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Zusammenfassung

Die numerische Simulation von Kontaktproblemen ermdglicht Vorhersagen komplexer
Prozesse in vielen Bereichen der Mechanik und Biomechanik. Die Genauigkeit der nu-
merisch bestimmten Approximation hingt dabei wesentlich von der Wahl des Losungs-
verfahrens und der Diskretisierung ab. In dieser Arbeit beschéiftigen wir uns mit dem
Aspekt der Diskretisierung in Ort und Zeit fiir statische und dynamische Kontaktpro-
bleme, bei denen sich die deformierbaren Materialien linear elastisch verhalten. Insbe-
sondere leiten wir einen neuen effizienten residuenbasierten a posteriori Fehlerschétzer
fiir die Diskretisierung im Ort her und stellen eine neue Zeitdiskretisierungsmethode vor.

Fiir die effiziente Simulation statischer Kontaktprobleme ist eine adaptive Finite-Ele-
mente-Diskretisierung von grolem Vorteil. Bei adaptiven Diskretisierungsmethoden wer-
den mit Hilfe sogenannter a posteriori Fehlerschétzer Bereiche lokalisiert, in denen eine
Verfeinerung des Gitters fiir die Fehlerreduktion erforderlich ist. Um sicherzustellen, dass
ein a posteriori Fehlerschéatzer den Fehler nicht tiberschétzt, sollte er nicht nur zuverlassig
sein, das heiflit den Fehler nach oben beschridnken, sondern auch eine untere Schranke
des Fehlers liefern. Ein solcher Fehlerschitzer heifit effizient.

Betrachtet man lineare Probleme, bei denen keine Nebenbedingungen gefordert werden,
so gibt es eine direkte Beziehung zwischen dem Fehler und dem linearen Residuum, aus
der sich effiziente Fehlerschéitzer ergeben. Fordert man hingegen Nebenbedingungen, wie
zum Beispiel beim Kontaktproblem oder dem verwandten Hindernisproblem, ist die Be-
ziehung zwischen dem Fehler und dem linearen Residuum gestort. Dadurch iiberschétzt
das lineare Residuum den Fehler und der Fehlerschétzer ist nicht mehr effizient. Da Feh-
lerschétzer basierend auf dem linearen Residuum numerisch leicht zu berechnen sind, ist
es wiinschenswert, das Konzept der residuenbasierten Fehlerschéitzer auf Kontakt- und
Hindernisprobleme zu erweitern. Bei der Analyse der wenigen in der Literatur bekannten
residuenbasierten Fehlerschitzer fiir Kontakt- und Hindernisprobleme stellt sich heraus,
dass eine Anpassung des Fehlermafies unter Beriicksichtigung der zweiten Unbekannten
des Systems, der Zwangskraft, von zentraler Bedeutung fiir den Beweis der Effizienz des
Fehlerschétzers ist.

In dieser Arbeit gelingt es uns, einen neuen effizienten residuenbasierten Fehlerschitzer
fir Kontaktprobleme herzuleiten. Wir beweisen Zuverldssigkeit und Effizienz in 2D
und 3D fiir lineare finite Elemente auf Gittern aus Tetraedern beziehungsweise Drei-
ecken. Dabei nehmen wir an, dass die Abstandsfunktion zum Hindernis eine lineare
Finite-Elemente-Funktion ist. Im allgemeineren Fall, in dem wir eine beliebige Abstands-
funktion im H3? auf dem Kontaktrand haben, kénnen wir die Zuverlédssigkeit des Feh-
lerschéitzers beweisen.

Wir untersuchen das Verhalten unseres residuenbasierten Fehlerschéitzers anhand zahl-
reicher numerischer Experimente. Fiir spezielle Beispiele in 2D und 3D vergleichen wir
die auf adaptiven Gittern numerisch berechnete Kontaktspannung mit der analytischen
Losung. Auf Gittern, die mit Hilfe unseres residuenbasierten Fehlerschétzer generiert
sind, ist der relative Fehler in den Kontaktspannungen schon bei einer sehr geringen



Anzahl Knoten am tatsidchlichen Kontaktrand stark reduziert. Dies gilt nicht nur fiir
Gitter aus Simplizes, fiir die wir Effizienz und Zuverlédssigkeit beweisen, sondern auch
fiir Gitter aus Vierecken und Hexaedern. Fiir beliebige Startgitter aus Hexaedern, Te-
traedern, Prismen und Pyramiden und unterschiedliche Abstandsfunktionen vergleichen
wir die experimentelle Konvergenzrate des Fehlerschétzers fiir adaptive und uniforme
Verfeinerung. Des Weiteren untersuchen wir die Struktur der adaptiv generierten Gitter
und den Einfluss der verschiedenen lokalen Fehlerschitzerbeitréige.

Im zweiten Teil der Arbeit befassen wir uns mit der Wahl einer geeigneten Zeitdis-
kretisierung fiir dynamische Kontaktprobleme. Da weder eine analytische Losung des
dynamischen Kontaktproblems in 3D noch eine Existenztheorie bekannt sind, spielen
strukturerhaltende Eigenschaften wie zum Beispiel die Energieerhaltung eine wesentliche
Rolle bei der qualitativen Bewertung von Zeitdiskretisierungen. Eine Zeitdiskretisierung,
die fiir ihre strukturerhaltenden Eigenschaften bei Problemen ohne Nebenbedingungen
bekannt ist, ist das Newmarkverfahren. Wendet man das Newmarkverfahren auf dynami-
sche Kontaktprobleme an, so kommt es allerdings zu Oszillationen in den Geschwindig-
keiten und Kontaktspannungen und zu einem Energieanstieg. Daher ist eine Anpassung
des Newmarkverfahrens an dynamische Kontaktprobleme erforderlich. Wir analysieren
die Griinde, die zu den genannten unphysikalischen Effekten des Newmarkverfahrens
fithren. Des Weiteren vergleichen wir verschiedene Modifikationen des Newmarkverfah-
rens, die fiir dynamische Kontaktprobleme in der Literatur zu finden sind.

Wir stellen eine neue Methode fiir die Zeitdiskretisierung dynamischer Kontaktprobleme
vor, die basierend auf dem Newmarkverfahren die Oszillationen in den Kontaktspannun-
gen und den Energieanstieg verhindert und zusétzlich ein physikalisch motiviertes Up-
date der Geschwindigkeiten ermdglicht. Der zentrale Bestandteil unserer neuen Methode
ist die implizite Berechnung der Aufprallzeiten fiir jeden Kontaktknoten des ortsdiskre-
ten Systems mit Hilfe eines Pridiktorschritts. Mittels dieser Aufprallzeiten kann eine
Anderung der Geschwindigkeiten im Moment des Aufpralls beriicksichtigt werden, was
mit einer klassischen Zeitdiskretisierung nicht méglich ist. Diese neue Zeitdiskretisierung,
wie auch einige andere in der Literatur vorgestellte Methoden, sind Elemente einer Fa-
milie von modifizierten Newmarkverfahren abhingig von matrixwertigen Parametern.
In unserer Analyse zeigen wir, welchen Einfluss die Wahl der matrixwertigen Parame-
ter auf das Verhalten der Energie, der Kontaktspannungen und der Geschwindigkeiten
hat. Numerische Beispiele in 3D ergéinzen die theoretische Analyse der verschiedenen
Zeitdiskretisierungen.
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Introduction

The simulation of contact problems provides insight into many complex processes in,
e.g., mechanics or biomechanics. The accuracy of the numerical approximation depends
strongly on the choice of the solver and the discretization methods. In this work we deal
with the aspects of discretization in space and time of static and dynamic contact prob-
lems. In particular, we derive a new efficient residual-type a posteriori error estimator
for static contact problems and a new space-time connecting discretization scheme for
dynamic contact problems in linear elasticity.

Residual-type a posteriori error estimators for contact problems

We consider a discretization in space by means of linear finite elements. In order to
reduce the computational costs without sacrificing the accuracy of the numerical solution,
an adaptive mesh generation is highly advantageous. For the detection of the critical
regions, where the mesh has to be refined in order to improve the accuracy of the
numerical solution, a posteriori error estimators are used. A posteriori error estimators
should be reliable, i.e., give an upper bound of the error. If the error estimator also
constitutes a lower bound of the error, it is called efficient. The efficiency of the error
estimator ensures that the accuracy is achieved with an almost minimal amount of grid
points. Due to these reasons, a reliable and efficient a posteriori error estimator for
contact is desirable.

For linear elliptic problems, where no constraints are imposed, the standard residual
a posteriori error estimator is reliable and efficient. This estimator is very common
due to its easy computation. The proofs of upper and lower bound are based on the
equivalence | R _; < [Ju—unlli < [|RE|_; between the linear residual and the error.
This relation is disturbed if constraints are imposed as, e.g., in contact problems or the
closely related obstacle problems. Therefore, the linear residual overestimates the error
and the standard residual error estimator is not efficient. However, in the literature
one can find residual-type a posteriori error estimators which extend the concept of the
standard residual estimator to contact and obstacle problems.

We present the basic ideas of selected residual-type estimators for contact and obstacle
problems found in the literature and we explain the difficulties arising in their construc-
tion. For the Signorini problem and the simplified Signorini problem residual-type a
posteriori error estimators can be found in [HNO5,HNO7]. These error estimators have
been derived for the two-dimensional case and the gap function g = 0. Unfortunately,
upper and lower bounds are non-optimal for the a posteriori error estimator proposed
in [HNO5]. For the closely related obstacle problem residual-type a posteriori error es-
timators are given in |[CNO0O, Vee01,FV03,NSV03,NSV05,MNvPZ07|. The first efficient



Introduction

residual-type a posteriori error estimator for obstacle problems with optimal upper and
lower bounds is presented in [VeeOl|. Therein the error measure is given in terms of the
solution and the second unknown of the system, the constraining force which turns the
inequality into an equality. A so-called Galerkin functional, which considers the error
in the constraining force as well as in the solution, takes the role of the linear residual.
This ansatz has been applied and further developed in, e.g., [FV03,NSV03,NSV05|, MN-
vPZ07|. In these works the definition of a suitable constraining force depending on the
discrete solution is of great importance.

In this thesis we derive a new efficient residual-type a posteriori error estimator for con-
tact problems. Inspired by [FV03,|MNvPZ07] we define a suitable constraining force
depending on the discrete solution. It is a functional which mimics the properties of the
continuous constraining force and is computable from the discrete solution and given
data. The resulting Galerkin functional enables localization of error estimator contri-
butions to the free-boundary zone and to the area where no actual contact occurs. We
note that in contrast to obstacle problems the constraints are imposed in a subset of
the boundary instead of in the whole domain. Therefore, the a posteriori analysis for
contact problems is quite different to the case of obstacle problems. The contributions of
our new residual-type a posteriori error estimator are motivated by inherent properties
of the solution as, e.g., the fulfillment of the complementarity condition. If no actual
contact occurs the error estimator coincides with the standard residual error estimator
for linear elliptic problems. We prove reliability and efficiency in 2D and 3D if the
gap function is discrete. Even for arbitrary, non-discrete gap functions the reliability is
proven.

The proofs of upper and lower bound are given for meshes of simplices. However, numer-
ical examples show the performance of the new residual-type a posteriori error estimator
for meshes of hexahedra, prisms, and pyramids, too. We compare the rate of convergence
of the error estimator on adaptively and uniformly refined grids. For special examples in
2D and 3D we compare the contact stresses computed on adaptively refined grids with
the exact contact stresses. Furthermore, the structure of the adaptively refined grids
and the relevance of the different error estimator contributions are analyzed by means
of different numerical experiments in 3D.

Time discretization schemes for dynamic contact problems

In the numerical simulation of dynamic contact problems the construction of a suitable
time discretization scheme is of crucial importance. Due to the non-smooth character of
dynamic contact problems, classical time discretization schemes cannot be applied in a
straightforward way. Therefore, several methods have been proposed which adapt classi-
cal time discretization schemes to the case of contact problems; see, e.g., [AB08,Mor99,
HTS™ 76, TP93,[LCI7, KROM99, LL02, DKEOS,[KLR0S8, HHW08,[KW09a, DEP11]. Since
up to now no existence results for the hyperbolic system of dynamic contact problems
are available, the quality of time discretization schemes of contact problems is measured
by means of physical properties of the time-discretized system. Besides the displace-
ments, velocities and contact stresses, the energy and momentum conservation and the
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persistency condition are relevant.

In this work we focus on modifications of the classical Newmark scheme. The classi-
cal Newmark scheme is very common in continuum mechanics as it is of second or-
der consistency and conserves the energy in the unconstrained case. Unfortunately,
in the case of contact constraints, the classical Newmark scheme evokes oscillations in
the contact stresses, the displacements and the velocities at the contact boundary and
even energy blow-ups may occur which spoil the accuracy of the solution. We give a
deeper insight into the causes of these instabilities. Further, we present and compare
selected modifications of the Newmark scheme which can be found in the literature,
see |LC97, KROM99, DKEOS,|KLRO8, HHWO08|. Each of this methods has its advantage
concerning the stability of contact stresses or the course of energy. We illustrate these
properties by means of numerical examples in 3D.

We present a new space-time connecting discretization scheme for dynamic contact prob-
lems which is based on the Newmark scheme. It avoids oscillations in the contact stresses,
is provably dissipative and allows for a physically motivated update of the velocities. We
find out that by means of the predictor step used in [DKEO8| the impact times of the
single nodes can be computed implicitly. By means of these impact times, the change in
the velocity in the moment of impact can be taken into account. This is not possible in
classical time discretization schemes. Further, we show that this new time discretization
scheme as well as other methods proposed in, e.g., [KROM99,[DKEO08| are elements of
a family of modified Newmark schemes depending on matrix-valued parameters. We
discuss the influence of different choices of the matrix-valued parameters on the course
of energy and the behavior of the contact stresses and velocities. Numerical examples
in 3D complement the theoretical analysis.

Outline

This thesis is structured as follows. The first chapter deals with the strong and weak
formulation of the Signorini problem. The equations of linear elasticity are deduced from
the general equations of motion and constitutive laws of elastic materials. Further, we
derive the linearized non-penetration condition. With regard to the validation of numer-
ical experiments we shortly comment on analytic solutions of contact problems. Besides
the Signorini contact problem, the simplified Signorini problem and the closely related
obstacle problem are stated. At the end of Chapter [1] we give the weak formulation of
the Signorini problem and we recall existence and uniqueness results.

The aim of Chapter [2]is to explain the difficulties arising in the construction of residual-
type a posteriori error estimators for contact and obstacle problems. Therefore, we
review the standard residual error estimator for linear elliptic problems without con-
straints and present the basic ideas of residual-type a posteriori error estimators for
obstacle and contact problems which can be found in the literature.

Chapter [3]is devoted to our new residual-type a posteriori error estimator. The definition
of the quasi-discrete contact force density and the corresponding Galerkin functional is
introduced. We give the proofs of reliability and efficiency.
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In Chapter 4] several numerical examples illustrate the performance of our new residual-
type a posteriori error estimator for contact. For special examples the analytical contact
stresses and the radius of the contact zone are compared with the corresponding quanti-
ties computed on adaptively refined grids. The structure of the adaptively refined grids,
the relevance of the local error estimator contributions and the experimental order of
convergence are investigated for different examples in 3D.

In the final chapter we deal with the discretization in time of dynamic contact problems.
After introducing the strong and weak formulation of dynamic contact problems we ex-
plain the difficulties arising in the construction of suitable time discretization schemes.
Chapter [5| provides a detailed comparison of time discretization schemes for dynamic
contact problems which can be found in the literature. We present our new space-time
connecting discretization scheme for contact problems.

Publications

Finally, we note that several results of this thesis have already been published as article
or preprint. The presentation and comparison of the modified Newmark schemes in
Section has been accepted for publication in Applied Numerical Mathematics. It
can be found in the preprint [KW09a]. Our new space-time connecting discretization
scheme has been published in Computer Methods in Applied Mechanics and Engineering,
see [KW11]. Just recently, the results concerning our new residual-type a posteriori error
estimator have been presented in a shortened version in the preprint [KVW12].



1 Static contact problems in linear elasticity

This chapter deals with the strong and weak formulation of static contact problems. We
mainly focus on one-body contact problems in linear elasticity. Nevertheless, in Section
we derive the equations of motion and the constitutive laws of elastic materials in
general. The special case of linearized elasticity is considered in Section [I.1.2]

The condition of non-penetration of solid bodies which is enforced in the case of contact
problems is derived in Section In Section the Signorini contact problem
is stated along with some examples for which the contact stresses can be computed
analytically. We make use of these analytic solutions in Chapter {| for the evaluation of
the numerical results. In Section we present the closely related simplified Signorini
problem and the obstacle problem. As we will see in Section and similar
difficulties arise in the derivation of residual-type a posteriori error estimators for the
Signorini problem, the simplified Signorini problem and the obstacle problem.

Finally, in Section [I.3] we give the weak formulation of the Signorini problem with several
useful definitions. Notably, the constraining force density is introduced in Section [I.3.1]
which is of interest for the following results.

1.1 Equations of equilibrium and constitutive laws

In continuum mechanics the materials are modeled as continuous mass. Although the
microscopic structure is ignored this models are highly accurate as long as the length
scales are large enough comparative to interatomic distances. The two main areas of
continuum mechanics are solid and fluid mechanics. The area of solid mechanics is fur-
ther subdivided into elasticity and plasticity. The field of fluid mechanics splits up in
Newtonian and Non-Newtonian fluids. Materials which have solid and fluid character-
istics are described by so-called rheological models which combine elastic, plastic and
viscous phenomena. Elastic materials as, e.g., rubber return quickly to their initial state
when applied stresses are released whereas plastic materials as, e.g., plasticine stay de-
formed after release of applied stresses. Often materials behave elastically up to a special
amount of applied stresses and afterwards the reaction is plastic. In this work we are
interested in the elastic reaction of materials. Our focus lies on the special case of linear
elastic materials. However, we briefly introduce nonlinear elasticity because numerical
methods for linear elasticity might be inspiring for the related area of nonlinear elasticity.

1.1.1 Elasticity

If we bear force on a deformable body as, e.g., stretching an elastic band, the body
undergoes a certain deformation. We aim to determine this deformation field caused
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by the reaction of the elastic body to given forces. In a first step we give a precise
definition of the deformation and the closely related displacement. We motivate the
definition of a strain tensor which measures the deformation of a body resulting in a
change of form and size compared to rigid body motions. In the deformed configuration
the important stress principle of Euler and Cauchy (Axiom states the existence
of interior surface tractions which fulfill the laws of momentum balance. Based on this
axiom Cauchy’s theorem (Theorem introduces a stress tensor field and derives
a partial differential equation relating the stress tensor field to the applied forces in
the deformed configuration. As the deformed configuration is unknown we transform
the equilibrium equation to the reference configuration. Finally, we derive constitutive
equations in elasticity which relate stress and strain tensor. The equilibrium equation
together with the constitutive law gives rise to a boundary value problem where the
applied forces are given and the deformations are unknown. In this section we follow
mainly the lines of [Cia88|,San05, Bro95]. For further presentations we refer the reader
to, e.g., |Gur81,|[EGKO08,0gd84,[FdV79, Ant05].

The undeformed body is identified with its reference configuration, represented by a
domain Q@ C R% We assume the domain to be a Lipschitz domain, i.e., an open,
bounded, connected subset of the Euclidean space with Lipschitz boundary I' := 9f).
Each material particle in the closure  is identified with a point ® = (1, ...,a:d)T.
Throughout this work we denote all quantities which refer to tensors of order > 1 by
bold symbols as, e.g., the displacements w which are vector-valued. Their components
are printed in normal type and are indicated by subindices, e.g., u;. The Einstein
summation convention is used for all repeated indices and e; denotes the Cartesian basis
vectors of R% such that, e.g., u = u;e;. For a function depending on the variable € R,
the partial derivative with respect to z;, j = 1, ..,d is abbreviated with 9;. The symbol
for the identity mapping and its matrix representation is ¢d. In this section we consider
the full-dimensional case d = 3.

A deformation of the reference configuration ) is a vector field

p: Q0 — R x— p(x),

that is smooth enough, injective except possibly on the boundary of the set 2, and
orientation preserving. The gradient of the deformation ¢ = @;e; is given by the matrix

Vi = (0jpi)1<ij<d-

It follows from the orientation preserving property that Ve(z) € RiXd = {M € R¥4 |
det M > 0}. The deformation ¢ measures each kind of movement even rigid deforma-
tions like rotations and translations which do not lead to a change in form or size. Rigid
deformations are defined by

p(x) == Qx +a,

where a € R% and Q € O, is an orthogonal matrix with det @ = 1. Let us consider two
points  and x + dx where |dx| is an infinitesimal distance, changing their positions to
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p(x) and p(x+dx). The distance between the two points in the deformed configuration
is given by
pla + 62) - p(@) = Vep(x)oz + of| 5

and the square of the euclidean distance | - | is
o+ 82) — (@) = 627 Vip(x) V()b + o 6 ).

If Vyp(x) = Q the deformation causes no change in the distance between x and x + dx.
Thus, the (right) Cauchy—Green strain tensor C := V! V¢ is a measure of the strain
evoked by the deformation. Another measure of the strain is the Green—St. Venant strain
tensor E := %(C —1d), quantifying the local deviation of the deformation ¢ from a rigid
body motion.

