288 | 5.134e-02 | 0.65 11889 | 2.372e-02 | 0.87

49152 | 3.111e-02 | 0.72 | 111150 | 8.106e-03 | 0.97
196608 | 1.857e-02 | 0.74 | 341571 | 4.708e-03 | 0.97

Table 6.3: Global and adaptive refinement on a shape having a singularity. The
adaptive refinement using estimator (6.15) shows a better convergence
rate than global refinement since the value a on the right side of the
multicolumns determines the convergence order by O(h*) for every re-

finement step.
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6.4 Numerical results

gIobai —
adaptive
S Oo(hy ——
01} +——— 1
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102 10° 10* 10°
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Figure 6.7: Adaptive refinement on a shape including singularities using estimator

(6.15) offers a better convergence order than global refinements. The

calculation was made on the L-shape of Figure 6.6

6.4.2 Dual problem

Taking the same domain and right hand side as above we first give a result about

stability.
unstable system stabilised system
# cells | [lu—unlo lo = onllo lu — unllo lo = onllo
16 | 7.224e-02 - 1.031e-01 - 8.117e-02 - 6.195e-02 -
64 | 3.422e-02 | 1.08 | 5.275e-02 | 0.97 | 3.564e-02 | 1.19 | 1.641e-02 | 1.92
256 | 1.732e-02 | 0.98 | 1.821e-02 | 1.53 | 1.739e-02 | 1.04 | 3.969e-03 | 2.05
1024 | 8.685e-03 | 0.99 | 6.499¢-03 | 1.49 | 8.688e-03 | 1.00 | 9.687e-04 | 2.03
4096 | 4.346e-03 | 0.99 | 2.340e-03 | 1.47 | 4.346e-03 | 0.99 | 2.442e-04 | 1.99
Table 6.4: Convergence rate of system (6.19) and (6.20) without projection on a

wraped grid (see Figure 3.9 (a)).

The unstable system does not show

the expected Lo-convergence rate of the stress variable in contrast to the

stabilised one.
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6 Strang’s problem

Therefore, we calculate a fully elastic problem, that means we disregard the projec-
tion |oj| < 1. That does not change anything about stability but makes it easier to
find an exact solution and hence to get the true error. Calculating the system on
a wrapped grid reveals the instability of system (6.19). In contrast the stabilised

system (6.20) offers the expected convergence order of the true error (see Table 6.4).

u
0,2450
0,1800
0,1149
0,04987
-0,01518

(a) Unstabilised: Displacement uy,

stress_x
0,9331
0,4498
-0,03347
-05167
-1,000

(c) Unstabilised: Stress ||op||

u
0,1591
0.,1173
0,07562
0,03389
-0,007844

(b) Stabilised: Displacement uy

stress_x
1,000
0,5000
0,000
-0,5000
-1,000

(d) Stabilised: Stress ||op||

Figure 6.8: Calculation on an L-shape Q = [0, 1]*\ (0.5, 1]* with right hand side f =
0.7372 sin(m(z + 0.25)) sin(7(y + 0.25)). Left: d; = d = 0: Instabilities
get obvious by oscillations in the displacement as well as in the stress
variable. Right: &, = O(h), do = O(h?): We get smooth solutions uy,

and oy,.
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6.4 Numerical results

For the further tests we calculate on a conform mesh and take account of the pro-
jection again. Global refinements of a square domain offer an optimal convergence

order of estimator (6.33), too, which can be observed in Table 6.5.

# cells p1 P2 P3
16 | 1.615e-01 | - | 1.744e-01 | - | 1.649¢-01 | -

64 | 9.741e-02 | 0.73 | 9.335e-02 | 0.90 | 9.034e-02 | 0.87
256 | 5.203e-02 | 0.90 | 4.703e-02 | 0.99 | 4.693e-02 | 0.94
1024 | 2.700e-02 | 0.95 | 2.343e-02 | 1.01 | 2.439e-02 | 0.94
4096 | 1.357e-02 | 0.99 | 1.174e-02 | 1.00 | 1.243e-02 | 0.97
16384 | 6.789e-03 | 1.00 | 5.864e-03 | 1.00 | 6.272e-03 | 0.99

# cells P4 Ps leh
16 | 0.000e+00 | - |6.624e-01 | - | 2.986e-01 | -

64 | 2.140e-02 | 0.00 | 3.364e-01 | 0.98 | 1.649e-01 | 0.86
256 | 8.037e-03 | 0.98 | 1.761e-01 | 0.93 | 8.491e-02 | 0.96
1024 | 4.075e-03 | 0.98 | 9.385e-02 | 0.91 | 4.349¢-02 | 0.96
4096 | 1.974e-03 | 1.04 | 5.245e-02 | 0.84 | 2.192¢-02 | 0.99
16384 | 9.446e-04 | 1.06 | 3.004e-02 | 0.81 | 1.099¢-02 | 0.99

Table 6.5: We set p? = & Sr([un), [un))r, p3 = SrlIVZ — (1 + My)owl|3, p3 =
Sr(up—2,divop+f)r, pi = X7 Jr Melowl(1—=|on]) and p3 = 37 || div o+

fl|%. The estimator has a convergence rate of O(h).