The displacement field is given by the mapping u : @ — R¢ related to the deformation
by u := ¢ — td. Inserting the definition of the displacements in the Green-St. Venant

strain tensor leads to the following strain-displacements relation

1

E(u) =5 (V)" + V() + V(u) V(). (1.1)
In the deformed body the stress principle of Euler and Cauchy holds, which is the
foundation of continuum mechanics. We set Q¥ := () and x¥ := (). The later

are called Euler variables. The corresponding volume and area elements are denoted by
dz¥ and da¥. Further, we assume that the deformation of the body is due to volume
forces and surface tractions on the Neumann boundary I'f, € 9Q¢ which is an open
measurable subset of the boundary. They are represented by the densities f¥ : Q¥ — R?
and w# : 'Y — R?. The principle of Euler and Cauchy, see [Cia88, Axiom 2.2-1], states
the existence of surface tractions in the interior of the body such that equilibrium of
momentum and angular momentum is obtained locally. The vector field of interior
surface tractions is called Cauchy stress vector.

Axiom 1.1.1. Principle of Euler and Cauchy
Consider a body in its deformed configuration 0¥, subjected to applied forces represented
by the densities % : Q¥ — R% and ¥ : ry — R?. Then there exists a vector field

9 : QP x s 5 RY (x¥,n) — t¥(x¥,n),
where S = {v € RY | [v| = 1} such that

e For any subdomain A? C Q¥, and at any point ¥ € 'Y NOA? where the unit
outward normal vector n¥ to T, N OA? ewists,

t?(x?,n?) = w¥(x?¥).
e Balance of linear momentum: For any subdomain A¥ C Q¥,

2 (x¥)dz? + / t?(x¥,n¥)da¥ = 0,

A# 0A¥

where n¥ denotes the unit outward normal vector along 0A®.
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e Balance of angular momentum: For any subdomain A? C Q?,

/ x? x ff(x¥)dx?¥ —i—/ x? x t?(x¥,n¥)da” = 0.
Av¥ 0A®

The following theorem asserts a linear dependence of the Cauchy stress vector on its
second argument n € S i.e., at each point ¥ € Q¥ there exists a symmetric tensor
T?(x%) € ngxrff, called Cauchy stress tensor, such that t¥(x¥,n) = T%(z¥)n for all
n. Further, the tensor field T¥ and the given volume forces and surface tractions are

. . . . . o . S&
related by a partial differential equation in ¥ and by a boundary condition on I'};.

Theorem 1.1.1. Cauchy’s theorem
Assume that the applied body force density f¢ : Qf — R? is continuous, and that the
Cauchy stress vector field t¥ : Q% x ST~ — R? is continuously differentiable with respect
to the variable =¥ € Q¥ for each n € ST and continuous with respect to the variable
n € S¥ for each ¥ € Q¥. Then the principle of FEuler and Cauchy implies the
existence of a continuously differentiable symmetric tensor field

T : Q% — R x? s T?(x¥),

sym
such that the Cauchy stress vector satisfies
t?(x?,n) =T (x¥)n, Vz¥c Q¥ necsSi!
and such that
—div?T?(x¥) = f?(x¥), V¥ e Q¥

(1.2)
T?(x?)n? = w¥(x?), Va¥ eT¥

where n? is the unit outward normal vector along 'Y, and div¥ := 8;T/e; is the diver-

J
gence of the vector field with respect to x*.
Proof. See [Cia88|, Theorem 2.3-1]. qed.

Cauchy’s theorem gives rise to the equations of equilibrium in the deformed con-
figuration with respect to the Euler variables ¥ = ¢(x). Unfortunately, the deforma-
tion is the sought-after quantity of our system. Thus, we need to express the equa-
tions in terms of the Lagrange variables @. The relations between the force densities
in reference and deformed configuration are given by f(x) = (det V(x)) f¥(x¥) and
w(xz) = (det V()| Vp(z) Tn|n¥(x¥). For the transformation of the stress tensor
T¥(x¥) depending on Euler variables into a stress tensor T'(x) depending on Lagrange
variables we use the Piola transform

T(z) = (det Vop(2))T9(x*)Vip(z) ", a¥ = ().

The resulting stress tensor in the reference configuration is called first Piola-Kirchhoff
stress tensor. The advantage of the Piola transform is the relation between the diver-
gences of T and T and between the area elements da? and da; see, e.g., [Cia88, Theorem
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1.7-1]. Thus, leading to the following equations of equilibrium in the reference configu-
ration

—div T'(x)
T(x)n

flx), z€Q
w(x), xely;

(1.3)

see, e.g., [Cia88, Theorem 2.6-1]. Unfortunately, the first Piola-Kirchhoff stress tensor
is not symmetric. Thus, it is common to use the so-called second Piola-Kirchhoff stress
tensor

(@) i= V(@) T() = (det Vop(a)) V(@) T#(@?) V(@) T, 2% = p(a).
(1.4)
As we will see in Theorem the symmetry of the second Piola-Kirchhoff stress tensor
simplifies the relation between the stress and strain tensors. In the reference configu-
ration in terms of the second Piola-Kirchhoff stress tensor the equations of equilibrium
are given by

—div(Vep(x)XE(xz)) = f(x), z€Q

Ve(@)E(z)n = w(x), =eclV; (1.5)

see, e.g., |[Cia88|, Theorem 2.6-2].

In order to determine the deformation or displacement from we need to express
the stress tensor in terms of deformation. This is done by the constitutive equation
which relates stress and strain tensor depending on the material properties. A material
is elastic if the Cauchy stress tensor solely depends on & and on the gradient of the
deformation V. Equivalently, a material is elastic if each of the Piola-Kirchhoff stress
tensors solely depends on  and V. Thus, for all € Q there exists a so-called response
function 3 : Q x RiXd — R4 (2, V() — 3(x, Vip(x)) such that

Sym

Y(x) = 3(x, Ve(z)), e

The objectivity, also called material frame indifference, is an axiom which states the
invariance of a physical quantity under a change of observer. The response function >
fulfills the axiom of material frame indifference if and only if there exists a mapping
¥ 0x Rg;dd — ngxrg, where Rggdd is the space of symmetric positive definite matrices,
so that

S(z,F) = X(x, FTF), VFcR> zc;

see, e.g., [Cia88, Theorem 3.3.-1]. Thus, we get a stress-strain relation between the
second Piola-Kirchhoff stress tensor and the right Cauchy-Green strain tensor

S(@) = B(z, Vo(a)) = Bz, Ve(2) V(@) = Sz, C(x)).

Further, we make the assumption of isotropy. A material is isotropic if the stress response
does not depend on a direction, i.e., the material has no preferential direction. Expressed
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in terms of the response function to the second Piola-Kirchhoff stress tensor at a point
x € ) we get the relation

Y(z, FQ) = Q"Y(x, F)Q, VFcR*,Qc0y,

cf., [Cia88, Section 3.4]. Under this assumption we get a more precise form for the
response function of a general isotropic elastic material as formulated in the following
theorem.

Theorem 1.1.2. Constitutive equation for an isotropic material
Let the material be elastic, frame-indifferent and isotropic. Given an arbitrary defor-
mation @ : Q0 — R, then the second Piola-Kirchhoff stress tensor at a point x is given
by ) .
3(x) = X(z, Vo(x)) = X(z, C(x)),
) )

c Ry REXD s of the form

where the response function 3(x spd sym

2
Y(z,C) =Y 7i(,trC,tr Cof(C),det C)C", (1.6)
=0

where v;(C) are scalar-valued functions of & and of the principal invariants of the
Cauchy-Green strain tensor C'.

Proof. See, e.g., [Cia88, Theorem 3.6.-2]. qed.

The theorem is a consequence of the Rivlin-Erickson representation theorem. The stress-
strain relation is in general highly nonlinear. From now on we assume the reference
configuration to be in a natural state, i.e., f)(:l:, id) = 0. In the following theorem the
stress-strain relation close to the reference configuration C = id is investigated.

Theorem 1.1.3. Let ) be a reference configuration in natural state of an elastic, frame-
indifferent and isotropic material. We assume the coefficients v;, appearing in (@, to
be continuously differentiable with respect to the principal invariants of the Cauchy-Green
strain tensor. Then there exist functions \(x), u(x) :  — R so that

S(x) = X(z, C(x)) = Mz)trE(x)id + 2u(z) E(z) + o(z, E(x))
where E = 3(C — id) is the Green-St. Venant strain tensor.

Proof. See, e.g., [Cia88, Theorem 3.7-1]. qed.

If we further assume the material to be homogeneous, which means that the response
function is independent of the point & € €, we get A(z) = X and u(x) = pu. These
constants are called Lamé constants. Ignoring the terms of higher order we get the
stress-strain relation of St. Venant-Kirchhoff materials

S(E) = MrE(x)id + 2uE(x). (1.7)

10
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Inserting (1.7) in (1.5 and exploiting E(x) = E(u(x)), we get in terms of displacement
field

—div((id + Vu)X(E(u))) = f inQ

. < (1.8)
(¢d+ Vu)X(E(u))n=m only.

By definition, St. Venant-Kirchhoff materials can only be used for small strains. Thus,
it is common to linearize the Green-St. Venant strain tensor as well which leads to the
linear elastic constitutive equation, see Section [1.1.2]

The deformation should be invertible and orientation preserving det Ve(x) > 0. But
in the definition of the stress tensor this has not been considered. However, under the
assumption of small deformations, det V(x) should be close to detid = 1.

We would expect an infinite stress if large deformations cause det p(x) — 01. This
property is usually expressed in terms of the so-called stored energy function which
exists for hyperelastic materials.

Definition 1.1.1. A material is called hyperelastic if there exists a stored enerqy function
W Qx RiXd — R such that for the first Piola-Kirchhoff stress tensor the following
relation is valid

T(z)=T(z,F) = (?)VFV,(w,F), Vo € Q,F € R

The functional Jelast (V) = [, W (2, Vap(x)) dz defined for a smooth mapping 4 is called
elastic energy and the functional

J (@) ::/QW(QZ,V’I/J(ZB))dZL'— </Qf-1,bd1:+/F 7r-1,bda> (1.9)

N

1s the total energy.

We note that a stationary point of the total energy is the solution of , cf., [Cia88,
Theorem 4.1-1]. The relation between the second Piola-Kirchhoff stress tensor and the
stored energy is given in |Cia88, Theorem 4.2-2] and the stored energy function for the
special St. Venant Kirchhoff material can be found in [Cia88, p. 190].

For hyperelastic materials we assume an infinite energy caused by a deformation ¢ in
order to annihilate volume

W(z, Vo(x)) = +oo if det Ve — 0T,

A stored energy function fulfilling this assumption is given for so-called Ogden materials

1 J
W (V) = Z a;i(trV V) "/2 + Z bjtrCof(chTVLp)51/2 + ['(det V)
i=1 j=1

with a;,b; > 0,7;,0; > 1 and I' : (0,00) — R is a convex function satisfying I'(§) — oo
for § — 07, In [Cia88, pp. 189 ff.] further examples of stored energy functions are listed.

11
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1.1.2 Linearized elasticity in 3D and 2D

In linear elasticity small displacements and small strains are assumed allowing for lin-
earization of the strain-displacement relation as well as of the stress-strain relation, thus
simplifying the equations of motion. The magnitude of strains and displacements de-
pends on the applied forces as well as on material properties. Iron steel which has a high
elastic modulus (E = 210kN/mm?) is typically modeled as linear elastic material.

In Section the Green-St. Venant strain tensor E is given in terms of the displace-
ments w. For small displacements we may neglect the quadratic terms leading to the
linearized strain tensor

() = 5 (V' + V). (1.10)

Furthermore, in Section [1.1.1] we derived the stress-strain relation of St. Venant Kirch-
hoff materials which is designed for small strains. Inserting (1.10) in (1.7) we get the
constitutive equation in linearized elasticity

o(e(u)) = Are(u) id + 2pe(u) (1.11)

which is called Hooke’s law. We note that the strain and the stress tensor are both
symmetric. The Lamé constants A and p are expressed in terms of the material constants
Young’s modulus £ and Poisson ratio v as follows

Ev E

A AT F=o+o)

The Young’s modulus also called tensile modulus or elastic modulus is the ratio of the
uniaxial stress over the uniaxial strain. The Poisson ratio is the ratio of the lateral
contraction to the longitudinal strain of a bar under pure extension. We refer to [Gur81,
pp. 202 ff.] and [Cia88, pp. 123 ff.] for examples about the determination of material
constants. By means of a fourth order material tensor H, called Hooke’s tensor with
the entries

E Ev
Hiixg = —— (0051 + 010, 0;70 1.12
ikl 2(1+V)( k01 + 0idj) + (TR (1.12)
we may reformulate (1.11)) to
aij(u) = Hijklekl(u), 1 < i,j,k,l < 3. (1.13)

Hooke’s tensor iS symmetric
Hiji = Hjur = Higijs

elliptic, i.e., there exists a constant ag such that

Hijr1CijCri = a0GijiCri

for all symmetric {¢; }f’ j—1 and it is bounded, i.e., there exists a constant Ao

Hij11GiCrt < AoCijCr-

12



1.1 Equations of equilibrium and constitutive laws

for all symmetric {CU}” L -
Replacing 3 by o and approximating V¢ =id+Vu by id in 1) we get the equations
of linearized elasticity

—dive(u) = f onQ

olun=m only. (1.14)

For a formal derivation of ([1.14]) by means of a linearization of the operator of nonlinear
elasticity defined as the left hand sides of (|1.5)), we refer to |Cia88, Theorem 6.2-1].
The elastic energy of the linearized elastic problem caused by the displacements wu is

given by
1
Telast (W) = 2/ o(u): e(u)dx
Q

where we use the Frobenius inner product A : B := AUBU We note that the elastic

energy defines a symmetric bilinear form a(t, %) : fQ (v) dz. The total energy
corresponding to the displacements w is given by

j(u):;a(u,u)—(/Qf-ud:c+/FN7r-uda>. (1.15)

The displacement w fulfilling the equations is a stationary point of the total energy
(L.15).

Due to the symmetry of the linearized strain tensor and the linearized stress tensor
we have only six different components in each of these tensors. Thus, it is more
convenient to express the linearized strain and stress tensor as vectors with the entries

€11 011
€22 022
€ = €33 7 o= 033
2e19 012
2€93 023
2€13 J13

and accordingly Hooke’s tensor may be represented by a symmetric 6 x 6 matrix

A4 2u A A 0 0 O
A A+ 2u A 0 0 O
_ A A A4+2u 0 0 O
H = 0 0 0 w0 0
0 0 0 0 w O
0 0 0 0 0 u
such that
o= He.

Each body can be considered as a three-dimensional object. However, for special prob-
lems like, e.g., plane strain or plane stress it is advantageous or even necessary to reduce

13
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the dimensionality. For a schedule of these special cases we refer to [Bat86|, pp.160-161].
In the present work when dealing with 2D linear elasticity we refer to plane strain. The
plane strain assumption is fulfilled if the three-dimensional body has a large extension
in one direction, is fixed at the ends, and is exposed to forces which are perpendicular to
this direction and do not vary along the length. Typical examples are retaining dams,
culverts and tunnels. There is no displacement in the third coordinate direction and the
strain components €ss, €13, €23 vanish. Thus, it is sufficient to consider an arbitrary cross
section. In this two-dimensional case the strain and stress vectors and Hooke’s tensor
reduce to

€11 011 A+ 2u A 0
€= €99 , o= | o9 |, H = A A+2u 0 . (1.16)
2€19 012 0 0

1.2 Contact problems

The aim of this section is to state the Signorini problem and to give some examples for
which the exact contact stresses are known. In Chapters and [4] we solely deal with
the Signorini problem. However, as the one-body contact problem is a simplification we
have to consider two-body contact problems when analyzing the physical properties of
the dynamic system in Chapter [5] Therefore, we derive the linearized non-penetration
condition based on the general formulation as two-body contact problem.

In Section we present the closely related simplified Signorini problem and the
obstacle problem for which we discuss existing residual-type a posteriori error estimators

in Sections 2.2.2] and 2.2.3]

1.2.1 Contact constraints

When two-solid bodies 2% and Q™ come into contact they deform, transmit forces but do
not penetrate each other. As the actual contact zone depends on the deformations of the
bodies, which are unknowns of the system we do not know in advance which points on Fg
and T’ 1\04 are coming into contact. In this section we primarily derive an approximation
of the exact non-penetration condition. Further, we comment on frictional effects which
may be considered additionally.

We assume a bijective mapping P : Fg — FAC/[ to be given, which relates every point on
I‘g to a potential contact point on F% . Such a mapping ® may be obtained by means of
a closest point projection ®(x) := argminyerg |z — yl, see, e.g., [Lau02, Wri02, Chapter
3]. The distance between points « and ®(x) is given by

9(x) := |z — P(z)]

and the direction vector is

v(x) =

14
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The relative displacement in normal direction is the difference in displacements on Fg
and I‘g[
[u] v = (uS—uMo<I>) V.

Here, we adopted the notation from the theory of mortar finite elements, where S and
M stand for slave and master sides. With the above definitions we get a non-penetration
condition

[uy] < g, (1.17)

where we used the abbreviation u, := u - v. The question under which conditions ® is
a good choice or (1.17)) is a good approximation of the exact non-penetration condition,
respectively, has been answered in [Eck96, Lemma 1.3]. Under the following conditions

e the displacements and strains are small in both bodies, |u;(x)|, |e;;(x)| < €
e the contact boundaries are close to each other, i.e., |g(x)| < 2¢
e the curvature of the potential boundaries is bounded

o v(x) = v¥(x) ~ vM(x), where v°(x) and vM () are the unit outward normals of
I'? and T¥

for all € Fg, the non-penetration condition defined by the bijective mapping
® is a good approximation in the sense that the error to the exact non-penetration
condition is of order £3/2. Due to these assumptions is called linearized non-
penetration condition. We refer also to [KO88, Chapter 2] for the linearization of the
exact non-penetration condition.

For theoretical and numerical investigation of multibody contact problems in linear
elasticity we refer to [Wri02, Lau02, BGK87, BBHL99,WKO03, HMWO05, HW05, Kra09,
DKO09|. In this work we mostly deal with one-body contact problems, describing the
contact of a deformable body with a rigid obstacle. The relative displacement [u] is
replaced by u because the rigid obstacle does not move. Usually, the linearized non-

penetration condition
w < g (1.18)

is used if the material of the deformable body is assumed to be linear elastic because
the assumption of small displacements and strains is made in linear elasticity as well as
for the linearization of the non-penetration condition.

In the case of non-linear elasticity where the assumption of small displacements is not
fulfilled, the linearized non-penetration condition is replaced by an incremental con-
tact condition; see, e.g., [KO88, Chapter 2|. In each iteration step of the solution of
the underlying non-linear equation the incremental contact condition is a linearized
non-penetration condition like with respect to the deformation of the previous
iteration. In [Lau02] a closest point projection is used in each iteration step. Another
possibility is to compute the signed distance function which is characterized by the
Eikonal equation in a preprocess. Thus, in each iteration step the non-penetration con-
dition is obtained by the evaluation of the signed distance function with respect to the

15
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deformation of the previous iteration, [KM11]. Even in linear elasticity an incremental
contact condition should be applied for complex geometries.
The non-penetration condition is a constraint, hence evoking constraining forces which
we call contact forces. In terms of the boundary stresses 6 (u) := o(u)n the linearized
non-penetration condition evokes compressive stresses 6, := & - v in the direction v of
the constraint along the actual contact boundary. We note that in the case of two-body
contact the contact forces on both sides have to be equal, opposite and collinear due to
Newton’s axiom of action and reaction. The boundary stresses 6 := 6 —4,-v orthogonal
to 6,-v are assumed to be zero in an idealized contact problem where frictional effects are
neglected. We refer to &1 as frictional or tangential contact stresses because v is assumed
to be an approximation of the unit outward normal on I'c. In a more realistic contact
situation frictional effects should be incorporated; see, e.g., [Lau02L[Wri02}[Eck96,KOS8S|.
The most common models of friction are the Coulomb friction law

ur = 0= |op(u)| < Flo,(u)]

ur #0 = op(u) = —F|5,(u) ur (1.19)

|ur|

and the Tresca friction law where 4, in is replaced by a given function x(x). We
call up tangential displacement corresponding to the tangential stresses. The coefficient
of friction F has to be measured experimentally. It may depend on several factors, e.g.,
the material, the roughness of the surface, the local pressure, the temperature and the
humidity. We refer to, e.g., [Wri02, Chapter 4.2.8] where friction laws are computed
from the roughness on the microscale by means of homogenization techniques.

1.2.2 Signorini contact

In this section we state the strong formulation of the one-body contact problem in linear
elasticity, called Signorini contact problem. Furthermore, we give some exact solutions
which we use later for the evaluation of our numerical results in Chapter

The Signorini contact problem describes the contact of a linear elastic body with a rigid
obstacle. The non-penetration is modeled by the linearized non-penetration condition
and frictional effects are ignored. Thus, we get the boundary value problem from
the equations of linear elasticity and the primal and dual constraints presented in
Section and we add a Dirichlet boundary condition on I'p.

Problem 1.2.1. Strong formulation of the Signorini contact problem

—dive(u) = f inQ (1.20)

o(u) = mw™ only (1.21)

u = up onlp (1.22)

uw < g onlc (1.23)

g(u) < 0 onl¢ (1.24)

(uy —g)-0,(u) = 0 onle (1.25)
or(u) = 0 onl¢ (1.26)
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1.2 Contact problems

The boundary is subdivided in three pairwise disjoint parts, the Neumann boundary
'y which is an open subset of I, the Dirichlet boundary I'p which is a closed subset
of I' and the potential contact boundary I'c which is also a closed subset. As the
boundary segments are disjoint, I'p N T'c = (. As usual, we assume that the actual
contact boundary, where u, = g, is a strict subset of the potential contact boundary.
The condition in Problem is called complementarity condition and ensures
that the compressive contact stresses are zero if no contact occurs. We note that
although we are dealing with linear elasticity and a linearized non-penetration condition
Problem is nonlinear and non-differentiable. This is due to the a priori unknown
contact boundary.