Looking at Figure 6.9 and 6.10 we can see that the achieved estimator (6.33) fulfills
our expectation to outline critical zones. As described above, these are the areas

where plastification starts and we find them well refined.
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6 Strang’s problem

stress_norm

I1 000

0,7607
05214
0.2821

0.04279

Figure 6.9: Refining adaptively the Lagrangian parameter provides the well refined

transition zone between elastic and plastic areas.
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Figure 6.10: Sequence of grids created by estimator (6.33).

Furthermore, the estimator turns out to behave proper when refining shapes includ-
ing singularities like in Figure 6.6. The convergence order is almost optimal whereas
the estimated error within global refinement on such areas converges much slower

(see Table 6.6 and Figure 6.11).
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6.4 Numerical results

# cells \efl,global # cells \efl,adaptive
48 | 5.775e-01 | - 48 | 5.77e-01 -
192 | 3.674e-01 | 0.65 162 | 3.33e-01 | 0.91
768 | 2.698e-01 | 0.45 975 | 1.47e-01 | 0.91
3072 | 2.055e-01 | 0.39 3156 | 8.07e-02 | 1.01
12288 | 1.583e-01 | 0.38 16944 | 4.03e-02 | 0.83

Table 6.6: Comparison of the estimated values within global and adaptive refinement

on an L-shape. As expected, using global refinement steps the conver-

gence order is low whereas it is almost optimal calculating on adaptive

grids.

estimated error

0.1

global —_—

~ adaptive
R o(h) ——
\ _
102 10° 10*

Number of Elements

Figure 6.11: Using adaptive refinement on shapes with singularities, estimator (6.33)

offers almost linear convergence.
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7 Simplified Signorini problem

The technique of the Lagrangian formalism is transfered to a problem where the
restriction lives on the boundary of the domain. A standard example in this case
is the simplified Signorini problem which is again a contact situation but related to
the boundary. After ensuring the well-posedness of the problem we introduce the
saddle point formulation where the discrete version is not stable in contrast to the
continuous case. To avoid instabilities we present two ways of stabilisation based on
the least squares method and compare this technique to the one described in [Sc05].
It turns out by numerical tests that the consistent error estimator, taking account
on the Lagrangian multiplier and the additional stabilisation term, works efficiently
just as the utilised stabilisation does, which can be observed in figures and tables at

the end of the chapter.

We want to extend the method of duality based error estimators by choosing the
Lagrangian multiplier on the boundary of a domain. Therefore, we consider the so
called simplified Signorini problem. There we have, similar to the obstacle problem,

a membrane that is loaded by a body force f:
—Au = f on (. (7.1)
In addition, there are two different boundary conditions:
u=0onlIy (7.2)
Opu =g on 'y (7.3)
with I' =Ty UT'y and T’y N Ty = (). The variational formulation is written as

we HQ T (Vu, Vo) = (f,0) +/F g-~(v)dly Yo e HY(Q,TY),
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7 Simplified Signorini problem

with the trace operator v(-) and
HY(Q,Ty) :={ve H(Q)|v=0ae. onl;}.

Now we introduce an obstacle Ur, that lives on I'; and the classical formulation of

the restricted problem changes as follows:

—Au=f on{,
u=0 only,
g—0,u<0 on Iy,

(g = Bnu)(v(u) = ¥r,) =0

for u € C?(Q) N C(Q).

7.1 Variational formulation

As we consider an obstacle that only applies to the Neumann boundary, v is an

element of the restricted subspace
K :={ve H(Q,T)|y() > ¥, a.e.}
with Ur, € Ly(I'2). So our primal problem is of the form
ve K: (Vu,V(v—u)) > (f,v—u) —i—/F g-yv—u)dl'y YveK. (7.4)
2
K is convex because we can choose ¢ € [0,1], v,w € K and there holds

V(ev + (1 = e)w) = ¥p, = ey(v) + (1 = g)y(w) = ¥r, (7.5)

=e(y(v) = ¥r,) + (1 —e)(y(w) = ¥r,) = 0. (7.6)

If (v,)n C K and v,, — v in H'(Q,Ty), then v(v,) — v(v), because v : H'(Q,T) —
H%(Fz) is continuous. Since v, € K, y(v,) > ¥r, a.e. on I'y. Therefore, v(v) > ¥,

a.e. on I's. Hence, v € K which shows that K is also closed.
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7.2 Saddle point problem

Since K is a convex and closed cone the problem has a unique solution ensured
by Theorem 2.3. For an approximation of the problem we consider the subspace

Vi, € V. The discrete version reads
up € K : (Vup, V(v —up)) > (f,v—up) +/Fzg-’y(v —up)dly Vv e K. (7.7)
Ur, p, is the bilinear interpolant of ¥, and K, is given by
Ky ={v e Vy|v(v) > ¥, a.e. on Iy}

Like in Chapter 3, for sake of simplicity we assume ¥p, = ¥, ;. By Theorem 2.1.1
this problem is unique solvable, too. Following the same line of estimations as it is
shown in Section 3.1.2, we receive an a posteriori estimator for (7.7) of the following

form:

Theorem 7.1. For the simplified Signorini problem (7.7) there holds the error bound

ef <C > or (7.8)

TeTy

with local residuals

hel|Aup + fllr + Sh2(n - [Vug)llor — if OT € &
or = )
hrl||Aw, + fllo + hillg — Onunllor it 0T C I'y,

where g C Ej, denotes the interior faces of a cell.

7.2 Saddle point problem

In what follows we set (-, -)p, : La(T'3) X Lo(T's) — R the dual pairing on I'y. The
Lagrangian formulation looks as follows:

Find a pair (u,\) €V x A:={q € Ly(T'3)| ¢ >0 ae.} and V = H'(Q,T) with

L(u,\) = (;Iel‘f/ sg\) L(p,w) (7.9)
= inf sup {;a(% ?) = (f;9) = (g, )r, — (W, () = Wm)m} . (7.10)
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7 Simplified Signorini problem

Derivation with respect to ¢ and w leads to the system

weV: alu,e)— (N, = (fie)+(g.0r, YopeV

(7.11)
AEA: (u,w — N\, > (Ur,,w— M), Yw € A.

Since rg(y(HY(,T1))) = Hz(I'y) is closed in Hz(I3), system (7.11) has a unique

solution ensured by Theorem 2.9. Introducing the discrete version by setting
up, € Vi, = {v e H'(Q,T'y)|v bilinear on T € T} (7.12)

and

A € Ay, = {w € Ly(T")| w constant on 9T C Ty}, (7.13)

we receive the system:

Find a pair (up, Ap) € Vi, x Ay, fulfilling

a(uha 90) - <)‘h7 90>F2 - (f? 90) + <9, 90>F2 V(p € Vi
<uh,w — )\h>F2 > <\IJF2,LLJ — >\h>p2 Yw € Ah.

(7.14)

7.2.1 Stabilisation

System (7.14) does not fulfill the discrete inf-sup-condition by choosing the finite
element spaces above. This gets obvious in Section 7.3, where the Lagrangian mul-
tiplier is plotted and shows oscillations which makes a stabilitsation necessary. For
u e H*(Q) N HY(Q), system (7.11) can be rewritten as follows:

Find a pair (u, A) € V' x A such that

—(Au,0) = (A, o), = (f,0) +(9,0)r, — (Onu, )1, Vo€V

(7.15)
(u,w — A)r, > (YU, w — A, Vw € A.

Since we know —Awu = f from (7.1) there holds
A=0,u—gonls.

Let now E € E, be the outer boundary elements of a cell with £ C I'; and 6 > 0.

Then the stabilisation looks as follows:
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7.2 Saddle point problem

Find a pair (up, Ap) € Vi, x Ay, fulfilling

a(un, ©)=(Ans @)ry + (Un,w — M)y, 6 > he(Ay — Opup, w — pp) &
E€RE,

(7.16)

2 (fa 90) + <g790>F2 + <\I’F2,W - )\h>F2 -0 Z hE(QaW - a7190>E
E€E,

for all ¢ € Vj, and w € Ay, where hg is the diameter of £. We set
Bh(%M;Z’ V) = (fa Z) + <gu Z>F2 - <\IIF2>V>F2 +9 Z hE<g7V - anZ>E‘
EcEy,
with
By(v, pi; z,v) i=a(v,z) — (i, 2)r, — (0, V)1, — 6 Y hplp— 0v,v — 0,2)E
E€E,

and introduce the following mesh dependent norms (for a detailed adoption see

[Pi80]):

i, = > hi'llvllee YveH(Q), (7.17)
EcE,
lelZs = > hellpllse Vi€ La(D). (7.18)
EcEy,
Obviously there holds
(v,2) < Nllapllzllry V(v,2) € HY(Q) x La(T) (7.19)

and we also define

[vllp = ol + lvlls, Vo€ H ().
Following [St94] there holds:
Lemma 7.1. There exists a constant C; such that

ov
Crllz N1 < Vol Vv € Vh

where

Vi, = {U S Hl(Q)l U’T € Pk(T) VT € Th}

with Py(T) denoting the polynomials of degree k > 1 on T.
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7 Simplified Signorini problem

We show stability by proving

Theorem 7.2. Suppose that 0 < 6 < C; with C; taken from Lemma 7.1. Then

there holds

Bh(v, p; z,v)
sup > C([[vlln + llull 21 p)- (7.20)
(2,0)€VEL XU}, ” Hl h+ HV“ 1h 2h

The proof is analogue to the one in [St94] where Dirichlet boundary conditions were

enforced with the help of a Lagrangian multiplier. U}, is the discretisation of Ly(T").