Consequently, it is far from trivial to find an analytic solution of contact problems. For
a special problem Hertz |[Her81] derived the solution of contact stresses 4, and normal
displacements u,, in the actual contact zone. In the engineering literature, cf., [Joh85],
some more academic examples of contact problems with exact solutions of displacements
on I'¢ or stresses may be found. In the following we present the Hertzian contact problem
and two examples of contact between an elastic and a rigid body, taken from [Joh85]. In
these examples the contact between rigid and elastic bodies is enforced by the application
of a vertical load P on the top of the rigid body. In contrast, our model problem (Problem
1.2.1)) stated above is a one-body contact problem where the rigid obstacle is motionless.
However, the contact stresses in the contact zone are the same and are used for the
evaluation of our numerical solutions in Sections [£.2.1] and

T

V—xy

(a) Rigid punch (b) Rigid wedge

Figure 1.1: Indentation of elastic half-space

For the following two-dimensional examples we choose v = es, so that 6o = &, and
rr = 1. As first example we consider the indentation of a linear elastic two-dimensional
half-space by a rigid flat punch, see Figure (a). In x1-direction the punch ranges from
—b to b so that the distribution of the contact stresses is given by

Go(x) = ———. (1.27)
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1 Static contact problems in linear elasticity

Theoretically, the pressure is infinite where the edges of the punch x; = +b indent.
For details about the derivation of and formulas describing the motion of the
elastic contact surface, we refer to [Joh85, Chapter 2.8]. In the second example a two-
dimensional wedge indents a linear elastic half space, see [Joh85, Chapter 5.2]. The
semi-angle « of the wedge has to be close to 90°, see Figure (b), such that the theory
of linear elasticity is valid. The half of the width of the contact strip is

P(1—1?)

b= — = 1.28
Ecota ’ ( )

where FE and v are the Young’s modulus and the Poisson ratio, cf. Section [1.1.2] and
the distribution of the contact stresses is given by

[NIES

. Ecot b+ (b — 27)
do(x) = In
(1—v2)27 b— (b2 —2?)

(1.29)

N

The value of is infinite at the apex of the wedge. For the three-dimensional
indentation by a blunt cone, we refer to |[Lov39,|Sned8 HS45].

Originally, the Hertzian contact problem [Her81] describes the contact between two linear
elastic spherical bodies of dimension d = 3 with radii R®, RM, Young’s moduli E®, EM
and Poisson ratio v°, v™ . Here, we consider the extreme case, the contact of a linear
elastic cube (R® = o0) and a rigid ball (E™ = o), see Figure|1.2|for a schematic view of
a cross-section. We choose v = e3, so that 63 = 6, and 7 =  — x3es. If the rigid ball

Figure 1.2: Cross-section of Hertzian contact

is pressed against the linear elastic cube by a load P, the radius of the actual contact
zone is

3PRM (1 (v5)°) s

b= AES ’

(1.30)

and the pressure distribution is

63(x) 5P

= o3

N|=

(0* = |z7]?)2, (1.31)
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such that the largest contact stress in the origin is

3P

53(0) = —. 1.32
55(0) = 50 (1.3
For more details about the Hertzian contact problem we refer to [Joh85, Chapter 3.4]

and [Hub04,|SH83,[Yun91].

1.2.3 Simplified Signorini contact and obstacle problem

In this section we present two problems which are closely related to the Signorini prob-
lem, the simplified Signorini problem and the obstacle problem. The simplified Signorini
problem is often used in the numerical analysis of contact problems, e.g., in the develop-
ment of a posteriori error estimators, instead of the Signorini problem. The underlying
partial differential equation of the simplified Signorini problem and the obstacle problem
is the Poisson equation. Furthermore, the constraints imposed in the obstacle problem
are valid in the whole domain. However, numerical methods applied to the obstacle
problem may be used for contact problems, too.

Problem 1.2.2. Simplified Signorini problem

—Au = f inQ

Vu-n = @w only

U up onl'p

u < g onlg

Vu-n < on ¢

(u—g)(Vu-n) = on o

Problem 1.2.3. Obstacle problem

—Au > f inQ

u > g in{

(u—g)(—Au—f) = 0 inQ
w = wup on df)

In both problems a solution u : £ — R is sought-after. We note that for obstacle
problems the Dirichlet value has to be compatible with the constraints, i.e., up > g.
In the obstacle problem, cf., [Rod87, EGKO§|, the domain is divided in two regions
where either the Poisson equation is solved or u = g. This is in contrast to the Signorini
problem where the a priori unknown contact stresses influence the solution in the interior
like Neumann boundary conditions. Thus, academic examples of exact solution can be
constructed more easily; see, e.g., the examples in [NSV03,[BC04].
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1 Static contact problems in linear elasticity

The most common application of an obstacle problem is a membrane which is con-
strained to lie above an obstacle. However, problems of this kind appear in many other
applications as, e.g., the pricing of options.

1.3 Weak formulation, existence and uniqueness

In this section we derive the weak formulation of the Signorini problem and introduce
several important definitions. Moreover, we comment on existence and uniqueness re-
sults.

1.3.1 Weak formulation

This section introduces the different weak formulations of the Signorini problem as vari-
ational inequality, variational inclusion, minimization problem and saddle point formu-
lation.

Let u be the solution of Problem [[.2.1] and v a trial function which is assumed to be
sufficiently smooth and fulfilling the Dirichlet condition as well as the non-penetration
condition v, < g. Further, we assume f € L*(Q) and w € L?(Ty). We multiply

with v — u and integrate over €2

_/Qdiva-(u)-(v—u)dx:/gf-(v—u)dx.

Then, we apply Green’s formula, exploit the Neumann boundary condition (1.21)) and
v—u=0onlp

/Qa(u):e(v—u)dx:/gf-('v—u)d:v%—/rc&(u)-(v—u)dajt/ - (v —u)da.

INY

The trial function is assumed to fulfill the non-penetration condition, so that

. . 23 .
o () (v, = w) = G (w)(v, — g+ = w) "= 6, (w)(v, - g) 2 0.
As we consider the frictionless case 67 = 0, the integral over the contact boundary
is greater or equal zero (ch 6(u) - (v —wu)da > 0), so that the solution u fulfills the
following variational inequality

/Qa(u):e(v—u)dxz/Qf-('v—u)dx—k/rNﬂ"('v—u)da. (1.33)

The requirements of regularity of a solution of are less than for the strong for-
mulation where u € C%(Q). In order to define the weak solution space we need some
basic definitions and results, which can be found, e.g., in [KOS88,Eck96]. We define for
p € [1,00], m € Ny the Sobolev space H™P(Q2) as the set of all functions v € LP(2) such
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1.3 Weak formulation, existence and uniqueness

that for every multi-index o = (v, ...,q) € N& with |a| = a1 + ... + ag < m, the weak
partial derivative D“v belongs to LP(2)

H™P(Q) :={v € LP(Q) | Va € NI, |a| <m
3D € LP(Q) V¢ € ch(Q)/ vD¢ dx = (-1)'04/ D dx }
Q Q

where D¢ := 07"...05"C.
We only use the case p = 2, hence we abbreviate H™? with H™. The space H™ equipped
with the scalar product

<'U, (p>Hm(Q) = Z <Da'U, Da§0>L2(Q) = / Dav Da(p dl’ (134)
|| <m la|<m
is a Hilbert space. The corresponding norm is

1/2

lollam@) = | (@, 0) 2y + D (D%, DY) p2q : (1.35)

0<|a|<m

It is also possible to define Sobolev spaces H® of fractional order s € Rar , s =[m]+1
with 0 < I < 1 called Sobolev-Slobodétskij space; see, e.g., [Wlo82]. Sobolev spaces of
fractional order often occur for functions defined on the boundary I' of 2. As we are
mainly concerned with H*(Q2) we give the definition of H*(T') for 0 < s < 1

H*(T) = {v € L*(T) | |[v]lgs(ry < o0}

by means of the Slobodétskij norm

2 1/2
ol = (Wl + [ [0t deay) .

The following theorem justifies the definition of weak boundary values as, e.g., Dirichlet
values.

Theorem 1.3.1. Trace theorem
Let Q C R? be a Lipschitz domain. The mapping

o) — oY),
u— ulr,
defined by ulr(x) = u(x) for ¢ € I’ can be extended to
H'(Q) = H= (D),
u— Y(u).

Thus, it is
1Ty g, < Cllulin oy

where the constant C depends on the domain.
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1 Static contact problems in linear elasticity

Proof. See, e.g., |[Ada75,Wl1o82, Eval0]. qed.

As our solution spaces are d-dimensional we write them in bold characters H'(Q) :=
(HY(Q))4, L2(Q) := (L*(Q)) and HY?(T') = (H'/*(T)). Let Y|r, for K € {D,N,C}
be the restrictions of Y on I', then the subspace of all functions in H'(Q) fulfilling the
Dirichlet boundary condition is given by

H:={ve H(Q)| Yir,(v) =up}.
Further, we need the subspace
Ho={p € H(Q) | TIr,(») = 0}

and its dual #*. We emphasize that Hg is the space of all functions H'(Q) with
Y|r,(¢) = 0 on the subset I'p of ', not on the whole boundary I'. Whenever it is clear
from the context that the restriction to the boundary requires the trace operator we
omit the special notation of the trace Y.

The non-penetration condition is given in direction v. As the absolute value of the
direction of constraints v(x) is assumed to be |v(x)| = 1, it follows from Hoélder’s
inequality that u|r, -v € H %(Fc). Especially for frictional contact problems it is
convenient to decompose H%(Fc) in H%(Fc) X H:%F(I‘C) with u, = ulr, -v € H%(Fc)
and ur = u|p, — UV € H%(Fc). For a gap function g € H%(FC) we define the
admissible set

K={veH|v,<gonT¢c}

where the order relation < has to be understood in the sense of almost everywhere,
see [KO88|, Chapter 5] for a precise definition.

The following theorem claims the existence of contact stresses in the dual H _%(F) of
H? (I") fulfilling a generalization of Green’s formula.

Theorem 1.3.2. Trace theorem for stresses
Let Q be a Lipschitz domain. We define S := {o € RIS | 045 € L*(Q) and djo45 €
L?(Q)}. Then there erists a uniquely determined linear continuous mapping I from S

into H_%(F) such that
M(o)=6 ifocCi(Q)
and such that the following generalized Green’s formula holds for every o € S and every

ve HYQ)

/Qa:Vvdx—i—/Qdiva'vdm: (II(o), Y (v))_

N|=
N |=

where (-, >_%%F denotes the duality pairing on H_%(I‘) X H%(I‘)

Proof. See, e.g., [KOS8S|. qed.
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1.3 Weak formulation, existence and uniqueness

We write & instead of II(o) if it is clear from the context that 6 € H _%(F). Similar
1

1 _1
to the decomposition of H I H 7 it is possible to decompose the dual space H 3 xH 2

From now on, we avoid the intricate notation of norms and scalar products with the
spaces in the subindex. The L?-norm and its scalar product are denoted by |- || and (-, -)
without any subindex. The duality pairing between H' and its dual H~' is given by
(-,+)_11 and the corresponding norms are |- [[y and || -[[—1. The duality pairing between
H? and its dual H~2 is denoted by (,-)_11 and the corresponding norms are || - |1
and || -]|_ 1. Restrictions to subdomains are indicated by a further subindex, e.g., || - Hli
for w C . Further, we recall the definition of the symmetric bilinear form

a(-,-):= / o():€(-)dx (1.37)
Q
which corresponds to the elastic energy, compare Section Now we have defined
everything to state the weak formulation of the Signorini problem.

Problem 1.3.1. Variational inequality of the Signorini problem
Let f € L*(Q), m € L*(Tx). Then we seek a solution u € IC, such that

a(u,v —u) > (f,v —u) +(mv—u)p, Vvek. (1.38)

It follows from Korn’s inequality (Lemma [1.3.1) and from the properties of Hooke’s
tensor, see Section that a(-,-) is elliptic.

Lemma 1.3.1. Korn’s inequality
Let Q be a Lipschitz domain and meas(I'p) > 0, then there exists a positive constant
c > 0 which depends on the domain, so that

/ €(v) : €(v) dz > c||v3.
Q
Due to the ellipticity of a(-,-) it is possible to write the weak formulation as

constrained minimization problem.

Problem 1.3.2. Minimization problem of Signorini contact
Let J(-) be the energy functional, defined in . Then we seek a solution u € IC
such that

J(u) = min J (v). (1.39)
velC
We define the indicator functional
0, ifvek,
Tito) = Tetw) = { 0 T oS (1.40)

which is lower semi-continuous and convex because IKC is a convex set. It leads to a
further characterization of the solution of Problem [[.3.1] as the minimum of

(J +Ix)(u) = 152%(] + i) (v) (1.41)
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1 Static contact problems in linear elasticity

over the whole space H. In [ET76, Proposition 2.2] it is proven that the solution of
(1.39) solves the variational inequality

a(u,v —u) +Ix(v) — Ix(u) > (f,v —u) + (m,v —u)r, Vv eEH. (1.42)

The indicator functional is not differentiable but we may define the subdifferential of
Tk.

Definition 1.3.1. Subdifferential
Let H be a Hilbert space and ¥ : H — RU{—o00,00}. Further, letu € H with J(u) # too.
Then the subdifferential of ¥ in u is given by

FPY(u) = {u* € H | 9(v) —I(u) > u*(v —u) Yo € H}.

Exploiting the definition of the subdifferential we can reformulate the variational in-
equality (|1.42)) as variational inclusion

0 €a(u, ) = (f, ) — (m, )p, + " Ix(u)(p) VYo e Ho (1.43)
where
0, ifu, <g,

sub _
0 IIC(UV) B { [0,00) ) if Uy = ¢g.

We define A € 9*"P Ty (u) as the element of the subdifferential fulfilling the variational
inclusion

(@) + (mop)r, — alu.) = (A g)_y, Ve € Ho. (1.44)
From a physical point of view A has the meaning of a constraining force density which we
call contact force density. Comparing (|1.44])) with the generalization of Green’s formula

(Theorem [1.3.2) we get
Np)_11=—(o(u),p) 11.
For details about the equivalent formulations as variational inequalities (1.38)), (1.42),

variational inclusion (1.43|) or minimization problems ((1.39)), (1.41) we refer to [ET76,
Chapter 2].

It is also possible to give a saddle point formulation of contact problems. Therefore, we
define the space of positive Lagrange multipliers

M* = {p e H3(Tc) | (v,v,)

and the bilinear form

>0 Vv, € H2(T¢), v, > 0}

_11
272

C(sz)vlv) = <¢7vu>7%’%,l“c :
The saddle point

(u, ) € H x M, L(u,) < L(u,pu) < L(v,p) YveH, Vipe M
of the Lagrangian

L:HXxM" =R, L) :=T(v,v)+c@,v) - (4, g)_

11
§7§7FC

is the solution of the following system of equations
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1.3 Weak formulation, existence and uniqueness

Problem 1.3.3. Saddle point formulation of the Signorini contact
Find w € H and p € M™, such that

a(u, @) +c(p, ) = (f,p)+(me)r, Ve eHo
c(hu) < ($.g) 11r, Vip € MT.

In [HHN96, Theorem 9.4] is proven that the solutions u of Problems and are
equivalent and that p = —a,(u).

1.3.2 Existence and uniqueness

The existence and uniqueness of the solution of the weak formulation of the Signorini
problem follows from the Theorem of Lions and Stampacchia |[LS67].

Theorem 1.3.3. Theorem of Lions and Stampacchia

Let X be a Hilbert space and'’Y C X non-empty, closed and convez. If the bilinear form
b: X x X — R is continuous and elliptic and the linear form F : X — R is continuous,
then the variational inequality

b(u,v—u)>F(v—u) YveY (1.45)
has a unique solution which depends continuously on F'.
Proof. See, e.g., [KS80, Theorem 2.1]. qed.

In the case of the Signorini problem the Hilbert space is H and the closed and convex
subset is the admissible set /C. The bilinear form b(-,-) in is replaced by af(,-),
defined in , and we set F(v —u) = (f,v—u) + (m,v —u)p . From Korn’s
inequality follows that the bilinear form a(-,-) used in is elliptic. Further, a(-,-) is
continuous due to the boundedness of Hooke’s tensor, see Section Thus, it follows
from Theorem that the Problem has a unique solution. Regularity results
have been proven in [Sch89,|Kin81] under stronger assumptions on the smoothness of
the domain and the data. For the case of two-body contact problems we refer to,
e.g., [IBGKS87].

The weak formulations of the simplified Signorini problem and the obstacle problem
give rise to the same type of variational inequalities, hence the existence and uniqueness
follows from Theorem too; see, e.g., [Rod87].

Variational inequalities like are called elliptic variational inequalities of the first
kind whereas is an elliptic variational inequality of the second kind. The weak
formulation of the Signorini problem with Tresca friction, see Section [1.2] gives rise to
an elliptic variational inequality of the second kind. The indicator functional in
is replaced by the friction potential. The existence and uniqueness follow from an-
other Theorem of Lions and Stampachia; see, e.g., [LS67,Glo84]. If the frictional effects
are described by Coulomb friction instead of Tresca friction we get a quasi-variational
inequality. Under the assumption of a sufficiently small coefficient of friction F the exis-
tence of a solution has been proven in [Eck96,NJH80|. In [NJH80] the quasi-variational
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1 Static contact problems in linear elasticity

inequality has been perceived as fixed point mapping which is of special interest for
numerical solution methods. In each iteration step a problem with Tresca friction has
to be solved and under further assumptions on the mesh size even the uniqueness of the
discrete solution can be proven, see [Has83,|[LPRI1].

We note that the case of non-linear elastic materials is more involved even without
constraints because the energy is usually non-convex. An existence result of a
one-body contact problem in non-linear elasticity with exact non-penetration condition
can be found in [Sch02].
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2 Finite element approximation and error
estimation

This chapter deals with the discrete approximation by means of linear finite elements.
The accuracy of the discrete solution depends highly on the underlying mesh. Thus, the
construction of a posteriori error estimators enabling an appropriate choice of a mesh is
essential for the numerical approximation. We here focus on residual-type a posteriori
error estimators which are favorite due to the easy computation of the error estimator
contributions. Unfortunately, the residual is no adequate measure of the error in the
case of variational inequalities in contrast to linear equations. In Sections and
we discuss existing residual-type error estimators for obstacle and contact problems.

2.1 Discrete formulation of the Signorini problem

We assume a polygonal domain resolved by a mesh m, consisting of elements ¢ € m which
are triangles or quadrilaterals in 2D and tetrahedra, hexahedra, prism or pyramids in
3D. Any two elements are either disjoint or share a node, an edge or a face. The
boundary segments I'p, I'c, 'y are resolved by the mesh, meaning that their boundaries
Ol'c,0l'ny, Ol p are either nodes or edges. The set of nodes p is given by Ny, and we
distinguish between the set N of nodes on the Dirichlet boundary, the set N of nodes
at the Neumann boundary, the set Ng of nodes at the potential contact boundary and
the set of interior nodes N/ where p € Q. Let h, := diam(e¢) be the diameter of an
element and g, the radius of the incircle of an element. The minimal angle of an element
should be bounded away from zero. Thus, there exists a constant ¢ := maxeem% < 00
which is a measure of the shape-regularity. A family of meshes {m; }]‘?‘;0 is called shape-
regular if the constants of shape-regularity ¢; for all meshes m; are uniformly bounded,
Le., c:=sup;¢; K co. We call h := maxeem he the meshsize of the mesh m.

For the finite element approximation of H one uses continuous and piecewise polynomial
functions with respect to the underlying mesh m. In this work we consider approxima-
tions by means of linear finite elements. The space with incorporated Dirichlet values
up is

Hm = {Um € CO(Q) | Ve € m, Um|e € Pl(e) and ’vm(p) = U’D(p) Vp € N“l")}

Further, we need the space of all linear finite elements which are zero on the Dirichlet
boundary

%m,O = {Qom € CO<Q) ‘ Ve € m, ‘Pm’e € Pl(e) and ‘Pm(p) =0Vpe Nn?}
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2 Finite element approximation and error estimation

and its dual H;,. The nodal basis functions of the finite element spaces are denoted by
¢p hence a discrete vector quantity has the representation

VUm = Z Um,i(p)¢pei

PENm

where we used the Einstein summation convention for repeated indices. We define the
discrete admissible set by pointwise constraints

Kn = {'Um € Hn ‘ Um,u(p) < gm(p) \V/p € NnC;} (2'1)

where v, (p) = vm(p) - v(p) and the discrete gap function gn is a finite element
approximation of g on I'c.

Problem 2.1.1. Discrete variational inequality of the Signorini problem
Find uy € IKCn fulfilling the variational inequality

a(Um, U — Um) > (f,Um — W) + (T, 0y — um)FN You € Kn.

The discrete problem formulation of the obstacle problem follows in the same way, except
the constraints are enforced at all nodes in the domain. The unique solvability of the
discrete Signorini problem (Problem as well as of the discrete obstacle problem
follows just as in the continuous case from Theorem with the spaces X = Hn

and Y = ICy,,. For the discretization of variational inequalities and convergence results

u Y uy we refer to, e.g., |Glo84,[KO88, HHN96|. A priori error estimates have been

proven in, e.g., [BHR77, HH81,[ BBHL99, Hil00,|CHLS02, HL0O2,[HWO05] for a sufficiently
regular continuous solution w. Further assumptions concern the regularity of the domain
and data, the uniformity of the family of meshes and the choice of the Lagrange multiplier
space. Most of these results are for two-body contact problems and are based on the
saddle point formulation giving the discretization error in terms of both unknowns, the
displacement and the Lagrange multiplier.

Problem 2.1.2. Discrete saddle point formulation of the Signorini problem
Find uy € Hy and pm € M5, such that

a(uma ‘Pm) + C(Ml‘m (pm) = <.f7 (pm> + <7T7 Som>FN V‘Pm € %m,O
C(¢m’um) < <¢mygm>,%’%7rc Viim € M$

Q

where ¢(Pm, Uy ) := <wm,um,,,>7%é7r )

There are different choices for the discretization of the Lagrange multiplier uy, by means
of piecewise constant or linear functions or by so called dual basis functions &, fulfilling
the biorthogonality property

/ gpqsqda:(qu/ ¢gda Vp,q € NS.
I'c I'c
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2.2 Residual-type a posteriori error estimators

The dual Lagrange multipliers have been introduced in [Woh00] for mortar finite elements
and applied to two body contact in [WKO03|. In [HWO05] an a priori error estimate is
given for two-body contact problems based on dual Lagrange multipliers. Therein v is
assumed to be constant on I'c and the space of suitable Lagrange multipliers is

Mg = U = Z Ym(P)Sp | (Ym: )

peNE

FC Z O lf (/Om,l/h‘c Z O

11
202

We note that due to the biorthogonality property the weak constraint c(¢m,um) <
(Ym, gm>,%’ 1re equals the pointwise non-penetration condition 1) for gm € Hm. The
domain is assumed to be polyhedral and the number of points on I'c where a change
between actual and non-actual contact occurs is assumed to be finite. Then the following
optimal a priori error estimate holds for u € H AL (Q),0<p<i

348
o — v 11+ 11— oo, |3 g < 23 Pl

where |ul3 4B is the semi-norm. For an a priori error estimate for contact problems with
2
Coulomb friction we refer to [HR07].

2.2 Residual-type a posteriori error estimators

Usually, in the numerical simulation of physical problems no information about the
regularity of the solution is given a priori. The solution may be more or less regular
in different regions of the domain and even singularities may occur. Increasing the
number of grid points near the critical region improves the accuracy. The detection of
those critical regions is feasible due to a posteriori error estimators which do not require
regularity assumptions on the solution as a priori error estimators.

A posteriori error estimators should be reliable and efficient. Reliable means that the
error estimator gives an upper bound of the error. This upper bound is global which is
due to the fact that upper bounds involve the inverse of the differential operator which is
a global operator. In an adaptive mesh-refinement process the accuracy of the solution
can be estimated by a reliable a posteriori error estimator. In order to ensure that the
error estimator does not overestimate the error so that the accuracy is achieved with
an almost minimal amount of grid points, the error estimator has to be a lower bound
of the error, too. Such error estimators are called efficient. The lower bound should be
local in order to reproduce the spatial distribution of the error.

We concentrate on the topic of a posteriori error estimators. For theoretical details
about the adaptive strategy, i.e., marking strategy, mesh refinement techniques and
convergence results for linear elliptic PDE’s we refer to [Ver96,[SS05,[NSV09] and the
references cited therein. Convergence results for obstacle problems can be found in,
e.g., [BCHO7,[PP10].

An overview over different types of error estimators for linear elliptic boundary value
problems can be found in [Ver96,Ver98,AO00]. The most common error estimator is the
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2 Finite element approximation and error estimation

residual error estimator which is obtained by an L?-representation of the residual. It is
an explicit error estimator which can be easily computed from the given data and the
discrete solution. In Section we present the proof of upper and lower bound of the
residual error estimator for the equation of linear elasticity. The extension of residual
error estimators to variational inequalities is not straightforward because for it the linear
residual is no measure of the error. We will explain this difficulty in detail in Section
However, error estimators of residual type have been derived for obstacle problems
in |[CN00,|Vee01, NSV03, NSV05, MNvPZ07| and for contact problems in [HN05, HN07]
which are presented in Sections and

Another explicit error estimator, often used in engineering application, is given by the
difference between Vu,, and a better approximation of Vu which is usually obtained by
averaging techniques. Such error estimators have been analyzed for obstacle problems
in [BCO4].

A posteriori error estimators are called implicit if they require the solution of auxiliary
discrete problems which should be simpler to evaluate than the original problem; see,
e.g., [AO00, Chapter 6]. Examples of obstacle problems can be found in [WW10,BHSO08|
and for contact problems in [Woh07, WW09].

Hierarchical error estimators evaluate the residual of the computed finite element solution
with respect to another finite element space corresponding to higher order elements or to
a refined grid. In order to reduce the computational costs a hierarchical splitting of the
enhanced finite element space is used. Hierarchical error estimators have been developed
for obstacle problems in [Kor96, KZ11,|ZVKG11], see also [SV07].

We here focus on residual-type a posteriori error estimators.

2.2.1 Residual error estimator for linear elliptic problems

The aim of this section is to explain the idea of residual error estimators for linear elliptic
problems and to get familiar with the notation and the technical details of the proofs
of upper and lower bound. In view of the new residual-type a posteriori error estimator
for contact problems which is presented in Chapter [3] we consider the equation of linear
elasticity. The continuous solution solves the variational equation

a(u, @) = (f, 90> + (7‘-7 ‘P>FN Vo € Ho (2.2)

and in the discrete setting the equation
a(Um, ) = (f, ) + (m, 90m>FN Vo € Humo (2.3)

has to be solved. We define RI" € H* as the residual

(Rie) | = {F0)+ (m ), —alun. @) (2.4)

—a(t = tn, @)
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2.2 Residual-type a posteriori error estimators

of the linear equation and call it linear residual. The corresponding norm of ’R,Lil“ is given
by _
<'R§ln, ‘P>—1,1

lleelln

It follows from the positive definiteness of Hooke’s tensor and from Korn’s inequality
that the error in the H'-norm ||u — uy|1 is bounded by the norm of the residual

IRG -1 = sup ey,

lu = wnlls S R l-1. (2.5)
Here and in the following, we neglect the constants in the error bounds; we write |-| < |-]
for a relation |- | < C|-|. Conversely, it follows from the boundedness of the bilinear
form a(-,-) that the norm of the residual is bounded by the error

IR& -1 S I = v

~

11w (2.6)

for each open subset w of . Unfortunately, |RL*||_; is not a computable quantity.
By means of its L2-representation and due to the Galerkin orthogonality we find a
computable upper bound of |RE||_;. For the lower bound the properties of bubble
functions are employed.

The discrete and continuous equations and imply the Galerkin orthogonality

a( — Um, ) =0 Ve, € Hn. (2.7)

because of Huo C Ho. Thus, we have <'R}111n, <p>71 1= <Rgn, @ — Imc,o>71 | for I'mp €
H,0. For the upper bound it would be desirable to choose a quasi-interpolation operator

Inp = Z () dp (2.8)

pENm\Nnj':\)
which fulfills an L2-approximation property (Lemma [2.2.1)). Usually, the Clément type

ldx

elements sharing the node p and is called patch. In the following sections different choices
of quasi-interpolation operator are used. Thus, the definition of ¢,(¢) varies in this work.
For details about the Clément interpolation we refer to [C1&75[/Car06]. In Section [2.1]we
introduced the notation ¢ for an element of the mesh m and h, for the diameter of an
element. Accordingly, we denote a side of an element by s and the diameter of the side
is hs. Here and in the following, elements ¢ and sides s are understood as elements of
the mesh m and as subdomains of €2, too. We set

wo= e

.. . . wp, P AT . .
quasi-interpolation operator with c,(p) = f”i is used. Here w, is the union of all

sCOe
&5 = U ¢

sMe£0
we=J ©

eNeA£D
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2 Finite element approximation and error estimation

Lemma 2.2.1. L?-approzimation property
Let Iy be defined as in (@, then for all ¢ € Ho and all elements ¢ and sides s of the
mesh m the following L?-approzimation properties hold

I — Inlle S R0
1
e — In¢lls S h2[l@ll1,0.

where the constants depend on the shape parameter .

Proof. The proof follows from the Poincaré inequality and the trace inequality, see e. g.
[Ver99,|Verl1b). qed.

For vector-valued functions Iy, is defined by applying I, to the components of the
function.

Next, for a clear presentation we define the so-called jump terms which are either the
difference between the stresses o|.(um) - n and o|;(uy) - n of two neighboring elements
¢ and ¢ where n is the unit outward normal to the common side s in the interior of €2 or
the difference between the given Neumann data 7 and the boundary stress &|.(um) at
a Neumann boundary side s

(2.9)

If the equation of linear elasticity is replaced by the Laplace equation the jump terms J
have to be replaced by the difference in gradients which are denoted by

[[VUmHI = (Vzum — Vi]eun) - n

(2.10)

[Vun]Y =7 — Vet - 1.
We assume the faces of pyramids, prisms and hexahedra to be planar such that for all
kinds of elements the unit outward normals n are constant. Further, we abbreviate
r(Uy) := dive(um) + f which is sometimes called element or interior residual. With
these notations we derive the residual a posteriori error estimator

lin o lin _
<Rm S0>71,1 N <Rm P Im90>71,1
= Z T(Un) - (¢ — Imp) dx
eem V¢
+ </ I (un) - (¢ — Ingp) d:v+/ TN (Um) - (p — Imw)dw>
sem 5N sNy

S DRl ) 1+ bl T () 5+ Y hsll TN () 12 ] el

eeEm s5CQ sCI'n
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2.2 Residual-type a posteriori error estimators

where we used the Cauchy-Schwarz inequality and the L?-approximation property. Thus,

it is proven that the error estimator 7 := (Zeem n§)§ with the local contributions

2

nei= | helr(ua) 2+ D holl T (ua)llZ+ D holl T (un)|? (2.11)
sCOeNS) s5COeNI' N

bounds the error.

For the converse proof that the error estimator is bounded by the residual the bubble
functions are a very helpful device. We define the element bubble functions for an
element ¢ by

Ue:=c[]ép (2.12)

pEe

-1
where we assume c := (max [Loee qbp) such that 0 < ¥.(x) < 1 and the side bubble

xree
functions for a side s by

U, i=c[ ] (2.13)
pES

where we assume ¢ := (mgx [Les q§p> such that 0 < ¥4(x) < 1, see e.g. [Verllal.
xree

Basic properties of element bubble functions:
e supp¥, Ce
d feqjeNfelNhg
d
o [[Welle ~ R
. d—2
o [V, ~ he [Welle ~ he
Basic properties of side bubble functions:
o suppV¥s C ws
o [[Wy~ [.1~ R
d—1
o [|[Wslls ~ hs?
d
o [|Wsllw, ~ hs

_1
o IV Tl ~ hg | Walluy ~ Fs * [[Ts]ls

These properties follow from explicit computation and scaling arguments and will be
sufficient for the subsequent calculation as long as we consider linear finite elements on
triangles or tetrahedra. Otherwise we need some more general properties of the bubble
functions.
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2 Finite element approximation and error estimation

Lemma 2.2.2. Properties of bubble functions
For all polynomials w defined on ¢ and s, respectively, the following inequalities hold

w2 < / Vo < w2
[4

1Wewlre < hetlwle

~Y
)2 < / Vow? < w2
5

_1
H‘I’stst S hs 2 |wlls

~

1
S hsf|ws.

Ws ~o

V5wl

The constants depend on the reference elements, on the bubble functions on the reference
elements and on the shape parameter ¢ but they are independent of w and hs, h.

Proof. See, e.g., [Ver96, Lemma 3.3] or [AO00, Section 2.3.1]. The fact that [ W.w?
defines a norm on the finite-dimensional space of polynomials is an essential ingredient
of the proof. qed.

In the vector-valued case, each component of the bubble functions ¥,, ¥, is defined as in

(2.12)), (2.13). Let f be a discrete approximation of f whose components f; are piecewise
constant on each ¢ € m. The corresponding element residual 7(uy) = dive (un) + f

can be bounded as follows

17 (um)lI? < / ()W = (R () ¥e)

[ Pt
¢ —-L1L ¢
<R -l () el + 1F — Fllell7(tmn) T
S HR&HH—l,eh;le’(um)He + [ = Fllell7 (wm)]le-
Dividing the last expression by h; ! [|7(tm)||c and using the triangle inequality |7 (tm)||e <
|7 (wm)le + || f — flle we get the desired result on each element

hellr(wm) e S IRuM =16 + hell f = £lle. (2.15)

As f; has been defined as arbitrary piecewise constant functions we may replace them
by the best approximation inf || fi — fill. This term is formally assumed to be of higher
order o(h).

The part of the error estimator involving the jump terms of interior sides s can be

estimated similar to ((2.14])

17 ()2 < / T (1) T () @

(2.14)

S (R um)®e) _/ 7 (um) T (um) P (2.16)
< HRl{ﬁ“H—stHJI(um)‘I’sHl,ws + Hr(um)stHJI(um)‘I’s”ws

. _1 1
SRR -1wahs > 1T (wm)lls + 17 () ooy [| T (2t |-
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2.2 Residual-type a posteriori error estimators

_1
Dividing by hs *||J! (un)||s and applying (2.15), we get the desired estimate

1 . —
h 1T () ls S IR -1, + PsllF = Flls-

Let 7 be a piecewise constant approximation of 7w one can deduce in the same way

1 . _ 1
h 1T (um)lls S 1R -1 + hisl| £ = Flluos + 13 |17 = 7.

Thus, the efficiency of the error estimator follows from (2.6]).

2.2.2 Residual-type error estimators for obstacle problems

In this section we present residual-type error estimators for obstacle problems and discuss
the difficulties arising in the construction.

In Section we presented the strong formulation of obstacle problems and we already
mentioned in Section that the weak formulation gives rise to a variational inequality
whose existence and uniqueness follows from the Theorem of Lions and Stampacchia.
For the ease of presentation and to be conform to the presented literature we assume in
this section up = 0 on I'p = 9€). Thus, the variational inequality reads as

Find v € K such that (Vu,V(v—u)) > (f,v—u) YveK (2.17)

where I := {v € Ho | v > g} and ¢ < 0 on 9. Similar to (1.44) there exists a
distribution A € H* which turns the variational inequality (2.17)) into an equation

<A7 §0>—1,1 = <f7 Q0> - <Vu7 V(,O> V(,O € Ho

and which has the meaning of a contact force density. For obstacle problems, where the
constraints hold in the domain, the contact force density coincides with the Lagrange
multiplier. We refer to A as Lagrange multiplier and note that (A, g0>71’1 < 0 for all
¢ > 0. In the discrete setting the constraints are enforced at each node, i.e., u(p) > g(p)
Vp € Ny. The discrete Lagrange multiplier Ay, € H;, is defined by

<Am7 SDm>71,1 = <f7 90m> - <Vuma V‘Pm> Vom € Hm,O (2-18)

with (Ap, cpm>7171 < 0 for all ¢, > 0. We note that the extension of Ay, to a functional
in H* is not unique. A straightforward choice could be

(Am, )11 = {f,¢) = (Vum, Vo) Voo € Hy. (2.19)

Comparing with the definition of the linear residual we see that (Am, @) ;1 =
<R}1ﬁn g0>_171. If the discrete solutions uy, and Ay, approximate the continuous solutions
u and A, the linear residual will not tend to zero as A # 0. Therefore, the linear residual
is no appropriate error measure as in the linear case, see Section It overestimates
the error. The relation between (RE", 90>7171 and (V(u — un), ) is disturbed

(V(u—un)p) = (Ri0) = (Al VeeHo (2.20)

)
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2 Finite element approximation and error estimation

However, in the first residual-type error estimator of |[u — un|[1 for obstacle problems
[CNOO| the same contributions 7, as in occur for all elements e regardless of
whether the solution coincides with the obstacle in the element or not. Unfortunately,
the disturbed relation between the linear residual and the error precludes to give a lower
bound of the error exclusively in terms of 7,. The remaining error estimator contributions
in |[CNOO|] account for the differences between the discrete and continuous obstacles and
the interelement jumps [[Vgw]]! of the discrete obstacle. The latter contribution is
restricted to the coincidence set where uy, = gy avoiding overestimation in areas where
the obstacle is inactive. This first attempt to distinguish between coincidence and non-
coincidence sets has been further developed and significantly improved in [NSV03,[FV03|
NSV05,MNvPZ07|. For the proof of the upper bound suitable test functions have been
inserted in the variational inequality. For this purpose a special positivity preserving
interpolation operator has been introduced which is further investigated in [NWO02].
This interpolation operator gives rise to higher order stability estimates and has been
employed for residual-type error estimates for obstacle problems in the L°°-norm, see
[NSV03] and [NSV05].

The Lagrange multiplier A as well as the displacement field u are both unknowns of the
obstacle problem. Further, the Lagrange multiplier is directly related to the coincidence
set. In the region where u > ¢ a linear equation is solved and the Lagrange multiplier
is zero, so that we might expect a residual error estimator as in the linear case. In the
coincidence set where u = g the displacement is fixed and thus changing the data f affects
the Lagrange multiplier which is given by A = f+ Ag in a distributional sense. The first
residual-type error estimator considering this structure of obstacle problems can be found
in [VeeO1|. Therein the error is measured in both unknowns ||u—um|[1+||A—Am||—1. It is
worth to mention that it is the first residual-type a posteriori error estimator for obstacle
problems for which the efficiency has been proven. Accordingly, the linear residual is
replaced by a Galerkin functional whose abstract definition is given by

(G, ‘P>_1,1 = (V(u—um), Vo) + (A — An, 90>_1,1 (2.21)

= (f = Awm, ) 11— (Vun, Vo) Vo € Hop. (2.22)

In practice (Am,p)_1; still needs to be specified as there is no unique extension of
Am € Hj, defined in (2.18)) to a functional in H*. The choice (2.19) of Ay, as functional

on Ho would lead to (Gp, ¢) 11 = 0 and is thus inappropriate. In [VeeO1] the bilinear
form

ol i= 3 Un@nl®) | 6,

PENm

corresponding to the lumped mass matrix and thus sometimes called lumped L?-scalar
product is used. The discrete variational inequality

(Vug, V(um — um)) 2> (fm, (Um — Um))yy  Vm € K (2.23)

where f, is a discrete approximation to f is solved. From the linear residual of this
variational inequality (2.23) by means of the lumped L?-scalar product

(Am; om) = (fim, Pm)m = (Vm, Vom)  Viom € Humg (2.24)
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2.2 Residual-type a posteriori error estimators

a function Ay € Hmo is defined with node values An(p) := Amboln  This function

= Jad
is in L? and hence a functional on #Hy by means of the standard L? scalar product,

e, (Amy9) 11 = JoAmp. The fact that Ay is a discrete function with Am(p) < 0 is
advantageous for the proof of upper and lower bounds. The error measure is bounded
by the dual norm of the Galerkin functional plus an additional term

lu— [+ 1A = Al 1 S NGmll 21+ (Am = A = um) g ;- (2.25)
Thus, upper bounds of ||Gwm[|-1 and (Am — A, u — um)_; ; are derived. The proof of the
upper bound of the Galerkin functional is similar to the proof of the upper bound of the
linear residual in Section 2.2.1l This is due to the fact that the Galerkin functional is
the residual of the linear equation

(Vum, Vo) = (f = Am, )11 Vo € Ho, (2.26)

with given Ay of . We refer to |Bra05| for an abstract analysis of residual-type
error estimators for obstacle problems based on this perception . We note that in
the presented works linear finite elements on simplices are taken such that Au, = 0.
Due to the error estimator contribution considering the interior residual changes
to hg||f — Am||lw,- In a region where uy # gm this contribution coincides with the one for
linear elliptic equations because Ap(p) = 0 if uy(p) # gm(p). If the obstacle is an affine
function the discrete Lagrange multiplier should tend to the given force density in the
coincidence set provided f is well approximated by fu. In this sense this contribution is
localized. The error estimator n:= ) . s is side-based with the contributions

1
e = hZ [V unll (|2 + sl f — Anll2, + 121V Awll2, (2.27)

for affine obstacles. The additional term h2||V Ay, measures the consistency error
of the discrete choice of Ay and vanishes in the non-contact set. If no contact occurs
the error estimator coincides with the standard residual error estimator for linear elliptic
equations. Besides the proof of the upper bound also the lower bound is proven in [Vee01]
and also the case of non-affine obstacles is treated. One of the three additional error
estimator contributions for general obstacles accounts for the interelement jumps of the
discrete obstacle ||[[V (um — gm)]]?|ls like in [CNOO]. The other ones take care of the
quality of approximation of g by gm, the contribution ||(g — um) ™ |14, penalizes uym % g
which may occur if g — g, > 0 and the contribution fws (—=Am)(9—gm)~ penalizes Ay # 0
if g—gm <O0.