Proof. Let (v, ) € Vi, x Uy, be arbitrary. With (7.17), (7.18) and Lemma 7.1 there
holds

ov ov
Bh(v7uvv7 ) - HVUH —0 hE /~L a0 T H— 7>
0 E%l;h on on
9 9 ov
= [Volg+6 > helllullss — 5 15.2)
EEEh
=IVoll§+3 > hellpli s — 5“871”" h
EcEy
5
1= =) IIVollg+46 > hEHHHOE
EcEy

> C1(||Vv!|3 + Il )

with the assumption 0 < § < C}. Let II, : Ly(T's) — U, be the Lo-projection. Since
the functions of Uy, are discontinuous, we can define ji € U, by jilz = —hz' |

for all £ € E;,. Then we have
il s = Mol (7.21)

Using (7.19) and Lemma 7.1 we receive

8
By (v, 1130, ) = r, =0 Y hp(p e
E€E, on’
= [l =0 > hE — —M, —f)E
EE]E

> 00l = 01 9 g+ )

> [l ), — Co(IVullo + lull - ) ITTholls
2 2 2
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7.2 Saddle point problem

Now using Young’s inequality we achieve

N 1 1
By (v, 10, ) = |[To][3 ), = 5C5(1V0llo + llull-y 0)° = SITaoll3

> Il — CITel + s )
Combining these results by setting
(z,v) = (v,—p+ap), a>0
we get

Bp(v, s z,v) = Bp(v, pi; v, —p1) + aBy(v, 110, fi)
1
> (Cy — aCy)|| V|3 + §Oé||Hth2%,h + (C1 — aCs)IIMHQ_%,h

> C(IVoll3 + sl , + i)
when choosing o < C1/C3. One can prove by scaling that
IVolls + [TTholl3 , > Cllvly s,
and with (7.21) we have
Izl + Ml s p < CUlln + el -1 0)

and the estimation (7.20) holds.

An alternative way of stabilisation is possible by using the jumps of the elementwise
constant functions \p:

Find (uh, >\h) eV, x Ay :

a(“%@) _<)‘h790>F2 (f> 90) + (g, 90>F2

(7.22)
—(un,w = Ap)r, =0 X pger, he((A), [Whe < —(Vr,,w — A)r,
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7 Simplified Signorini problem

for all (¢, w) € Vi, x A, and anew 6 > 0. That is still a consistent way of stabilisation

because these jumps vanish in the continuous case. We define

As((un, An), (0, w)) = alun, ©) — (A, @)1,
+ (up, w)r, + Y 0[], W) e

EcEy

F(;(QO,CU> = (fa 90) + <97§0>F2 + <\I/1"27w>l"2

with

Ag((uh, )\h), (gp,w)) = Fg((p,w) V(QO,W) - Vh X Uh (723)

and the natural (semi-)norm in order to deal with (7.23) is defined by
I, A INE = 1 Vunl[5 + 1102 [An] [l

with § being a piecewise constant parameter function fulfilling 05 ~ hg. It is clear

that As is positive definite:

As({e,wh o, w}) 2 cll{e,w}llf, 0<e<1,

and the solvability of the mixed problem and uniqueness of u;, is ensured.

7.2.2 A posteriori error analysis

We construct a consistent error estimator in case of the least squares stabilisation
in (7.16):
Find a pair (up, Ap) € Vi, x Ay, fulfilling

a(up, @) + 6 X g he(Ohtun, On)e — (A, @) — 0 X g he(An, Onp)E
= (fio)+ (9.0, + 0 X5 he(g,0np)E
(Un,w — Ap)ry, — 0 X g hp(Ohup,w)g + X phe(Anw)E
>

<\IJF27W - /\h>F2 - 6ZE hE(QaW>E-
(7.24)
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7.2 Saddle point problem

We start estimating (Ve, Ve;). By (7.4) we receive

(Ve,Ve;) = (f,e) — (Vup, Ve;) + (Vu,Vie; —e)) — (f,e; —e) + (Vu, Ve) — (f,e)
< (f,e) = (Vup,Ve) + (Vu,Vie; —e)) — (f,e; —e) + (g, e)r,.

Using the first equation of (7.24) there holds:

(Ve, Vel) < _<g7 €i>F2 + (vu7 v<61 - 6)) - (f? €; — 6) + <g> 6>F2
— (A ei)ry +0 ) hp(Onun — Ay — g,0ne:)E
E

= <g,€ - ei>F2 + (VU,V(&L - 6)) - (fa € — 6)
+ <)\h7 € — ei>F2 - <)‘h7 €>F2 + 52 hE'<anuh - )\h -9, 8n€1>E
E

The last terms can be further estimated:

_<)‘h7 6>F2 + d Z hE<anuh - /\h -9, an€z>E
E

Young
S <)\h7uh_u_quz +\IJF2>F2

1 €
+?5ZhE||anuh == gl + 50D hellOnesl|E
e G 2 %

(729 (An, Ury, — u)r, +(Ans un — ¥y,
<0
+i52hE||8 up — Ay — g% + E<5||6 el 2
2 4 " B gl Ttli=gh
Lemma 7.1

<>\h, Up — ‘I’F2>r2

1 €
+2*5Z hel|Onun, — A — gl|5 + =6C || Ve||?
e G 2
< (Ansun — VUry)r,

1
+2—55ZhE||8nuh — M= gl|% + Crr|| Vel
FE
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7 Simplified Signorini problem

Now, this result can be used for estimating the error in the energy norm:

(Ve,Ve) = (Ve, V(e — &) + (Ve, Vey)
< (Vu, V(e — &) — (Vup, V(e — &)
+(g,e —ei)r, + (Vu,Viei —e)) — (f.e; — )
+(nse — ety + s — Ury)r,

1
+2?52 hi||Opun — An — g||% + Crr||Vel?
FE

= —(Vuy, V(e —€)) + (g9,e —eq)r, — (f,e; —¢€)
+<)‘h7 € — 6i>F2 + <)‘h7 Up — \I}F2>F2

1
+27652hEH8"uh — )\h — gH% + C]]HV(EHZ.
E

We sum over the cells and integrate by parts:

(Ve,Ve) < Z [(Auh + fie—ei)r — ;/W\r n - [Vuyl(e — ei)ﬁT]

- <8nuh7 € — 62’>F2 + <g> € — ei>F2 + <)‘h7 € — ei>F2

1
+ (A up — Uy, + 2*552 he||Owun, — A — gllz + Cri||Ve||?
E

1
<> {HAuh + flizlle = eillr + 5 lln - [Vun]llorlle — eillor
TeTy

+lg = Onun + Anllr,lle — eillr,
1
+ (Anup — ¥r,)r, + 27352 hi|Onun — A — gllz + Cri||Vel?
FE
< Y orwr + [lg — Onun + Anllr,le — eillr,
TEeTy,
1
+ (Ans up — Vry)r, + 2?52 he||Owun, — A — gllz + Cril|Ve||?
E

with

1 1
or = hrl|f + Aunllr + Sh3lIn - V] [lor,

1
wr = max{hr'lle — el|r, hp?|le — eillor}.

Estimation (3.5) and Young’s inequality lead to
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7.2 Saddle point problem

1
(Ve,Ve) < > {@THWHJJ(T) +Chillg = dwun + Mnllel Vellair,)

TeTy,
1
+ (An,un — Wy, + 2*552 hel|Onun — A — 9|7 + Crr|| Vel?
1
> |5 dh+ SVelia

TET), 1

IN

2 , €2 2
+ CEhT lg = Onun + Anll + S IVellzy,)

1
+ (Anup — ¥r,)r, + 2?52 hil|Opun — A — gll5 + Crr|| Vel
E

So all in all we get the error estimation of the stabilised simplified Signorini problem

(Ve,Ve) <C Y- [oF + ha(1+6)llg — Duun + Mil[]

TeTy
+ (An, up, — Yy,

As a result we preserve the following theorem:

Theorem 7.3. For the simplified Signorini problem with a least squares stabilisation

there holds the error bound

6‘1 <C ( Z 77T )‘hvuh qu2>F2> (725)
TeTy
with local residuals
1
hT||Auh+fHT+%h%||n- [Vug]|lor if 0T € ¢

nr = .

where eg C Ey, denotes the interior boundaries of a cell and E C T'y is the outer face

of a boundary cell with OT C T's.
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7 Simplified Signorini problem

7.3 Numerical results

We give some numerical results considering stability and adaptivity by utilising
different test examples. Conserning stability there are similar results given in [Sc05]

who uses another stabilisation technique, so we discuss both strategies briefly.

7.3.1 Stability

We choose a domain Q = [—1,1]? and a constant body force f = —1. In Figure
7.1 the membrane is fixed at one side and the others are restricted to the Neumann
condition g = —0.25y%. The obstacle is set to Ur, = —y? if x = 1 and ¥p, = —10

elsewhere.

In Figure 7.2 the membrane is fixed at two sides and the other sides are restricted to
the same Neumann condition as above. As we can see in Firgure 7.1(a) and 7.2(c)
the unstabilised systems show oscillations in the Lagrangian parameter. We receive
stabilisation by using system (7.16). Figure 7.1(b) and Figure 7.2(d) offer smooth

values.