In [NSV03| a quasi-discrete Lagrange multiplier Ay, replaces Ay of in the Galerkin
functional. This quasi-discrete Lagrange multiplier A is a functional on Ho, computed
from the discrete solution, and given data and mimics the properties of the continuous
Lagrange multiplier enabling localization of error estimator contributions to the non-
contact area. Therefore, the discrete Lagrange multiplier obtained by is modified
for all elements where the surrounding elements do not belong to the coincidence set. We
do not go into further details because we are interested in error estimators for the error
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2 Finite element approximation and error estimation

in the H'-norm and pointwise error estimators require different techniques. We rather
analyze the error estimator of [MNvPZ07] where the idea of defining a quasi-discrete
Lagrange multiplier according to the different kinds of contact regions has been improved
for estimating the error in the H'-norm of parabolic obstacle problems. Therein the

= ZpeNm <Am7¢¢p> " and the definition of

each < ms g0¢p> depends on the properties of the node with respect to their contact

partition of unity is used <Am,<p> .

status. This ansatz for the quasi-discrete Lagrange multiplier is taken from [FVO03]. The
set of nodes is subdivided into full-contact nodes, non-contact nodes and the remaining
free boundary nodes. For non-contact nodes uy > g holds in the whole patch w, and

<1~\m, g0¢p> . is set to zero. Full-contact nodes p fulfill uyn = g in the patch w, and

)

Rln < 0. The latter property means that modifying the discrete solution locally does
not improve the resolution. In fact, let K, := {v 4 um | 0 < v € H{(wp)} and consider
the local problem:

Find U € K, such that (VU,V(V —U)) > (f,V —=U) VYV €K,.
If uy is locally not improvable we have U = uy, and

<7€E1n,v> T (f,0) = (Vum, Vv) <0 Yo € H}(wp).

]

In the case of full-contact nodes the quasi-discrete Lagrange multiplier is defined as

</~Xm, cp¢p>71 . = <RE1“, (pqﬁ/p>_171 and otherwise set to <Am, (pq§p>71 . = pr Sppop with
Rlin7¢
8p = <f71;5>11 We note that s, coincides with the node value of a discrete Lagrange
p

multiplier obtalned by lumping the mass matrix and that s, = 0 for non-contact nodes.
Thus, we have Ay < 0. This choice of Ay replaces Ay in the abstract definition of the
Galerkin functional - Thus, the following Galerkin functional

(G, ) 11 7= (V (U= un), Vi) + <A ~ A, g0>—1,1
- <R}111“ — A, <p>

is used in [MNvPZ07]. Exploiting the definition of A, we deduce (Gm, 00p) 11 =0
for full-contact nodes. Therefore, the error estimator contributions bounding the dual
norm of the Galerkin functional have no contributions from the full-contact zone. For
the nodes at the free boundary we have

<gm790¢p>_1,1 = <R}1i1n790¢p>_1 L _/ SpPPp

(2.28)

1,1

in n Lo, #0
:<Rg,¢@J_ll—<R%’z§_Llﬁ;Z:

)

= (R (¢ = cp(9))y)

—1,1
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2.2 Residual-type a posteriori error estimators

- f“’p i
T Lt
MNvPZ07] is given by

with c,(¢) Accordingly, the quasi-interpolation operator used in [FV03|

In(p) == Z cp()Pp-

pGNm

We note that due to the partition of unity the resulting error estimator is based on
patches instead of elements. However, the error estimator contributions obtained from
the upper bound of |G| -1 are similar to 7, in the linear elliptic case. The additional er-

ror estimator contribution which bounds the second term </~\m —Au— um> in (2.25

)

is a kind of discrete complementarity condition s, pr (um — gm)@p for all free boundary
nodes. Unfortunately, no lower bound is proven for this additional contribution. Finally,
we note that the proof of the lower bound in terms of [[Vuy]]! is not as easy as for the
linear elliptic case. A special linear combination of bubble functions on elements and
sides has to be constructed such that the additional term <RE{‘, cp(g0)¢p>_171 occurring
in the Galerkin functional due to the quasi-discrete Lagrange multiplier at free boundary
nodes disappears while keeping the properties of a side bubble function. This construc-
tion has already been used in [FV03|. An upper bound for general obstacles has also
been shown in [MNVPZ07] with similar terms as in [Vee0l]. For an abstract analysis of
error estimation by means of modified Lagrange multipliers we refer to [NvPZ10].

2.2.3 Residual-type error estimators for contact problems

In contrast to obstacle problems only few a posteriori error estimators for contact prob-
lems exist. Due to the localization of the constraints to a subset of the boundary the
finite element analysis of error estimators for contact problems is significantly different
from the one for obstacle problems. In the following we present the residual-type a
posteriori error estimators of [HN05, HNO7].

In [HNO5| an a posteriori error estimator for a simplified Signorini problem (Problem
is derived. The two-dimensional case with obstacle g = 0 is studied. The basic
idea of [HNO5] is to apply a (d—1)-dimensional version of the special positivity preserving
interpolation operator of |[CNOO| at the contact boundary.

In [CNOO| the constants c,(¢) occurring in the quasi-interpolation operator In(p) :=
Zpe N, Cp(¢)¢p are mean values on symmetric domains around interior nodes p and
the boundary is assumed to be a homogeneous Dirichlet boundary. Thus, a (d — 1)-
dimensional version of the special positivity preserving interpolation operator is straight-
forward within segments at the contact boundary. However, at vertices and at the
(d — 2)-dimensional boundary of I'c modifications are required. Unfortunately, the error
estimator contributions stemming from these nodes give rise to a non-optimal upper
bound involving a constant C'(h) = y/—In(h). Apart from the standard residual error
estimator contributions 7., contributions measuring the violation of the complementarity
condition and the negativeness of Vuy-n occur. The lower bound of the contribution ac-

counting for the complementarity condition is non-optimal with a constant C'(h) = h™z.
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2 Finite element approximation and error estimation

Residual-based a posteriori error estimators for a Signorini problem (Problem can
be found in [HNO7]. The two-dimensional case with gap function g = 0 is considered.
While the starting point in [HNO5] is the variational inequality, the error estimators
of [HNO7] are given for the saddle point formulation (Problem [1.3.3). Thus, the error is
measured in primal and dual variables ||u—wpl||14 || — pm||_ 11, The discrete Lagrange

multipliers are continuous piecewise affine functions. The bilinear form ¢(-, -) describing
the weak formulation of the constraints in the saddle point formulation (Problem
is defined in two ways. One is the usual L?-scalar product on the boundary representing
the mass matrix and the other corresponds to the lumped mass matrix.

For both saddle point formulations residual-type a posteriori error estimators are pro-
posed. Apart from the usual contributions 7, as in the linear case, contributions mea-
suring the non-positivity of the Lagrange multiplier ||(tm)~||¢, the violation of the com-
plementarity condition [, —(fim)" um, and the difference between the piecewise linear
Lagrange multiplier and the piecewise constant contact stresses ||fim + 0 (tn)||. belong to
the a posteriori error estimator. In the second case where the bilinear form is defined by
lumping, the Lagrange multiplier is always positive such that the contributions ||(fim) ™ ||
do not exist. For the proof of the upper bound of ||u — wn||1 + || — HmH,%,rc integration
by parts and the Clement-type quasi-interpolation operator as in the linear case
is used. Further, the complementarity condition and the sign condition of the Lagrange
multiplier are exploited. In the proof of the lower bound p € L?(I'¢) is assumed.

Up to now, there exists no residual-type a posteriori error estimator for contact problems
based on a suitable definition of a contact force density associated to the discrete solution
and a Galerkin functional as for obstacle problems. We follow this issue and present a
new a posteriori error estimator in the next section.
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3 A new residual-type a posteriori error
estimator for the Signorini problem

In this chapter we introduce a new residual-type a posteriori error estimator for contact
problems. We prove reliability and efficiency for dimensions d = 2,3 and meshes of
simplices. Even for arbitrary, non-discrete gap functions the reliability is proven.

The error is measured in terms of both unknowns, the displacements and the contact
force densities, compare [VeeOl|]. Inspired by [FV03,MNvPZ07| a quasi-discrete contact
force density and a Galerkin functional is defined, see also Section [2.2.2]

The local error estimator contributions stemming from areas where no constraints are
imposed or are active coincide with the local error estimator contributions of a standard
residual error estimator for linear elliptic problems. In the areas where actual contact
occurs we get an additional error estimator contribution measuring the fulfillment of a
kind of complementarity condition. A similar contribution occurs in the upper bound of
the error estimator proposed for obstacle problems in [MNvPZ07]. We achieve to prove
that this contribution is a local lower bound of the error measure.

We note that just recently, we wrote a preprint [KVW12] where the results of Chapters
and {4 have been presented in a shortened version.

3.1 Definitions and main results

In this section we motivate the definition of the quasi-discrete contact force density which
is used for the definition of the Galerkin functional and the error measure. Further the
error estimator contributions are presented and we state the upper and lower a posteriori
estimates but postpone the proofs to Section and

3.1.1 Quasi-discrete contact force density and the Galerkin functional

We derive the definition of the quasi-discrete contact force density. It mimics the proper-
ties of the continuous contact force density A while computed from the discrete solution
and given data. We note that in the case of contagt problems we distinguish between
the Lagrange multiplier which is a functional on Hz(I'¢) and the contact force density
which is a functional on H.

We start with some preliminary definitions and recall the properties of the continuous
contact force density. In Section the patch wy, the union of all surrounding elements,
open with respect to §2, has been defined. The corresponding diameter is abbreviated
with h, := diamw, and the union of all sides of elements belonging to &, is denoted by
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3 A new residual-type a posteriori error estimator for the Signorini problem

v¥p- We call the union of all sides in the interior of w,, not including the boundary of
wp, skeleton and denote it by 7, ;. For the intersections between I' and dw, Vp € I we
distinguish between the three following types

Yp,C = T'en 8wp
"prV = FN N 8wp
Yp,D = I'pn 8wp.

We assume the unit outward normal v to be constant on I'c and choose the coordinate
system such that e; = v. Then the discrete admissible set (2.1]) is given by

Ko ={tn € Hn|Vn1 < gnonlc} (3.1)

In the following, we make use of the representation

M&

za 901
1:1

of the contact force density with the components

(A, 01) 11 = —(01(u), ¢1)_
<)\ia90i>_171 = — <&Z(u) g01> % % o= 0, i€ {2, ,d}
where we exploited that the tangential stresses are zero in the frictionless case. From
the variational inequality (1.33) and Green’s formula follows (6 (u),v —u)p, > 0 and

thus
Av—u) ;<0 VweK. (3.2)

The discrete contact force density coincides with the linear residual as functional on

Hwm,0, compare Section @

<Am7 ‘Pm>—1,1 = <f7 90m> - a(uma ‘pm) + <7T7 90m>FN = <’R’}1i1n7 90m>_1 1 vsom S Hm,O'
(3.3)
In order to investigate Ay further, we use integration by parts like in Section [2.2.1

<)‘ma Pm) 1

= Z Z Am; Pm,i(P)Pp€i)

L PORISTRNS ob / ) (D) by

p,I i=1 pENm

+Zd: Z [Y%N TV (tm) - omi(P)dpei — Z Z/ ) - Pm,i(P)dpei

i=1 pe NG ¥ TP:C
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3.1 Definitions and main results

for all ¢, € Hum,o. Here, we use the notation Nnjlv for the set of all nodes on T'y.
In the support of ¢, for all interior and Neumann boundary nodes no constraints are
imposed such that we have for all i =1, ..,d

0= / T () - by + / r(um) - dpes
1 “ (3.5)
= (Riépei)  ¥peN

)

and

0= [y JI(Um) - Ppe€; +/w 7(Un) - Ppe; + /%’N JN(““‘) - Ppei

p,1 P

= (R, ¢pei>_1 o WpeN).

)

(3.6)

At the contact boundary in tangential direction homogeneous Neumann boundary con-
ditions hold because the constraints are solely imposed in direction v = e;. Additionally
to (2.9) we define the tangential jumps at the contact boundary J$ (uy) := é7(uy) and
we get a similar equation like for p € Ng and 7 # 1

-]

p,1

- <R}‘i‘n’ ¢pei>_1 1

)

T (m) - dpei + m)dpeit [ TV (um) dpei— [ TG (un) - dpei
() s+ [ )<yt [T ) oy | T iy

Yp,C

(3.7)
Thus, (3.4) reduces to
<>‘m7‘:9m>—1,1: Z/ J1(Um) Pm,1(P)dp + Z / 71 (Um) - Pm,1(P)Pp
pEqu Ipd peNm (3 8)
+3 [ m) ema@é- X [ ium) - emae)s,
peNG ” 7PN peNg ¥ PC

which motivates the representation

M&

< ma(Pm

mza‘sz 1,1
1=1

with
<)\m,17 ¢m,1>_171 = <)\m, me>_1 1
<>\m,i> SOm,i>_171 = 0, 1€ {2, N d}

As <’R,hn,¢pel>_1 1 = (Am1,¢p)_1; = 0 which follows from the discrete variational
inequaliy the linear residual is no adequate measure of the error, see also Section [2.2.2]
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3 A new residual-type a posteriori error estimator for the Signorini problem

We replace the linear residual by a Galerkin functional
<gm7 S0>7171 = a(u — Um, ()0) + <A - me SO>71 1

where Ay is a quasi-discrete contact force density depending on the discrete solution and
data and reflecting the properties of X as, e.g., in [FV03,|MNvPZ07]. We note that Ap
given by has no direct relation to the contact stresses & (uy) like the continuous
contact force density (A, ¢) 1, = — <6'(u),go>7%’%’1ﬂc. This is due to the fact that a
node at the contact boundary is responsible for the displacement at the boundary as
well as in the interior. In other words, the reaction to the non-penetration condition is
not restricted to the boundary; it is blurred into the interior. The quasi-discrete contact
force density Ay € H* should be related to a functional on H2 (T'¢). Therefore, we take
the node values of a discrete contact force density obtained by lumping the boundary

. Am.1, Rl oo
mass matrix s, := < f’l d)p;’“ = < fl pj) L1 and define a quasi-discrete contact force
c’? cP

density

<5\m,1,¢1>_11 !—/F > sy | o1
(e

)

peENS
Rin 4
_ /F 3 M% o (3.9)
“ \peNg Tp.C
=3 (Rin6p) | alen)

pEng

. f,prSO1¢p . .. 3
with ¢p(p1) == A Further, the sign condition <)\m,1,<p1> > 0, for all ¢p; > 0,
v

p,C
compare ({3.2)), follows from s, > 0. Another possibility to define a quasi-discrete contact
force density is to exploit the fact that &1 (uy) is an L2-function on I'c. Therefore, we
set

<Rm,17 (P1>71 1= <R11111r,11a ‘P1> + / o1 (um)ﬁpl
’ —1,1 e

I (um + m + I (um
Z/ 1 (Um)@10p Z/ (um)p16p %[mw 1 (Um)p10p

PEN V0.1 PENm
(3.10)

so that especially the following relation holds

(R, ¢p>_1,1 = /
¥

p,1

i (um) ¢y + w)bp + TN () by
! ()6, /<u bp /N N (1) 6,
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3.1 Definitions and main results

By means of this abbreviation we define a further alternative of a quasi-discrete contact
force density

s (Rm,15 $p) .
</\m,17<P1>_11 ::/Fc Z (W - Ul(“m)) Ppp1

)

eN§
= 5 (Rmatyl gyl = [ artumiinsy
pENE Te
. f—y c P19Pp ~
with the same mean value ¢, (1) := fl’iqﬁ as before. Of course, we set </\m,z-, <p,;> L
Tp,C p )

0 for ¢ # 1.
In order to get the right cancellations in the Galerkin functional and localization of the
error estimator contributions we combine the local contributions of both choices of quasi-

discrete contact force densities depending on the contact status of the nodes. Inspired
by [FVO3L|]MNVvPZ07], we use the partition of unity

<5\m, <P>_171 - ezN:C <5\m,17 <701(Z5?’>_171 . (3.11)
p m

The actual contact nodes with ug 1(p) = gm(p) are classified into two types, the full-
contact nodes p € NfC with

® Um,1 = Ggm O YpC
e 5i(um) <0 onype,

fulfilling the properties of the continuous solution wu, and &, on the contact boundary,
see Problem and the remaining actual contact nodes which are called semi-contact
nodes p € N:C. For a full-contact node p € N{C we set

<5\m,17§01¢p> 1= (Rm,1, &p) 1, (1) —/ G1(Um)P10p
Yp,C
g (3.12)
—sieale) [ o= [ srtum)er - alen)s,
Yp,C Yp,C

—1,1

and for a semi-contact node p € N5C we define

<5\m,17901¢p>7171 = <R&I}1,qﬁp>il L cp(p1) = Sfpcp(‘Pl)[Y Pp- (3.13)

)

We may also use the definition (3.13|) of <5\m71, g01¢p> o for nodes which are no actual

)

contact nodes because s, = 0 if un(p) # gm(P).
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3 A new residual-type a posteriori error estimator for the Signorini problem

As we have already seen in (2.28) the Galerkin functional is the difference between the
quasi-discrete contact force density and the linear residual. Inserting the definition of

Am,1 for full-contact nodes we get

(Gm1s <P1<Z5p>71,1 = <R}111n1 - 5‘"‘71’ S01¢p>_1,1
= (Rm1, (1 = cp(1))p) 4 4 -

From the definition of Ry 1, compare 1) follows that the part fA/ . G1(um)p10p
P,

cancels out, avoiding that &1(uny) contributes to the error estimator. This is justified by
the fact that the discrete contact stress and discrete displacement at full-contact nodes
have the same properties as the exact solution.

It will turn out that in order to prove an upper and lower bound of the error measure

| — w1 + ||A = Anll—1 We need specific choices of ¢,(p) for semi- and full-contact
nodes. For full-contact nodes we use c,(p1) = % where 5§ C 7, ¢ is a side in 7, ¢
5 7P

fulfilling the following condition

Jo(ur — um 1)y S Jo(ur — tm 1) dp
Js o B Js

Vs C Yo

if g = gm and otherwise

Jo((ur = um) 4 (umy — 9)N)bp _ [o((u1 — um) + (um1 — 9) )y

> Vs C Vp,C-
Js @0 Js o
. c f:Y c P1¢p - . .
For semi-contact nodes p € N3~ we take cp(¢1) = f’ e where 7, ¢ is a strict subset
p,c P

of 4., such that for every two different nodes p; € v, ¢ and py € Vp 'y Ap1,c NVpe,c = 0.
The motivation for a subset 7, c can be found in the fact that at least one of the
conditions um 1 = gm and 61(um) < 0 is not fulfilled on the entire set Vp,C-

We note that we can choose any of the above examples of ¢, () for nodes p € NS which
are no actual contact nodes.

3.1.2 Error estimator and main results

The error estimator for which we prove efficiency and reliability in the following sections
consists of the contributions
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3.1 Definitions and main results

2 =

1
N3 = ) m3,p = hp HJN(“m)H

Vp,N’

1
2 C
, Map ‘= hﬁ HJT(um)||7p,c’

( > 77%,;;) ) 2p = hEHJ[(um)H’yp,u
N4 = ( > Tli, )

peng
1
2 1
N5 = > ﬁ?,p ;o Mspi=hp ||01(um)\|7pc,
PENG\NE 7
% 1
Ne = > Ug,p ) M6,p = (Spdp)?,
peNl%C
1
S5 (g=gm)top\ 2 |
1 (sp f,yp’c d)p—%’i s > if p e N5©
P,
n7 = ; fcng,p) o Mp = ; N 3
peNSCUNI (g—gm) T ¢p : fC
s 10} e ifpeN,
< /4 fq/p,c p <5C;p,c fﬁ(bp )) m
s := | (um1 — 9)* 13 -

We denote the positive part of a function by (p)* := max{p,0} and the negative part
by (¢)” := max{—¢, 0} such that (¢) = (p)* — (¢)~. The abbreviation d, in 7 stands
for

dp = / (gm - Um,1)¢p- (3.14)
Yp,C

Thus, 76 reminds of a complementarity condition. In fact, for a semi-contact node s,d,
would be a complementarity condition with respect to the quasi-discrete contact force

density </~\m71, (gm — um,1)¢p> y if 4, c was replaced by 7, c. We note that in contrast

to the residual error estimator in Section 2.2.1] the local error contributions are defined
on patches instead of elements. In the absence of any contact, we have ng =1y = ng =0
and ns has contributions from all potential contact nodes such that 7 is a residual
error estimator for linear elliptic boundary value problems where the potential contact
boundary is replaced by a Neumann boundary with 7w = 0. If contact occurs such an
error estimator for linear equations would overestimate the error because the expected
boundary stresses in the actual contact zone are non-zero. The contributions n; and
ng deal with the case g # g, where n; is responsible for the case g > gm, meaning
that contact is achieved for gy but not for g and ng cares about the converse case that
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3 A new residual-type a posteriori error estimator for the Signorini problem

g < gm where the non-penetration condition with respect to g is violated. The different
structure of 77, and g, is due to the fact that the difference between un 1 and g is
computable while the difference between u; and gy is not known. The contributions 73
and 7g are localized to semi-contact nodes and nodes which are not actually in contact.
In the case that the mesh consists of simplices we prove the following Theorems in

Sections [3.2] and 3.3

Theorem 3.1.1. Reliability of the error estimator
Let w and uy be the continuous and discrete solutions of Problem and Problem
respectively, and X\ the continuous contact force density and Ay the quasi-discrete

1

contact force density defined in Section|3.1.1l. Then the error estimatorn := (22:1 77,%) ?

defined above is reliable .
[ = w1 + A = Amll-1 S 7.

Theorem 3.1.2. Local lower bounds
Let f and 7 be piecewise constant approximations of f and m, respectively, then we get
the following estimate

~ _ 1
My S = vnlliw, + I = Anll-10, +0pllf = Fllo, +hp 17 =7l

for k =1,2 with p € Ny, for k =3 with p € NY, for k =4 wz’thpGNn(f and for k=5
with p € N{\NC.

Under the assumption that each p € Nac has a neighboring interior node p € NI and
for a suitable extension of gn to a finite element function gm € Hm on 2, the following
estimate holds for ne

~ — 1
M6y S 1w — 1w, + 1A = Aall-1, + hpll F = Fllu, + 13 1V (G0 — wm )]} |10

where for simplicity we supposed that the actual contact boundary is a strict subset of
the potential contact boundary.