(a) Instable system (b) Stable system

— . lambda o lambda
1.6687 165562

12515
0,83437
041718

0,0000

Figure 7.1: (a): On one side of the area where A\, # 0 there are oscillations of the
Lagrangian multiplier. (b): Using the least squares stabilisation (7.16)

we avoid oscillations.
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7.3 Numerical results

(c) Instable system (d) Stable system

lambda lambda
_ — 1.0768

- — 1,0424

0,80760 o 0,78181

0,53840 0,52121

0,26920 0,26060

0,0000

0,0000

Figure 7.2: (c): Instability of the Lagrangian multiplier. (d): There are no oscilla-

tions of the Lagrangian multiplier by using the least square stabilisation
(7.16).

Using stabilisation (7.22) for the example of Figure 7.2 leads to the same results.
The values of A, agree with the ones of Figure 7.2 (d).

lambda
— 1,0425

0.78188
0,52126

0.,26063

0.,0000

Figure 7.3: Stabilisation with the help of (7.22). Stabilisation by jump terms has

the same effect as the one using the consistent terms in (7.16).

We compare these results to A. Schroder’s work [Sc05], who used a different kind
of stabilisation. There, the Lagrangian multiplier lives on a coarser mesh than the

primal variable. That eliminates the oscillations, too, and the stabilised figures
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7 Simplified Signorini problem

look the same. However, both variants have their advantages. Comparing the
complexity of programming, the method that is presented here is the one demanding
less effort. We only have to add another term in the assembling matrix. Using the
method described in [Sc05], calculations have to be carried out on different meshes,
especially a patch for the Lagrangian parameter’s mesh must be generated which is
difficult when using a mesh generator. So we have to handle different dimensions of
finite elements as well as different meshes. The resolution of the contact situation is
connected to the patch mesh and not as accurate as it could be in view of the mesh for
the displacement. However, the creation of the patch is easy if hierarchic meshes are
used which is mostly the case in adaptive finite elements. The stabilisation approach
also can be used for higher order finite elements. For further information see [Sc05].
Using the least squares method the solving algorithm has to deal with an additional
term and another matrix-vector-multiplication that costs time. Furthermore, we get
a constant parameter § which has to be determined. For convenience the method

runs very robust even on irregular meshes.

7.3.2 Adaptivity

If we perform some global refinement steps we observe the estimator goes with the
optimal convergence rate of O(h) which is proven by Table 7.1. As a further test

case we choose the obstacle

-2 ify= -1
\IJFQ - —y2’ lf.r = 1

—10, elsewhere

with the constant body force f = —1 and no further boundary conditions.

160



7.3 Numerical results

# cells Cres ejump N ’6 | 1

64 | 5.000e-01 | - | 3.267e-01 | - 1.200e-01 | - | 8.038e-01 | -

256 | 2.500e-01 | 1.00 | 1.776e-01 | 0.88 | 5.225e-02 | 1.20 | 4.151e-01 | 0.96

1024 | 1.250e-01 | 1.00 | 9.069e-02 | 0.97 | 2.326e-02 | 1.17 | 2.097e-01 | 0.99

4096 | 6.250e-02 | 1.00 | 4.620e-02 | 0.97 | 1.101e-02 | 1.08 | 1.055e-01 | 0.99

16384 | 3.125e-02 | 1.00 | 2.337e-02 | 0.99 | 5.360e-03 | 1.04 | 5.298e-02 | 0.99

65536 | 1.562e-02 | 1.00 | 1.183e-02 | 0.99 | 2.647e-03 | 1.02 | 2.667e-02 | 0.99

Table 7.1: Convergence rate of the estimator and its components. We set €2, =

X h2T||Auh +f||%7 N = <>‘h>uh - \I[F2>F2’ ejzump =2r ihT”n ) [vuh]HgT if
OT € g9 and €, = >r hrllg — Onup + )\hH%m if 9T € T'y. |e|; describes

the whole estimator (7.25). In the right columns there is always a value

« determining the convergence order by O(h®) for every refinement step.

When we refine the domain Q = [—1,1]? adaptively we observe very fine mesh
structures at the contact boundaries when using estimator (7.8) which is very un-
economical by the same argument as described in Section 3.4.2. The over-refinement
can be seen in Figure 7.4, left column, or in Figure 7.5, first row, which is a zoom to
the red rectangle in Figure 7.4 for every refinement step. In contrast, with the help
of the counter force performed by the Lagrangian multiplier in estimator (7.25) we
avoid such uneconomical mesh structures which is illustrated in the right column of
Figure 7.4 or the second row of Figure 7.5. Furthermore, calculations happen faster
here because the boundaries where \;, exists are not so well-refined. That means

less work for Uzawa’s algorithm which runs slowly as we exhibited in Section 3.2.3.
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7 Simplified Signorini problem
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Figure 7.4: Left column: A sequence of grids created by estimator (7.8). The parts
of the boundary where the obstacle exists are always very well refined.
Right column: A sequence of grids created by estimator (7.25). The

Lagrangian multiplier prevents an over-refinement at the boundaries.
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7.3 Numerical results

Figure 7.5: First row: Zoom to the contact boundary in the red box of Figure 7.4
for estimator (7.8) (left column in Figure 7.4) which refines the contact
zone very well. Second row: Zoom to the contact zone of estimator (7.25)
(right column in Figure 7.4). There is less refinement at the boundaries

due to the consistency of the estimator.