1
We recall that hy || f — f |, and hZ |7 —|,, » are formally assumed to be of higher order.
The additional error estimator parts 77, and 7g ; do not give rise to a lower bound of the
error as the gap function is a given data, not related to the solution. But they cannot be
neglected in the upper bound because all the other error estimator contributions might
be zero whereas the real problem is not solved due to gn # ¢, compare Examples 4.1
and 4.2 in [Vee0l].

48



3.2 Reliability of the error estimator

3.2 Reliability of the error estimator

In this section we give the proof of Theorem The Galerkin functional (Gm, ) _; ; 1=

a(u—Un, )+ <)\ - Am, <p> . defined by means of the quasi-discrete contact force den-

sity plays an essential role in the upper bound of the error. The error in the contact
force densities | A — Am||—1 is bounded by means of ||Gm||—1 and || — tg|;. This follows
from the definition of the Galerkin functional, the boundedness of the bilinear form, i.e.,
a(p, @) < |lellillell for all ¢, ¢ € H and Young’s inequality

2

~ ((gn"U LP>71 1 a(” — Um, LP))
IA=Aul2y = | sup 7
i el (3.15)

S1Gnl?y + u — unll.

If we evaluate the Galerkin functional for w—u,, and exploit the ellipticity of the bilinear
form a(-,-) on Hp, we obtain

I — umll? < a(u — tm,w — un)

= (Gm, U — Um)_ ;1 — <>‘ — A, — um>f1,1

IN

|G|l =l = (X = Ao )

IA

1 1 ~
5||gm||2_1 + 5||u — ug|? + <)\m —Au— um>_171 )

such that

e — w2 < HgmH2_1+2<5\m—)\,u—um>_11. (3.16)

Thus, the error in the displacements is bounded by the dual norm of the Galerkin func-
tional and a duality pairing between the contact force densities and the displacements.
In Section we show that ||Gm||—1 is bounded by the error estimator and we deal
with the second term in Sections and depending on the kind of gap function.
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3 A new residual-type a posteriori error estimator for the Signorini problem

3.2.1 Upper bound of the Galerkin functional
For the proof of the upper bound of ||Gy||-1 we reformulate (Gp, ‘P),Ll appropriately

(Gm, @) _11 (3.17)
= a(u—um @)+ (A= An ) (3.18)
= (f,¢) +(m ), — <5\m, <p>_1 — alun, @) (3.19)
d
=> > <R“““ Pid > ot Z > <Rh“z, vid > L (3.20)
=1 pe Nn\NG ’ i=2 pe NG ’
+ <<Rm,13901¢p>—1,1 - /r o1 (um)p19p — <5\m,13301¢p>71 1) (3.21)
peNS c ,

:i <R]1111n2’( — cp(3) ¢p> +Z Z <Rgn“ Vi — Cp(gpi))¢p>7171

7

=1 peNm\N§ =2 peNg
(3.22)
3 R (01— epl00)bp) 11— / 61 () (1 — cp(01))p. (3.23)
peNG peNg\Nic “T@

Here we added the equations (3.5)), (3.6) and (3.7) multiplied with constants cp(pi) and
exploited the definition of Ay. For Dirichlet nodes we set ¢,(¢;) = 0 and for all other
non-contact nodes and all contact nodes with ¢ # 1 we choose the constants

pr Spi¢p
pr ¢p '

This mean value has been used for an a posteriori error estimator in [FV03]. It fulfills
the L?-approximation properties

e = cp(@)llwy S hpIIVSDpr
I = co(@)ll, S hi IVl -

For the proof of (3.24)) one defines ¢ := ¢ — ¢, () so that due to the definition of ¢, (),
pr Vo, = pr(cp —¢p(p))¢pp = 0. As the local approximation ¢,(¢p) preserves constants

cp(ipi) =

(3.24)

¢ we have ¢ = (¢ — ¢) — T 1 - pr (¢ — ¢)¢p. Applying Poincaré’s inequality with the
wp

mean value ¢ of 1) we get the result

||¢_C||wp ~ Hw_C”Wp ~ PHVQDpr
(pr d)p

lp = cp(P)llwy, = It = cllw, +

[N
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3.2 Reliability of the error estimator

The second inequality follows from the first by means of the scaled trace inequality.
For Dirichlet nodes we have at least one edge or side s C v, p, where the test function
@ is zero, therefore, we can deduce [|p¢p|w, S hpl|Vellw, directly from the Poincaré-
Friedrichs inequality. For the constants c,(¢) defined in Section “ for semi- and
full-contact nodes the L2-approximation properties hold, too. We note that this kind
of mean value over a (d — 1)-dimensional subset has been used for a posteriori error
estimators in [SV07] and we give the proof.

Lemma 3.2.1.

For an arbitrary function ¢ and c,(p) = w where Y, ¢ 1s a subset of v, ¢ as, e.g.,
5 or Ap,c, the following L?-approzimation properties hold
le—cp(@)llwy S thVSOpr (3.25)
e —c(@)lly, S b IV, (3.26)

Proof. The local approximation ¢, () preserves constants and for ¢ := cp — ¢p(¢p) holds

f,y - ¢, = 0. Therefore, we have ¢ = 1) — f f,ypc Yop = (P—c)— f ¢p f:,p c(w—

)¢, for an arbitrary constant c. We assume dlam(yp,c) ~ diam(yy,c) ~ dlam(wp) = hy

wp ¥ . . . .
and choose ¢ := o . Then applying first the triangle inequality, second Holder’s

|wp|

o} 1
inequality, third the scaled trace inequality <H e S hp 2|l Mlw, +h3 [V - ||wp> and fi-

nally the Poincaré inequality with mean value zero, we get the desired estimate

L P e L
.0 PP A0 wp
1
(L, 1)°
S 9 = ello, + ==l - clls, 0
(f% c ¢p> 2
hd/? .
S 16— el + i (010 - el + 11901,
S hlVellw,
The proof of the second inequality follows directly from the first one by applying
the scaled trace inequality. qed.

With the help of these L?-approximation properties we are able to derive the upper
bound of the dual norm of the Galerkin functional in terms of the error estimator.

Lemma 3.2.2. Let the Galerkin functional and the quasi-discrete contact force density
be defined as in Section then

5\ %
Hgm|15<2n,%) : (3.27)
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3 A new residual-type a posteriori error estimator for the Signorini problem

Proof. Inserting the definition of R};nl and Ry ; in 1' applying Holder’s inequality
and the L?-approximation properties (3.24) and (3.25] [3.26) we get

<gm7§0>—1,1
d
= ( / T () (i = cp(00))8p + / m(um)m—cp(%))%)
i=1 pENm \Y .1 Wp
d
P Y [ R aene Y Y [ et
i=1 pe NN PN i=2 pe NG ¥ PC
/ o1 (um)(p1 — cp(1))dp
PENG\NIE e
d
XX (197 Catm) g 25 = a0l + IrsCuam) s, s = o))l )
=1 pENm
d
305 (I @all, | 1 = eple))épla,.x)
=1 pENrf,V
d
+Z Z (HJF(Um)H%C ”(‘Pi_cp(%))¢p”'yp,c)
1=2 peN§
D D (IO [N [N E A
PENG\NK’

1
BT i)y 1 19l + P i), uwz-uwp)

N
M=~
(]

1=1 pENm
d 1 d 1
+  (1 19wl 190l ) + 3 X (4 1€ Gl 196l )
=1 peny i=2 peNg
1
b Y (Mlatml, Ve,
peNS\N{C
1 1
1\ 2 9 :
<[ X (1wt ) |+ [ (rtuml, i)
PENm PEN®,

N

1
1\ 2 2 1\ 2
s (nJN(um)m,Nhs) iy (HJ%mm)uvp@hz)

pEN‘J,[}7 peNE
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3.2 Reliability of the error estimator

N

1
2

2
1
oy (u&l(um»hp,chz) S Ivel2,

PENT\Ni® PENm
1
5 5 3
< (Zm) IVela S (Zni) lell10-
k=1 k=1
et s . . <gm’90>71 1 5 2 %
Dividing the inequality by ||¢]||1 we get —en < (Zk:l 77/<;) for each ¢ € Hy and
taking the supremum on both sides we get the desired result. qed.

3.2.2 Upper bound in the case of a discrete gap function

In this section we derive the upper bound of <5\m —Au— um> in the case gn = g.

)

We have (\;, p;) = <5\m7i, <pi> =0 for ¢ # 1 and (A1, um,1 — u1>_1’1 < 0 because K, C K

if gn = g. Thus, it remains to bound <)\m71,u1 — um71> " From the definition of the

quasi-discrete contact force density Ay 1 (]3.11|, |3.12L |3.13[) 7follows

<:\m,1,u1 - Um,1>_1 L Z <Spcp(u1 - UmJ)/ ¢p>
, .C

PENSC K

+ Z <Spcp(u1 - um,l)/ ¢p> (328)
pelel"lC p.C

— Z (/ 5‘1(’U,m) (u1 — um’l — cp(u1 — um,l)) gbp) .
pENLS \"TPC

The first sum in (3.28]) is bounded by 7

Z 5 é f:yp’c(ul — Um,1)Pp
P P

peNsC  URC Yp,C p
B f’yp,c (u1 — g)¢p ffyp,c (9 — um,1)¢p
= Z Sp bp +Sp Pp
peNC ¢ f%yc p 7p.C f%,c p
S Z Spdp
PENSC

[ o
where we exploit v < g, ¢ = gm and fvi"ic; is a computable constant independent of
p,c 7P

hy if Y ¢ is always a fixed fraction of v, c.
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3 A new residual-type a posteriori error estimator for the Signorini problem

For a full-contact node p, we have u; < g = gm = un,1 which implies 41 — um,1 < 0 and,
therefore, cp(u1 — um,1) < 0. As further s, > 0 we have spcp(u1 — um,1) < 0 such that
the second sum is bounded by zero.

In order to estimate the third sum we decompose it into a sum of integrals over sides.
We exploit &1 (um) constant on each side as we assumed meshes of simplices and ¢, (u; —

Um1) = Js(u1—um 1) ¢p > Jo(u1—um,1)

% for each side s in Vp.C

5%Pp s Pp

— Z / 01(Um) (U1 — Um,1 — cp(Ur — Um,1))Pp

pEN&C Yp,C

) (3.29)
= Z Z —Ul(um) /(ul - Um,l - cp(ul - um71))¢p S 0
peNLC sCp,C a
<0
Thus, we have
<>\m —Au— Um>_171 S 77% = Z Spdp- (3.30)
PENR®

Putting together (3.15)), (3.16)), (3.27) and (3.30) we have the proof of Theorem if
9= Gm-

3.2.3 Upper bound for a general gap function in H:

In the foregoing section we used the fact, that um1 < g if gm = g in order to get an upper

bound of <5\m —Au— 'u,m> . This condition may not hold for an arbitrary function

)

geEH %(Fc). However, it is possible to give an upper bound of the error measure by
means of the error estimator for arbitrary gap functions. For this purpose, we define a
function

. 1
Uy = min{um1|r., 9} € H2(T¢)

and a harmonic extension w of w := um1 —uy; € H 2 (I'c) so that the stability estimate
(see, e.g., |Ste08], pp. 70-71)

[ = vl S umy = wm s p (3.31)

holds. We set up; := um1 —w € H. In a first step we find an upper bound of

*

*
(A1, um,1 —u1). Therefore, we use <)\1,um71 —u1>71’1 < 0 as up;

< g, the Young’s
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3.2 Reliability of the error estimator

inequality and (3.31)
<)\1a Um,1 — u:n,l + u:‘l,l - u1>,1’1

< (A1, U — u;,1>_1,1

3 * 3 *
= </\1 — Am,1, Um,1 — um71> . + </\m,1,um,1 - Um71>

)

1 ~ 1 ~
< 5”)\1 - )\m,1||2_1 + §||Um,1 - U:171H% + <>\m,1, Um,1 — U:171>71 )

—1,1

1 ~ 1 ~
S 301 = Ana 2y + 5luma = gl p, + eyt = 1i1)

)

Therefrom we deduce

< - 1
(M= Ang g =) S 5 = A2+ 5w = )13

1
bz (3.32)
+ <)\m,17 Um,1 — U:Ll +up — Um,1>71 .
exploiting the identity
(tm1 = tp1)lre = (um1 — 9) " Ire- (3.33)
We make use of the relation
(Um,1 — Uy + U1 — Um1) = (um1 — )" + (w1 — Um,1)
= (um1—9)" + (u1 — 9) + (9 — Um,1) (3.34)
< (um1 —9)" + (9 — tm1)
= (Um1—9)” = (9 —tum1)”"

which holds on I'c to give an upper bound of <5\m,1, Um,1 — Uy 1 + Ul — um71> .

)

3 *
<)\m,17 Um,1 — Uy 1 +up — Um,1>

—1,1
= Z <S\m,1a (Um,l - u;,l +uy — Um,l) ¢p> 11
peth -
< Z <3pcp ((g - um,l)Jr) / ¢p>
PENSC e, C
"5 (otomn ] o
peNEC Tp.C

2 (/v c 61 (um) (w1 = uma) + (um1 = 9)" = ¢ (w1 = um1) + (um1 = 9)7)) ¢p>

peNLC

(3.35)
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3 A new residual-type a posteriori error estimator for the Signorini problem

In the case of semi-contact nodes we exploit that (gm — um,1) = (gm — Um,1)" so that

(g_um,1)+ = (g—um,l +gm_gm)+ < (gm—um,1)++(g_gm)+ = (gm—um,1)+(g_gm)+-

Thus, we have for the first sum in (3.35))

Z <3pcp ((9 - Um,1)+) /vp,c Cbp)

PENZC
(3.36)
S Z spdp + Z <3pcp ((g—gm)+)/ ¢p>
peENC peEN;C Tp.C
< 115 + 117

In the case of full-contact nodes we have um 1 = gm on 7, ¢ so that (g — um71)+ can be
replaced by (g — gm)™ in the second sum of ((3.35)

Z (510% ((9 - Um,1)+) /Wp,c ¢p>

peNIC
(3.37)
= Z <3pcp ((g _gm)+)/ ¢p>
peNLC Tp.C
<.

The third sum of (3.35) is bounded by zero which follows from the definition of ¢,(¢)
and s for full contact nodes in the same way as in (3.29)

—/ 61(um) (w1 — ump) + (uma1 — 9)7 — ¢ (w1 — Um1) + (um1 — 9)")) ¢p < 0.
Yp,C
Thus, it follows

<)\1 — Am,1, Um,1 — U1> L S

)

~ 1
I = At 21+ 5 im = )13 g+ + 72

N |

(3.38)

"3

Putting together (3.15)), (3.16), (3.27) and (3.38) we have the proof of Theorem if
1
g€ Hz(I'c).

3.3 Efficiency of the error estimator

In this section we give the proof of Theorem [3.1.2
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3.3 Efficiency of the error estimator

3.3.1 Lower bound in terms of the contributions 7 p,, ..., 14,

The proof of lower bounds in terms of the contributions 71 ,,...,74, is very similar to
the one given in Section In fact Gy, plays the role of ’R},iln and the properties of
the bubble functions, compare Lemma [2.2.2] are used.

We start with the contribution of the interior residual 71, = hpl|r(um)||w,. Let f be
defined as in Theorem [3.1.2 with constant components f; and 7(un) = dive(u) + f the
interior residual with the approximation #(uy) = dive(uy) + f. The element bubble
functions W, as defined in Section [2.2.1] are zero on the sides of the elements so that
J, (un) ¥, = 0. Therefrom and due to the properties of the element bubble functions
we obtain

7 ()2 < / (7 (um)) P,
- / 1 (bt )7 (), + / (F — 1) (un)®,

— (G P () W)y, + [ (F = S e
< ||gm||—1,wpHF(um)‘I’e”l,e + ”_} = Fllell7(vm) ®elle
S NGmll 1w he HF(um) e + 1F = Fllell7(wm) e,

for a node p and an element ¢ C w,. Dividing the last expression by hy |7 (um) e, using
the triangle inequality for ||7(uw)|le < ||7(um)||. + || f — f||. and

Gl -1, < It = a1, + A = Al -1, (3.39)

which follows from the definition of the Galerkin functional by means of the triangle
inequality and the boundedness of the bilinear form, we get on each element

helr(wm)le S ||gm||fl,wp + he”.? — flle
Sl = vmlliw, + 1A = Anll-1w, + 2ellf = Fle-

Due to the shape-regularity, which implies that the number of elements belonging to a
patch is bounded, it follows

hpllr (wm) oy S 1 = w1, + 1A = Anll-1w, + Bpll f = Fllups (3.40)

where we assume hy, = h..

Next, we consider 72 ,. In order to prove that the error measure is locally bounded by
the inner jump terms we exploit the properties of the side bubble functions ¥, of an
interior side s C 7, 1

||J1(um)|‘§ S <gm»J](Um)‘I’5>_1,1,wp _/ T(um)JI(Um)‘I’s
S NGl =1y 1T () @1 00 + 17 () o | T () @ (3.41)

_1 1
S NGl -1, hs 2 1T () ls + 17 (wm) eog 23 [T (i) -
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3 A new residual-type a posteriori error estimator for the Signorini problem

1
Dividing by hs 2||J* (uy)||s We get for each side

1
2 [| T (wn)ls S 1Gumll-1.0, + hs |l (wm) |,

from which follows by (3.40) and the shape-regularity

1 ~ _
R 1T () [y S 1w = wmllrw, + 1A = Anll-1w, + Aol f = £l

where we assume hs =~ hy,.

Finally, the local lower bounds in terms of 13, and 74, follow in the same way as in
(13.41))

1 ~ _ 1

B [T () v S Nl = vl + A = Anll =10, + Rl f = Flleo, + 03 |17 = 7l
1
1 C ~ _

hi I I7 (wm)lly, e S [l = tmlliw, + 1A = Anll-10, + Bl f = Fllo,-

Thus, Theorem is proven for 71 p, ..., Nap.

3.3.2 Lower bound in terms of the contribution 75,

In this section we show that 75, is a local lower bound of the error for all nodes
pE Nn? \Nnjic. In the foregoing section we exploited the relation between the Galerkin
functional and the quantities occurring in the error estimator contributions, e.g., J! (Um).
Similarly, we make use of the relation between the Galerkin functional and the boundary

stresses; see, e.g., (3.17)).

Let p € Ng \N,flC be an arbitrary but fixed node. In the following, s denotes a side which
belongs to v5,c. We take the side bubble function ¥se; as test function in (3.17)

3 /F or(m) ¥ty

pENS\NE
= —(Gm, Vser) 1 + Z <RE&, ‘I’s¢p>_1 1
pENm\NnC: ’
£ Rt (W= @610+ > [ oiume(®)e, (5
pENS peNG\NiC e
:*<gm7‘1’531>_171+ Z / Tl(um)q/5¢p
PENy ¥ s
= Y spep(We) [ dp— D> (Rmi,bp) (o).
PENZC .0 PENLC

If the side s is not contained in any patch v, ¢ of semi- or full-contact nodes p, the two
last terms are zero and we can proceed similar to (3.41)). Otherwise, in order to get rid
of the last two terms we replace ¥, by a suitable function 6, such that ¢,(6s) = 0 for all
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3.3 Efficiency of the error estimator

semi- and full-contact nodes. The value ¢, (-) for a semi-contact node p depends on ¥, ¢
which is a strict subset of v, ¢, compare Section If p,c consists of two intervals
we choose the inner third of v, containing p as 4, c. If 7, ¢ is a union of triangles
we refine each triangle once uniformly and generate 7, ¢ as the 2D patch enclosing p
with respect to this subgrid. For example in Figure the dark blue region is 7, ¢
for p = p,. For a side s with the nodes {p,}i=1,..n we denote the sides of the subgrid
containing p; by s; and the middle part by s/, see Figure 3.1l For the function 65 we

51 S 82

P1 5 P2

(a) Subgrid of an interval (b) Subgrid of a triangle

Figure 3.1: Subgrid of boundary patches v, ¢

make the following ansatz

0s = <Z a; Vv, + aM\IIM> (3.43)

i=1

where n is the number of nodes of the side s and ¥; and ¥,; are side bubble functions
to s; and s);. The coefficients are determined so that

L f[1= > [0

PENW\NE’
2. f51 s¢p;, = 0 for all p; semi-contact nodes

3. [, 8s¢p, = 0 for all p; full-contact nodes with s = 5.