The consistency of the improved estimator is outlined in Figure 7.6. We compare
the terms (Xp ||g — Ontn + M%) 2 and (g ||lg — Onunl|%)? in areas of contact. The
term without )\, stays almost constant with every refinement step whereas the other
one falls continuously. Again, A, is to be understood as a counter force that fills the

gap |g — Onup| where the restriction d,u;, = g cannot be fulfilled due to the obstacle.
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+Ayincontact
- A in contagct
oh'?)
1 L
S
5]
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[0
®
£
k7]
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+\\\\
—
10 10° 10* 10°

Number of Elements

Figure 7.6: Comparison of the terms (X5 |[g—0pun+M||%)2 and (X |lg— Onun|/%)?
in areas of contact. The consistency of the improved estimator can be

seen clearly.

Comparing the whole estimators (7.8) and (7.25), we get a better convergence rate

for the improved one (see Figure 7.7).

+ A, adaptive ———
A - Ay, adaptive

§ \\

o ~Z

e

Q

©

E

D

o

0.1 : ‘
100 1000

Number of Elements

Figure 7.7: Comparison of the estimators (7.8) and (7.25). The one including the
Lagrangian parameter offers a better convergence rate within adaptive

refinement.
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7.3 Numerical results

In order to show the effectivity of adaptive refinement using estimator (7.25) we

choose a discontinuous obstacle at the free boundary y = —1 of €2 which is set by

—03 if0<x<0.3

—02 #f02<2x<0Vv03<xr<0b

—0.1 elsewhere on y=-1

and a body force f =5y if y < 0 and f = 0 elsewhere.

#cells le1.global #cells |e|1 adaptive
64 | 1.571e+00 - 46 | 1.458e+00 -
256 | 8.394e-01 | 0.90 157 | 7.798e-01 | 1.02
1024 | 4.750e-01 | 0.82 565 | 4.228e-01 | 0.96
4096 | 2.937e-01 | 0.69 1888 | 2.411e-01 | 0.93
16384 | 1.720e-01 | 0.77 5923 | 1.274e-01 | 1.11
65536 | 1.065e-01 | 0.69 || 26153 | 6.301e-02 | 0.95

Table 7.2: Table of convergence of the error estimator using a discontinuous obstacle

within global and adaptive refinement. Using global mesh refinement the

error converges with a smaller convergence rate.

Table 7.2 and Figure 7.9 confirm the better convergence rate of adaptive calculations.
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7 Simplified Signorini problem

solution
0,000

-0.1205

-0.2409

-0.3614

-0.4818

Figure 7.8: Solution of the test case for adaptive and global refinement.

global JE—
N adaptive
N O(h) ——

estimated error

0.1

10° 102 10% 104
Number of Elements

Figure 7.9: Adaptive mesh refinement by the help of estimator (7.25) leads to an
almost optimal convergence order in contrast to global refinement steps

when using a discontinuous obstacle.
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8 Application: Deep drilling

The techniques introduced in this work have been used in context of a project
supported by the Deutsche Forderungsgesellschaft within the program of empha-
sis “Modellierung, Simulation und Kompensation von thermischen Bearbeitungs-
einfliissen fir komplexe Zerspanungsprozesse”.
In cooperation with the Institute of Mathemat-
ics (LSX) and the Institute of Chipping (ISF) in
Dortmund we participated with the project “Nu-
merische Analyse und effiziente Implementierung kom-
plexer FE-Modelle maschineller Fertigungsprozesse
am Beispiel des Tiefbohrens” (BL 256/11-1, SU 245/6-
1). The aim of our work group is to develop a long-
time process simulation of deep drilling with low lu-
brication using high performance computing methods.
The main focus is put on the heat flux in the work-
piece. The high cutting velocity and feed rate which
can be achieved, result in a high heat generation in

the working zone with enormous thermical load which

can cause unwanted deformations. The achievement

of this project should be a better understanding of the processes in the workpiece
caused by heat transfer and to develop strategies to compensate unwanted effects. In
a first phase of the project the ISF did some experimental efforts to offer input values

which we used for modeling a short-time process simulation of the static tempera-
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8 Application: Deep drilling

ture disposition in the workpiece. The figure on the right is taken from Dr. Heiko
Kleemann, TU Dortmund, showing a first simulation of the drilling process. With
the resulting data from this simulation the ISF will generate a long-time process
simulation later on. For an efficient simulation there are many numerical aspects
to be analysed and improved such as contact algorithms, nonlinear material laws at
finite strains, thermoelastic and thermoplastic aspects, friction, heat generation and
heat flux as well as mesh-generation. Furthermore, we have a complex underlying
geometry which makes it necessary, in view of saving calculating time by keeping ac-
curacy, to use adaptive meshes based on appropriate error indicators. Since the used
contact algorithms are based on mixed formulations, the here developed techniques
of consistent error indicators form a solid basis. Many principle aspects like contact,
nonlinear material laws and torsion are already examined. In further phases of the
project they will have to be coupled and further improved. In spite of this, instabil-
isations coming along with the discretisation of the mixed problems are eliminated
by the least squares techniques presented here. So oscillations of the dual variable
which affect the physical relevance are resolved and a calculation on robust systems
is possible.