As p is not a full-contact node there is at least one contribution in the right hand side of
the first condition. Inserting the ansatz (3.43)) in the aforementioned conditions we get
a solvable system of equations with n + 1 coefficients (degrees of freedom) apy, a;, i =
5 PPp
Tp,C

{1,..,n} and n + 1 conditions. At this point the special choice of ¢,(¢) := T
p,c P

as
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3 A new residual-type a posteriori error estimator for the Signorini problem

mean value on 7, ¢ for semi-contact nodes becomes clear because the choice ¢,(¢) =
pr’ c odp

p,C Pp
the conditions. In the second condition s; would be replaced by s and the condition

[, 0s¢p, = 0 for all p; of the side s would imply %> [ 6s¢, = 0 so that the first
pENm\Nr€IC

as mean value over the whole patch 7, would lead to a contradiction of

condition could not be fulfilled.
As we assumed a mesh of simplices, 61(un) is constant on s so that ¢,(6;) = 0 implies
cp(61(um)bs) = 0 and it follows from the first condition

)2 = S / 61 (thm) 81 (14 By, (3.44)
PENW\NLC %

Putting together (3.44]), (3.42)) with test function 61 (um)0s instead of ¥, and exploiting
the conditions ¢,(61(um)0s) = 0 for all actual contact nodes we end up with

lor(ulP = 3 / 1 (1)1 (i) B

;DENm\N&C

=~ (G (um)beer) 1, + [ 71(um) (um) (3.45)
< G |10 161 ()l 1., + 171 1) s 61 () o

_1 1
S UGl 1y 21161 ()l + B2 171 ) s 67 (et -

In the last line of (3.45)) we used the properties of the bubble functions (see Section
2.2.1)) on the subgrid and the fact that 4, ¢ is a fixed portion of 7, ¢ so that hs = chs,

_1
for a mesh-independent constant c¢. We divide by hs ?||61(um)||s leading to

1
he (|61 (um)lls S NGmll-1.0p + hsll7 (wm) o, -
By means of the triangle inequality and the shape-regularity, the upper bounds (3.39)
and (3.40) of [|Gum||-1,w, and ||7(um)|w, we get
1 - _
hp |61 (Um)llype S Nl = vmlliw, + 1A = Amll 105 + ApllF = Fll,-

Thus, we have proven Theorem for ns 5 with p € NS\NIC,

3.3.3 Lower bound in terms of the contribution 7,

We derive a lower bound of the local error measure in terms of the local contributions
of ngp = (spdp)%. If s, =0 or (gm — um,1)(g) = 0 for all neighboring nodes of p we have
nep = 0. Therefore, we assume s, > 0 and (gm — um,1)(q) > 0 for at least one node on
Yp,c- Let @ be a node which fulfills (gm — ©m,1)(q@) > (gm — um,1)(q) for all neighboring
nodes g of p. Due to s, > 0 we have (gm — um,1)(p) = 0. As we consider boundary
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3.3 Efficiency of the error estimator

Figure 3.2: Construction of the linear combination of —7 in 2D

meshes of triangles or intervals the discrete functions are piecewise linear. Using Taylor
expansion around (gm — um,1)(p) = 0 leads to

(gm — um1)(q)

A (3.46)
=V é(gm - um,l) : (q - p) S hpv|§(gm - um,l) - T

where § C 7, ¢ is a side containing the nodes g and p and 7 is the unit tangential vector
pointing from p to q. The corresponding element is denoted with &.

First, we deal with a node p at a convex edge of the boundary. We assumed in Theorem
that the node p has at least one neighboring node in the interior. (This condition
means that p belongs to more than one triangle for d = 2 and more than two tetrahedra
for d = 3.) Thus, there exists another element ¢ C w), with a boundary side s C dw, NT.
We define an extension from gy to a function in Hpy by gm(q) = um,1(q) for all g €
Nu\N§. Due to the definition of g, we have

V|e(gm — tm,1) - Tint = 0. (3.47)

For the gradients in direction 7,4 pointing from p to a neighboring boundary node g # q

we have
V‘e(gm - um,l) “Thq > 0. (348)

In the case d = 2 the line given by p and the vector Ty, divides the plane into half-planes
with 7 on one side and 7,4 and —7 on the other side, see Figure Therefore,

— 7T =aTint + BThd (3.49)

with 8 > 0 and « arbitrary. If d = 3 imagine a plane Py 5 , spanned by 7 and 7i,. The
cut of the plane with an opposite side s defines a unit vector Tv,q := S17hd,1 + S2Tbd,2
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3 A new residual-type a posteriori error estimator for the Signorini problem

Tbd,2

B1Tod,1 + BoToa,

Figure 3.3: Construction of the linear combination of —7 in 3D

with 81,82 > 0 and Tpq,1, Tha,2 are the vectors along the edges of the side s starting in
p, compare Figure The line 7y divides this plane P; ., such that —7 and Tp,q lie
in one half-plane and (3.49) holds with 8 > 0 and « arbitrary. Putting together (3.47)),

(3.48) and (3.49)), we get
— V|e(Gm — Uma1) T =0 (3.50)

and therefore adding (3.50)) to (3.46|) gives rise to

(Gm = um1)(q) = V|s(Gm — um1) - (q — P)

_ _ (3.51)
S h‘P(V‘ﬁ (Gm — Um,l) - V‘e(gm - Um,l)) " T.

For a contact node p at a concave edge the vector pointing from p in direction —7 goes
through another element ¢ belonging to w,. Due to the construction of gy such that
(Gm — um,1) (g) > 0 for all g € Ny, we have

_V|e(gm - um,l) -7 2>0

and therefore, we can add this gradient in getting the same result as in the
convex case.

Leteg =¢,¢, =c¢ande;, 2 =1,..,n—1 be the elements between ¢g and ¢,,. The common
sides of two neighboring elements are denoted with s; = ¢;_1 Ne¢;. For vy, € Hy the
difference in the gradients only occur in normal direction due to the continuity of finite
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3.3 Efficiency of the error estimator

element functions. Thus, the Euclidean norm |V|;vym — V|0 is bounded in terms of
the interelement jumps [[Vvy]]? defined in (2.10)).

|V]evm — V|evm| < ‘V’eo”m = VeVl + [V]eyvm = Vl]eyvm| + - . + [V]e, 1 vm — Ve, Uni
—(d-1)

<Zh ? VUmH ||51

(dl

Shy 2 (Von))
(3.52)

Combining (3.51)) and (3.52)) with vy = gm — um,1 gives rise to

(9o — ) (@) S hy S (h 1V G — um@)n%,,) |

As (gm - Um,l)(‘]) < (gm - Um,l)(d) for all g € Yp,C WE conclude

4y = /M@ ~tm)tp < 10, (W09~ um )

SR W
For the upper bound of s,d, we use Holder’s inequality and scaling arguments such that
Spdp
B fyp,, I (wm)p + pr 71 (tUm)@p + f'yp’N I (wm)p — f'yp’c 1 (Um)Pp /
N -

(gm - Um,1>¢17

Yp,C

—d 1
S hp + IBh (“m)va,z H@)H%,I + ”7'1(um)pr ||¢p”wp

d—1
~hy 2 ~h

SISEY

+ Hle(um)H% N Hgpr'Yp,N "’Hf}l(um)”vp,c Hgpr'Yp,C ) / (gm — Um,1)Pp
N e —r ———— ~

p,C
d—1 d—1
~h_ 2 ~ph 2
~hy ~hy

d
S (M2 +Mp + 03+ M5p)  hp * / (gm — Um,1)Pp
5y

p,C
~ _ 1
S (e = umllrw, + 1A = Anll -1, + Bpllf = £l ) <h5 1% (gm — um,nn%p,f)
2
~ _ 1
S <||u - um”pr + [|A = )‘mH—l,wp + hp”.f - f”wp + 25 I[[V (Gm — Um,l)“IvaJ)

(3.53)
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3 A new residual-type a posteriori error estimator for the Signorini problem

Thus, we have proven Theorem We note that we would get the additional

1
contribution hj || — 7|, \ if the actual contact boundary was not a strict subset of the
potential contact boundary.

Remark 3.3.1. If we consider the simplified Signorini problem (Problem, ([Vuw]])!
is the jump term. Hence, by means of the triangle inequality and the local lower bound

of the error measure in terms of ||[Vum]]!|| we can estimate further

- _ 1 2
spdp S <||um — U 1w, T [Am — /\H—pr + hp”f - wap + hj H[[ng]]Ipr,z> . (3.54)
For the proof of we exploited the node values of the extension gm(q) at nodes which
are no potential contact boundary nodes. As we assume that the actual contact boundary
is a strict subset of the potential contact boundary only the node value of the extension
gm(q) at one neighboring interior node is relevant for the proof of . Thus, if gm
is an affine function over a planar boundary it can be extended to an affine function Gy
over the whole domain by defining gm(q) at one interior node neighboring to p, so that

1 1
hp ||[[V§m]]1||7p’1 = 0. In this sense we may regard hﬁH[[ngﬂlHWN as measure of the
non-linear part of gm.
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4 Numerical studies

The aim of this chapter is to show the numerical performance of our new residual-type
a posteriori error estimator for contact problems. We have derived the error estimator
for meshes of triangles and tetrahedra in Chapter However, we see in Section
that the error estimator performs very well for different types of elements as hexahedra,
pyramids or prisms.

In Section we deal with some implementation aspects. It is noteworthy that the
implementation of our new residual-type a posteriori error estimator fits in the framework
of a standard residual error estimator because only a few contributions have to be added.
In Section we illustrate the performance of the new residual-type a posteriori error
estimator. We investigate the adaptively refined grids and we compare the experimental
order of convergence on adaptively and uniformly refined grids. In Sections and
we consider the problems given in Section for which we know the analytic
contact stresses and the radius of the actual contact zone. Thus, we give the relative error
of both quantities computed on sequences of adaptively refined grids to show the quick
error reduction. In Section [4.2.3] the relevance and the distribution of the different local
error estimator contributions are investigated for several examples in 3D with different
kinds of obstacles.

4.1 Implementation aspects

The implementation of the new residual-type a posteriori error estimator has been carried
out in the framework of the finite element toolbox UG [BBL™97] and the obstacle toolbox
OBSLIB++, see |[Kra00].

4.1.1 Implementation of the error estimator

In the following, we denote by my the mesh after k-times of adaptive mesh-refinement.
An adaptive mesh-refinement process consists of the following steps

© Set k= 0. Choose an initial coarse mesh my and set a tolerance.

Solve the discrete problem on my.

0]
@ Estimate the error by means of the local error estimator contributions 7, for each
element e.

®

Mark the elements depending on the magnitude of their local error estimator
contributions 7, if the estimated global error is above the tolerance. Otherwise
stop the process.
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4 Numerical studies

@ Refine the mesh my ~» my1q, set kK =k + 1 and go to step 2.

Although the reliability and efficiency of the error estimator is proven for meshes of
triangles or tetrahedra, respectively, we test the performance of the error estimator
for different kinds of elements. Hence, the starting grids (Step: () may consist of
quadrilaterals, hexahedra, prisms and pyramids as well. We solve the discrete variational
inequalities (Step: (D) with a non-smooth multigrid method, see [Kor97, Kra00].

As the computation of the error estimator contributions 71, 72, 73 are like in the standard
residual error estimator it is appropriate to use a hierarchy of classes, see Figure In
the base class of all kinds of error estimators the error estimator contributions for all
elements are summed up in order to check if the given tolerance is achieved or not. If
the given tolerance is not reached yet the elements are marked for refinement depending
on the marking strategy (Step: 3)). In our numerical experiments we use a mean value
strategy. An element ¢ is marked for refinement if

62773
eem
n? > 6> 1

ecm

where 7, are the local estimator contributions of the elements and 6 is a given parameter
which we set to # = 1.1 in our numerical experiments. We recall that our error estimator
is based on patches instead of elements. Further below we explain how the contributions
to the elements can be computed.

Base class for all error estimators:
e check if tolerance reached

e marking strategy

o ...

Base class for residual-type error estimators:
e clement contributions of 7y, 12,73
o ...

Class for residual-type error estimator for contact:
e clement contributions of 14,75, g, 77, N8
o ...

Figure 4.1: Hierarchy of classes for residual-type error estimator for contact

In the base class for residual-type error estimators, the element contributions of 11, 72, 73
are computed. These are the contributions of the standard residual error estimator for
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4.1 Implementation aspects

linear elliptic equations, see Section The class of our new residual-type a posteriori
error estimator is derived from the base class for residual-type error estimators. It
remains to compute the additional error estimator contributions n4, 75,76, n7,78. In
other words, the implementation of the new residual-type a posteriori error estimator
can be added to an existing implementation of the standard residual error estimator.

For the computation of the error estimator contributions 72, 73, 74, 75, the stresses o (un)
have to be computed from the gradients of uy, and from Hooke’s tensor, compare Section

As the discrete solution is given by

Un(T) = Z Um,i(P)Pp(x)es,

PENm

the first derivatives of the nodal basis functions ¢, have to be computed. We recall that
we use the Einstein summation convention for repeated indices. Usually, the nodal basis
functions ¢3p on the reference element ¢ and the transformation T' : ¢ — ¢ are given. The
inverse of T' denoted by T~ maps points @ in ¢ on points & = T~ *(x) in ¢. The nodal
basis function ¢, is given by the chain ¢, = qu o T!. Hence, the partial derivative of

op is

06y (96, 1\ oT @)
02, (x) = (8;&, oT 1(;1:)) . s .

The Jacobian matrix VT'~! is computed from the Jacobian matrix VT and the cor-
responding determinant det(VT) by means of VI !(z) = (VT) (&) = (VT) o
T_I(ZU) and (VT)il = madj(VT)

The computation of dive (uy) occurring in the error estimator contribution 7y if quadri-
laterals, hexahedra, prisms or pyramids are used needs the second derivatives of the
discrete solution. For example, in the two-dimensional case the first component of the
divergence of the stresses is

. _ 0011 (um) | Oo12(Un)
(dive (um))1 = 01 + s

0

= e (Hir€11(um) + Hiz2e22(um) + 2H13€12(Um))

0
+ 92s (H3i€11(um) + H32€22 () + 2H33€12 (U ))

= H _— 2 H _ ? H - ) ’
1 8$1 ( 8£L'1 ) + 1281‘1 ( 81‘2 > + 136$1 ( 8902 + 8.1‘1 >

0 8um,l 0 8Um,2 0 8Um,l 8Um,2
+ml< )*m%m<&@)+%%@(&@+am>

where €;; are the components of the strain tensor (1.10) and H;; are the components
of the matrix representation of Hooke’s tensor defined in (1.16). The second partial
derivatives of the nodal basis functions in terms of ¢, and the transformation T are
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given by

_ 0 ([0 .- AT (=),
= o ((a@l o 1(‘”)> T Oy )

_ (8% OT_l(w)> AT (@) AT (@),

8§3[ka 8951 afL'j
o O*(T~ (),
* (8@ oT (13)) a$jal‘1 '

Hence, the first and second derivatives of the nodal basis functions on the reference

element and of the inverse transformation are needed. As we do not have the inverse

transformation, the computation of the second derivative of T~! is not straightforward.

Exemplarily, we consider the two-dimensional case. As explained above VT !(x) =
—1 ~

(VT) " (&) and

1 (VD) (V)i
(vr) " = det(VT) (—(VT)21 (VT)u > '

Thus, in order to compute the second derivative of VT ™!, the derivatives of (VT);;
B(T_l(w))l )

and of det(VT) are required. For example, the second partial derivative — %505, 8
computed from

(VT (@)
0 . 1
= o ((VT)22 o T () T oT—l(m)>
_ 1 K oT1z)) . 2T @i v 0T (2
" (det(VT) o T ()2 {<aazi(VT)22 T )> g, det(VT) o T (@)

0 qawryor-ige) 2T 10

— _1 .
(VT)o2 0T () % o5,

In our implementation of the error estimator we loop over all elements. For each ele-
ment ¢ we compute [, (r(um))® dz by means of the first and second derivatives of the
transformation and the basis functions on the reference element as explained above. As
the error estimator is based on patches and an element occurs in each patch of its nodes,
we weight the element contribution [, (7(wy))? dz by the number of nodes belonging to
¢.

For each element we loop over the sides to compute the remaining error estimator con-
tributions. Depending on the kind of side, interior side, Neumann boundary side or
potential contact boundary side, we compute the integral of the square of the stresses
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or jump terms over the side and weight it by the number of corresponding nodes. Ex-
emplarily, we consider 75. The side contribution [, (61 (um))? da has to be weighted by
the number of nodes p € Nm\Nﬁ;C belonging to this side s. Therefore, we loop over the
nodes to check if they are semi- or full-contact nodes or not in actual contact. Nodes are
full-contact nodes if all neighboring nodes belonging to the potential contact boundary
are in actual contact. Therefore, a list of patches which assigns all neighboring nodes to
a node is convenient.

The classification of contact nodes is also required for the computation of the error
estimator contribution 7¢. For a semi-contact node p on a side s, we compute s, and
the part of d, belonging to the side s. Instead of generating a subgrid as used in the
proof of the lower bound, see Figure we may compute the integral of (gm — um,1)¢p
over a strict subset as, e.g., a fourth of the triangle containing the node p. We proceed
in the same way for the computation of the side contributions to 7.

4.1.2 Evaluation and visualization

We shortly comment on the evaluation and visualization of the quantities which we
investigate in the following sections for different numerical experiments.

In order to analyze our new residual-type error estimator in detail, we analyze the
structure of the adaptively refined grid and the distribution of the local error estimator
contributions. Therefore, we implemented a routine to write the grid and the data in a
vtk file format. Thus, it can be visualized in paraview.

We do not have the exact solution u on € of our examples. But for some examples we
know the exact contact stresses, compare Section As already explained in Section
there is no obvious discrete counterpart of the contact stresses. We make use of the
node values s, of the discrete contact force density obtained by the lumped L?-scalar
product to define a numerical approximation of the exact contact stresses

Sm = Z Spdp. (4.1)

peNE

This quantity defines a functional on H 2 (Te)

<3m790m,1>,%’%’pc :/F Z 3p¢p Pm,1,
c

pENE

see also . We compare the exact contact stresses and the approximation s, for the
examples presented in Sections and [£.2.2]

As we do not have the exact solution we do not know the error of our numerical solution.
Therefore, in order to investigate further the performance of our new residual type error
estimator, we analyze the rate of convergence of the error estimator insttlaad of the error
on adaptively and uniformly refined grids. We note that h ~ (#Ny) @ for a uniform
grid. Let my and myy; be the grids of two successive steps of adaptive refinement.

The corresponding sets of nodes are Ny, , N, , and the error estimators are n* and
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n**t1. Then the experimental order of convergence eoc, fulfilling n* = (#Nm ) "¢ and
nktl = (#Nm k4+1) ¢ is given by
1 k -1 k+1
eoc n(n") —In(n""") (4.2)

" In(#Nmgr1) — In(#Nmk)

This formula can be derived as follows

. _ ( #Nm,k >—eoc
nk+1 #Nm,k—i-l
k i #Nm,k
& In (n’gﬁ) = —cocln <#Nmk+1)
< (In(n*) —In(n*1)) = —eoc (In(#Nmx) — In(#Nmg+1)) -

4.2 Numerical results

In this section we present several numerical examples to show the performance of our
new residual-type error estimator for contact. We analyze the structure of the adaptively
refined grids and the experimental order of convergence for the adaptive strategy
compared to uniform refinement.

In the first two sections we compute the numerical solution of the examples given in
Section [[.2.2] compare Figures [I.1] and in an adaptive mesh refinement process
based on our new estimator for contact. For these examples we compute the analytic
contact stresses and the radius of the actual contact zone. Hence, we give the relative
error of both quantities and we visualize the exact contact stresses and the numerical
approximation . It is the aim of adaptive mesh refinement by means of a posteriori
error estimators to make possible a good approximation of the solution with a small
number of nodes compared to uniform refinement. Therefore, the relative errors are
plotted against the number of actual contact nodes for meshes generated by means of
our new residual-type error estimator (Section and by means of the standard
residual error estimator (Section [2.2.1]).

In the last section we study the new estimator in more detail. For this purpose, we
analyze the relevance and the distribution of the different local error estimator contri-
butions.

4.2.1 2D examples with analytically given distribution of contact stresses

In Section [1.2.2] we presented two examples of contact between a rigid and an elastic
body for which the distribution of the contact stresses is given analytically. In order to
model these examples by one-body contact problems we consider a unit quadrilateral
with the edges (0,0),(0,1),(1,0),(1,1) which is moved towards the obstacle by means
of Dirichlet values. We apply Dirichlet boundary values —0.01 in xo-direction and 0.0
in zi-direction at the top of the quadrilateral. The force density and the Neumann
values are zero. The material of the quadrilateral is assumed to be linear elastic with
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4.2 Numerical results

the Poisson ratio v = 0.25 and the Young’s modulus £ = 3-10°. We note that the unit
of the stresses is the same as the unit chosen for the Young’s modulus, e.g., n’jﬁ 7. The
potential contact boundary is the lower edge of the quadrilateral and the direction of
constraints is v = —e».

In the first example, where the elastic quadrilateral comes into contact with a rigid punch
the contact constraints u, < g = 0 are imposed in a strip of the length 0.125 between
0.4375 and 0.5625 and in the second example where the contact with a wedge (o = 79°)
is modeled, g(z1) = 0.2 (1 — 0.5) if 1 > 0.5 and g(x1) = —0.2 - (x1 — 0.5) otherwise.
We refer to these examples by Example 1 and Example 2, respectively.

We note that the load P applied to the rigid body in the examples of Section [1.2.2
coincides with the integral of the contact stresses over the contact boundary fl“c o, dxy.
Thus, we solve the contact problem on a very fine grid in a preprocess to get a good
approximation of the total contact forces. In this way we get the value 1549.10 for
Example 1, enabling the computation of the exact contact stresses

1549.10
7((0.0525)2 — 22)2

&exact
v

(@) = (4.3)

in the open interval (0.4375,0.5625) for xp. At the points x with z7 = 0.4375 or
x7 = 0.5625 where the edges of the punch indent the elastic quadrilateral the value of
the exact contact stresses would be infinite.

The starting grids of our experiments are uniformly refined meshes, consisting of either
triangles (512 elements) or quadrilaterals (256 elements). Subsequently, the adaptive
refinement process has been carried out 15 times. The experiment is called Example
1A if the starting grid consists of quadrilaterals and Example 1B if the starting grid is
made of triangles. The final system has 540,924 degrees of freedom in Example 1A and
438, 334 degrees of freedom in Example 1B.