In the first phase, which is almost finished, a couple of benchmarks were made to
improve the algorithms of the simulation code. As an example, in order to find effec-
tive methods to solve the contact algorithms, there was made one of several solvers
on a linear elastic Signorini problem in two dimensions with E-module E = 6.2 - 10°
and v = 0.22. The obstacle that was pressed on the boundary had the geometry
of the drill bit used in the experiments. The resulting cg-iterations of every solver
are shown in Figure 8.2. The tests were made in cooperation with J. Frohne and A.

Rademacher.
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stress
1.4e+05

solution_1
0,0000

-0,0050158 1.0e+05
-0,010032 6.8e+04
-0,015047 3.4e+04

-0,020063 8.2e+01

Figure 8.1: Signorini problem for a model problem based on plain strain and an
obstacle which represents the drill bit. Left: displacement in y-direction.

Right: Von Mises stress.

1e+06 F ‘ ‘ ‘ " ‘mortar ——+— 1
SQOPT ——
CG-PSSOR. —+—
CG-PSSOR multigrid —=—
100000 | pc-uzawa ]
2 ~
S 10000 |
= -4
e
53 1000
100
10 ‘ ‘ ‘ ‘ ‘
10" 102 108 10* 10° 108 107

Number of Elements

Figure 8.2: Benchmark of several solvers for the Signorini problem shown in Fig-
ure 8.1. “mortar” is a primal-dual active set method, developed by
Wohlmuth [HW09], SQOPT solves the Schur complement, CG-PSSOR
denotes the projected cg-solver including an SSOR-step (see Section 3.3),
whereas CG-PSSOR multigrid is the same solver preconditioned by a
multigrid method and the last one is the preconditioned Uzawa method

(see Section 3.3).
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8 Application: Deep drilling

Figure 8.3: Primary calculations of the drilling process by Dr. Heiko Kleemann, TU

Dortmund.
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9 Conclusion and outlook

The subject matter deals with mixed formulations of restricted problems which are
also called saddle point problems. They evolve from variational inequalities by using
the Lagrangian formalism. Our intention was to develop consistent error estimators,
giving economical mesh structures by adaptive refinements. The main component
here is the Lagrangian parameter which eliminates inconsistent parts of the estima-
tor and helps to generate meshes that outline critical zones. By discretising these
formulations with the help of the Finite Element Method, instabilities may appear,
which often have negative effects concerning the dual variable. Our studies are
based on principle problems that often show such effects. So a second aim of the
work was to stabilise these systems with the help of the least squares method to
have optimal conditions for studying efficient error controls. We analysed existence
and uniqueness of the variational formulation as well as the mixed system of se-
veral basic problems, stabilised the system if necessary and developed a consistent a
posteriori error estimator. Numerical tests in each chapter, including different pos-
sibilities restrictions may occur, show that it was succeeded to stabilise systems in a
consistent way and also generate economical meshes. More precisely, we eliminated
unwanted oscillations in the Lagrangian multiplier by using additional stabilisation
terms. The positive effect is that the dual variable retrieves its physical relevance
and solvers work more reliable. The new error estimators, which take account of
the Lagrangian variable as well as the stabilisation terms, are able to outline critical
zones which typically are transition areas. In addition to this we examined different

solving algorithms to get some (faster) alternatives to standard Uzawa’s method
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and compared them in a benchmark. Furthermore, we gave a small insight in the
possible development of DWR-estimators with respect to the Lagrangian multiplier,
using the example of a torsion problem. At last, we presented a current project
sponsored by the DFG dealing with development and spreading of heat flux in a
workpiece in case of deep drilling. For a fast and efficient calculation the estimators
at hand give useful criteria for mesh refinement in this application.

Since we have studied basic problems separately the next assignment is to combine
the estimators. Taking for example the application of deep drilling we have several
components, plastification, contact and torsion, which have to be coupled. Another
open task is to find an a posteriori estimator concerning ||A — A,|| to have control
of the dual variable, too. Furthermore, an idea for further studies is to make more
efforts relating to the DWR-Method because it is very important to engineers who
are often interested in stresses or other values in a single point.

Concerning stabilisation, it would be interesting to compare the method of including
additional bubble-functions to the one of least squares stabilisation. The resulting
finite element is called MINI-Element in literature. Similar to the least squares
terms they produce an additional term in the C-block. The advantage is that they
also deliver the appropriate order of the stabilisation parameter . So one relieves

the fitting processes that we had to perform to find a suitable value for 9.
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