Figure shows the final grid and zooms in the contact area in Example 1A. The
refinement is symmetric and the smallest elements are located in the semi-contact zone
and the neighboring area where discontinuities are expected. Figure shows the grid
after 15 steps of refinement in Example 1B. In Figure (a) we have zoomed in the
contact area and in Figure 4.3[(b) we have further zoomed in the area where the right
edge of the punch indents the elastic body. Although the structure is similar to the one
with a starting grid made of quadrilaterals the grid is less symmetric which is due to the
alignment of the triangles on the starting grid. However, the solution (Figure (c)) is
symmetric.

In Figure [4.4] the error estimator is plotted against the number of nodes for uniformly
(blue line) and adaptively (red line) refined grids with a logarithmic scale on both axis.
The experimental order of convergence is given by the slopes of the graphs. For
both experiments the final eoc is about 0.5 for the adaptive strategy compared to =~ 0.25
for the uniform refinement.

In Figure we compare the node values s, with the exact values of the contact stresses
68t (p). As we can see the values s, (red dots in Figure coincide very well with
the exact contact stresses (blue dots in Figure . Next, we consider the relative error
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-

o

o

Figure 4.2: Example 1A: Final grid and zooms in the area around the actual contact
boundary. The nodes mark the edges of the contact zone.
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Figure 4.6: Relative error of pressure for s, computed on grids which are adaptively
refined by means of our residual estimator for contact (res. est. contact) and
the standard residual estimator (std.res.est.) plotted against #N‘ig (loga-
rithmic scales)

in the L2-norm X
[sm() — 05" (@)|Ir
|ogact () ||rc

plotted against the number of actual contact nodes in each adaptive refinement step.
The red line in Figure [4.6] shows the relative error of s, computed on adaptively refined
grids which are generated by means of our residual-type error estimator for contact. The
blue line shows the relative error of sy, computed on grids which are adaptively refined
with the help of the standard residual error estimator, see Section Using our new
residual-type a posteriori estimator for contact we get a relative error of ~ 3 - 1073 with
solely 666 actual contact nodes in Example 1A and 380 in Example 1B, respectively. If
the mesh is refined by means of the standard residual error estimator the same quality
of approximation is obtained with 4,898 actual contact nodes in Example 1A and 5, 714
in Example 1B, respectively.

In Example 2, where the rigid wedge indents the elastic quadrilateral, the cotangens of
the angle « of the rigid wedge and the load applied to the rigid body, compare Figure
1.1(b) in Section enter the formulas for the exact computation of the radius of
the contact zone and the contact stresses. As in the foregoing example the load is given
by the integral of the contact stresses over the contact area fl“c 6, dr1 computed in a
preprocess on a very fine grid. It amounts to 872.19. The cotangens of the angle of the
wedge is 0.2. Putting these values and v = 0.25 and £ = 3-10° in the formula in
Section [1.2.2| we get the radius b = 0.01362796875 of the contact zone.

If the starting grid consists of quadrilaterals we call the experiment Example 2A and
if the starting grid is made of triangles we refer to it by Example 2B. The adaptive
refinement process has been carried out 14 times. The number of degrees of freedom is
510,588 in Example 2A and 512,850 in Example 2B.

Figures and show zooms in the contact area for Example 2A. The refined grid

, (4.4)
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is symmetric and the smallest elements can be found mainly in the area where the tip
of the wedge indents the elastic quadrilateral. At this point the exact normal stresses
would be infinite. However, in small areas around the free boundary zone the elements
have been refined very often, too, as can be seen in Figure (b) Just as in Example
1 the adaptively refined grid based on a starting grid of triangles is less symmetric, see
Figure [4.9(a), although the solution is symmetric (Figure [£.9(b)).

The convergence of the error estimator on adaptively and uniformly refined grids is
shown in Figure The experimental order of convergence is about 0.502 for the
adaptively refined grid and 0.436 and 0.399, respectively, for the uniformly refined grid.
In Figure the exact normal stresses 65¥%t(p) (blue dots), computed by means of
formula ((1.29) in Section are compared to the corresponding numerically computed
quantities s, (red dots). The values coincide very well. The L?-norm of the relative error
between sy (x) and 682t (x) as defined in is given by the red lines in Figure
plotted against the number of actual contact nodes. The blue lines in Figure refer
to the same relative error but sy, is computed on a mesh where the adaptive refinement is
determined by the standard residual error estimator (Section [2.2.1]). For both methods
of adaptive refinement Figure shows the relative error between b and the numerically
computed radius of the contact zone plotted against the number of actual contact nodes.
In order to visualize that the adaptive refinement process by means of the standard
residual error estimator requires much more nodes in order to obtain the same accuracy
as by means of our residual-type estimator for contact we have chosen logarithmic scales

in Figures and [£.13]

4.2.2 3D example with analytically given distribution of contact stresses

The final example presented in Section [T.2.2]of a contact problem for which exact formu-
las of the contact stresses and the radius of the contact zone are given is a
special case of the Hertzian contact problem, see Figure We compare the exact and
numerically computed values of contact stresses and radius of contact zone and we show
the grids which are adaptively refined by means of our new residual-type error estimator
for contact.

The Hertzian contact problem is modeled by a linear elastic cube which is pushed against
the obstacle by means of Dirichlet values. We apply Dirichlet values —0.005 in x3-
direction and 0.0 in z1- and zo-direction at the top of the cube. As in the 2D examples
the Neumann values and the force density is set to zero and we use the same material
constants £ = 3 -10° and v = 0.25. The potential contact boundary is the bottom of
the cube and the direction of constraints is ¥ = —e3. The gap function describing the
distance between the elastic cube and the rigid ball with radius RM and midpoint m
is given by g = v/(RM)2 — (z1 — my)2 — (x2 — ma)? + m3. For the computation of the
distribution of the contact stresses the value of the load P is needed. It is computed
in a preprocess on a very fine grid and amounts to 88.28. The radius of the rigid ball
representing the obstacle is RM = 0.75. Thus, the exact radius of the contact zone is

0.615142, computed by ((1.30).
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(a) Zoom of final grid

(b) Zoom in contact area of final grid

Figure 4.7: Example 2A
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(a) Zoom in contact area of final grid

(b) Zoom in right side of contact area of final grid

Figure 4.8: Example 2A
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Figure 4.12: Relative error of pressure for sy, computed on grids which are adaptively
refined by means of our residual estimator for contact (res.est.contact)
and the standard residual estimator (std.res.est.) plotted against #N;S
(logarithmic scales)
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Figure 4.13: Relative error of radius of contact zone computed on grids which
are adaptively refined by means of our residual estimator for contact
(res. est. contact) and the standard residual estimator (std.res.est.) plotted
against #N&S (logarithmic scales)

We consider two experiments Example 3A where the starting grid is a uniform mesh of
hexahedra (64 elements) and Example 3B where the starting grid is a uniform mesh of
tetrahedra (384 elements). The final grids have been 10 times adaptively refined. The
number of degrees of freedom is 4,871,271 in Example 3A and 6,044,778 in Example 3B,
respectively.

In Figure M(a) we show a zoom of the actual contact boundary of the adaptively refined
grid of Example 3A. The free boundary is refined more often as the area around full-
contact nodes. In contrast, the adaptive refinement by means of the standard residual
error estimator, see Figure (b), does not distinguish between the free boundary and
the full-contact area. In this case the actual contact boundary is overrefined.

Figures [4.15(b) and (c) show zooms of the actual contact boundary of the adaptively
refined grids by means of our residual-type estimator for contact and by means of the
standard residual estimator where the starting grids consist of tetrahedra. The grid is
less symmetric as in Example 3A where the starting grid is made of hexahedra. Just as
in the 2D examples of Section this is due to the alignment of the tetrahedra on the
starting grid. However, the solution in Figure [4.15(a) is symmetric.

For both experiments, Example 3A and 3B, the rates of convergence of our new residual
estimator for contact have been plotted in Figure for the adaptively refined grids
as well as for the uniformly refined grids. Although the experimental order of conver-
gence for the adaptive refinement strategy is better as for the uniform refinement, the
advantage is less as in the 2D examples of Section The reason might be found in
the regularity of the solutions. In both examples of Section the contact stresses
are expected to grow up to infinity where the edges of the punch or the tip of the wedge
indent the elastic body. In contrast, the contact stresses 7, (x) of the Hertzian contact
problem are always finite, compare . The contact stresses in Example 3A and 3B
can be seen in Figure [4.17
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Figure 4.14: Example 3A: Zoom in contact area of final grid
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Figure 4.16: Estimator plotted against # Ny, (logarithmic scales)

The L2-norm of the relative error between sy(x) and 692 (x) is plotted against
the number of actual contact nodes in Figure for both kinds of starting grids. As
in the foregoing examples the red line shows the relative error of sy computed on grids
which have been adaptively refined by means of our residual-type estimator for contact.
The blue lines in Figure represent the same quantity for s, computed on grids
which have been adaptively refined by means of the standard residual error estimators.
In order to illustrate that by means of our residual estimator for contact less nodes are
required to obtain the same accuracy in the contact stresses as by means of the standard
residual error estimator we have chosen logarithmic scales in Figure

In Figure we show the relative error between s, and the exact contact stress &, (p),
compare formula , at the node p = (0.5,0.5,0.0) where the north pole of the rigid
ball indents the elastic cube. The quantity is plotted against the number of contact
nodes for both methods of adaptive refinement by means of our new residual-type error
estimator (red line) and the standard residual estimator (blue line). In Example 3A the
decay of the error is very similar for both methods. However, in order to obtain the same
accuracy the standard error estimator requires more actual contact nodes. In Example
3B the relative error does not decay continuously.

A similar behavior that the relative error increases in between can be observed for the
relative error between b and the numerically computed radius of the actual contact zone,
see Figure[d:20] For both methods of adaptive refinement by means of our residual-type
estimator for contact and the standard residual estimator the relative error is the same
if the starting grid consists of hexahedra. In contrast, the relative error decays more
rapidly in Example 3B when using our residual-type estimator for contact. Just as in
Figure [4.18 we have chosen logarithmic scales in Figure [4.19] and Figure for the
illustration of the decay of the relative errors as a function of the number of actual
contact nodes.
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Figure 4.18: Relative error of pressure for s, computed on grids which are adaptively
refined by means of our residual estimator for contact (res.est.contact)
and the standard residual estimator (std.res.est.) plotted against #Nﬁg
(logarithmic scales)
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Figure 4.19: Relative error of pressure at the node p = (0.5,0.5,1.0) computed on grids
which are adaptively refined by means of our residual estimator for contact
(res. est. contact) and the standard residual estimator (std.res.est.) plotted
against #N,%S (logarithmic scales)
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Figure 4.20: Relative error of the radius of the contact zone computed on grids which
are adaptively refined by means of our residual estimator for contact
(res. est. contact) and the standard residual estimator (std.res.est.) plotted
against #Nlﬁf (logarithmic scales)
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4.2.3 Relevance of the different error estimator contributions

In this section we analyze our residual-type estimator for contact in more detail. There-
fore, we generate sequences of adaptively refined grids by means of our residual-type
error estimator for different contact problems in 3D. We choose different kinds of start-
ing grids consisting of tetrahedra, hexahedra, or primarily of prisms or pyramids. We
analyze the relevance of the different error estimator contributions n; and the distribu-
tion of their local contributions 7; ,. We examine the structure of the refined grids and
we have a look at the development of the number of actual, semi- and full-contact nodes
in the steps of adaptive refinement. Further, we compare the rate of convergence of the
estimator on adaptively and uniformly refined grids.

We consider five different experiments. In each of them the domain of computation is
a unit cube of linear elastic material with the Young’s modulus £ = 5 - 10? and the
Poisson ratio v = 0.3. The given force density f is set to zero and the Neumann values
are also zero. One side of the cube is the Dirichlet boundary and the opposite side is
the potential contact boundary so that the body can be pressed against the obstacle
by means of non-zero Dirichlet values in direction of the obstacle. The remaining sides
are Neumann boundary sides. The direction of constraints v is perpendicular to the
potential contact boundary. The Dirichlet values in direction v are set to 0.05 or 0.08
depending on the obstacle. For the other directions we choose zero Dirichlet values.

Example 4: g = 0 in a strip

The first two examples are 3D counterparts of the 2D examples in Section In
the first example the elastic body comes into contact with the obstacle in a strip of the
width 0.6. Therefore, the gap function is g = 0 within this strip and set to g = 0.5 on
the remaining potential contact boundary. We refer to this experiment as Example 4.
The problem is solved on three different kinds of starting grids, consisting of either
tetrahedra, hexahedra or primarily of prisms. For this example Figure shows the
experimental order of convergence for the adaptive strategy and for the uniform refine-
ment depending on the kind of starting grid. The best rate of convergence is obtained
for a starting grid of hexahedra.

The magnitude of the different error estimator contributions varies strongly. While in
the first step of refinement the error estimator contributions 71, 12, 14, 75 are larger than
102, the error estimator contributions 7,77, 7g are at most in a range of 10~2. We note
that the edges of the strip where g = 0 do not coincide with edges on the starting grid
such that both cases gn > g and g > gy, occur.

In Figure the decay of the square of the dominant error estimator contributions n?
(yellow line, referred to as “element residual”), n3 (red line, referred to as “inner jump”),
n; +n2 (blue line, referred to as “contact stress”) and the sum >%_; n? (black line) is
visualized. In the case the grid consists of tetrahedra, the error estimator contribution 7,
vanishes and 72 mainly determines the adaptive refinement process. If the starting grid
consists primarily of prisms, 77 is dominant. Compared to n; and 72, the contribution
75 is small. Its influence is restricted to the free boundary zone as can be seen in Figure
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Figure 4.21: Example 4: Estimator plotted against # Ny, (logarithmic scales)

in the steps k = 2,4,6 of adaptive refinement. However, in this example, 75 is
not the only responsible for the refinement of the elements in this region. Near the free
boundary zone, where the edges of the punch indent the elastic body, the local error
estimator contributions nip and n%vp are of the same magnitude as ng,p in the fourth
refinement step which can be seen in Figure in a cross-section through the body.
If the starting grid consists primarily of prisms the development of the number of actual
contact nodes, denoted by N\f{f and semi- and full-contact nodes is visualized in Figure
On the final grid the number of actual contact nodes is about half of the number of
the potential contact nodes although the area of actual contact is more than fifty percent
of I'c. This confirms once again that the actual contact boundary is not overrefined.

Example 5: a pyramid as obstacle

In the second example of this section, called Example 5, the obstacle is a pyramid so that
the tip of the pyramid indents the elastic cube, see Figure (a). The angle between a
triangular side and the base of the pyramid is 45°.

We choose starting grids made of hexahedra or primarily of pyramids. The experimental
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Figure 4.22: Example 4: Dominant estimator contributions plotted against # Ny, (log-
arithmic scales)

order of convergence for the adaptive strategy in contrast to the uniform refinement, see
Figure demonstrates clearly the merit of the error estimator. For both variants
of starting grids Figures [4.27|(c) and [4.28|a) show the solution —u, on the adaptively
refined grids around the actual contact boundary. In Figure [4.28|(b) we see the solution
—u - v on the adaptively refined grid in a diagonal cut through the contact area.

The elements have been refined most frequently along the cross where the edges of the
pyramid indent the elastic body and around the free boundary zone, which is given by
the curved lines surrounding the cross. In Figure (b) the status of the contact nodes,
full-contact nodes (red), semi-contact nodes (white) and the remaining potential contact
nodes (blue) on the final grid after 9 steps of adaptive refinement, is visualized.

Just as in the foregoing example the largest error estimator contributions for the adaptive
refinement are 7, n2 and 7. In the first refinement step the value of n; is in the
range of 10% and goes down to 10™! in the last refinement step. In step 6 the local
contributions 7y, vary between 0.07 and 0.0. The distribution of the local contributions
n%’p in refinement step 6 can be seen in Figure @(a). The value of 7y is in the range

of 10? in the first refinement step and about 10~' in the last refinement step. The
local contributions U%,p in refinement step 6 differ between 0.02 and 1079, see M(b)
From Figure we can deduce that the refinement of the cross where the edges of
the pyramid indent the elastic body is due to 771 and 72. The contribution 75 is mainly
responsible for the adaptive refinement around the free boundary zone. The distribution
of the local contributions 7752),:0 in refinement step 6 is given in Figure m(c) The local
contributions have a maximal value of 7-1073. We note that in this refinement step 7
is already in a very small range of 107!,

Example 6: a ball as obstacle

In the next experiment, called Example 6, the obstacle is a ball like in Section [4.2.2
This time we choose a grid of hexahedra. Figure [4.30a) and (b) shows the final grid of
the contact boundary as well as projected on the obstacle and Figure m(c) shows a
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Figure 4.23: Distribution of the local contributions nap in Example 4 with a starting
grid of prisms
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Figure 4.24: Refinement step k& = 4 in Example 4 with a starting grid of prisms
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Figure 4.25: Ratio of the number of actual, semi- and full-contact nodes to the number
of potential contact nodes in the adaptive refinement steps k£ = 1,...,7 in
Example 4 with a starting grid of prisms
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(a) Starting grid of pyramids (b) Starting grid of hexahedra

Figure 4.26: Example 5: Estimator plotted against # Ny, (logarithmic scales)

diagonal cut through the cube after seven steps of adaptive refinement. In Figure[4.31 we
see the rate of convergence of the error estimator for adaptive and uniform refinement.
On the basis of this example we have a closer look at the error estimator contributions
15, M6, Mg Which are related to the contact constraints. Exemplarily, we pick refinement
step 4, see Figure m(a) for the grid around the actual contact boundary. The largest
of these error estimator contributions is ns with local values of 7752),;) up to 0.02 in the
free boundary zone, see Figure M(b) From the definition of ng we know that the
local contributions are restricted to the free boundary zone which can be seen in Figure
4.32(c). As the ball which is the obstacle is convex, the finite element approximation gn
is greater than or equal to g so that 7g, is non-zero in the whole actual contact zone,
see Figure [4.32(d). In this refinement step the values of 7, and 7g, are already very
small.

Example 7: a hat as obstacle

Next, we consider an example where both additional error estimator contributions 77
and ng are non-zero. The obstacle looks like a hat; see, e.g., Figure |4.33(b). We call this
experiment Example 7 and choose starting grids of pyramids or tetrahedra. For both
kinds of starting grids the rate of convergence of the estimator is shown in Figure
We consider the choice of a starting grid consisting primarily of pyramids in more detail.
The final grid and the solution can be seen in Figure [£.33] The distribution of the local
error estimator contributions 77§7p, 77(2571,, 17%p and ngvp which are related to the contact
constraints is visualized in Figure in the fourth adaptive refinement step. As in all
foregoing examples the most important of these error estimator contributions is 75 with
a maximal local value of 0.03 for 77?)7]0 in refinement step 4. From the definition of 7g it
is clear that the local contributions are restricted to the free boundary zone, see Figure
4.35(c). Due to the shape of the hat and the structure of the grid the error estimator
contributions 77, and 7g ;, are also located near the free boundary zone, compare Figure
4.35(d) and (e).
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4.2 Numerical results

(a) Final grid of contact boundary projected on obstacle,
zoomed in actual contact area

(b) Contact status of nodes on final grid: full-
contact (red), semi-contact (white)

(c) Solution (—wu,) on final grid around the actual contact
boundary; ranges between —0.05 (blue) and 0.0 (red)

Figure 4.27: Example 5 with starting grid of pyramids
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(a) Solution (—wu,) on final grid around the actual contact
boundary; ranges between —0.05 (blue) and 0.0 (red)

(b) Solution (—u - v) on final grid in diagonal cut through contact area;
ranges between —0.05 (blue) and 0.0 (red)

Figure 4.28: Example 5 with starting grid of hexahedra
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(a) nf,p in refinement step 6; values of 77%1, range between 0.0
(blue) and 0.07 (red)

(b) ng’p in refinement step 6; values of ng’p range
between 107° (blue) and 0.02 (red)

(c) n3, on the contact boundary in refine-
ment step 6; values of ng,p range be-
tween 1077 (blue) and 0.007 (red)

Figure 4.29: Example 5 with starting grid of pyramids
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Figure 4.31: Estimator plotted against # Ny, (logarithmic scales) in Example 6 with
starting grid of hexahedra
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Figure 4.32: Example 6 with starting grid of hexahedra; view on the contact boundary
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(a) Starting grid of pyramids (b) Starting grid of tetrahedra

Figure 4.34: Example 7: Estimator plotted against # Ny, (logarithmic scales)

Example 8: a wave as obstacle

If we choose a sinus wave as obstacle (Example 8) the importance of the additional error
estimator contribution ng gets evident. The starting grid consists of hexahedra. The
grid projected from the contact boundary on the obstacle is shown for the starting grid
and after three refinement steps in Figure Due to the length of the sinus waves
and due to the meshsize of the hexahedra on the starting grid the grid around three of
the four contact regions is well resolved but not of the fourth one on the left side. There
the local error estimator contributions ngm are non-zero, see Figure W(c), and induce
further refinement and hence the detection of contact.

Example 9: “smiley”

In our final example (Example 9) we choose an obstacle such that the refined mesh
represents a smiley on the contact surface. Depending on the starting grids the smileys
look different. Figure [£.37] shows the adaptively refined grids of the contact boundary
after two, four and six steps of refinement for starting grids consisting primarily of
pyramids or hexahedra.
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(a) Starting grid projected on the obstacle (b) Adaptively refined grid projected on the obstacle
in refinement step 3

5.072e-6

de-6

266

0

(c) 77%71, on the contact boundary in refinement step 3

Figure 4.36: Example 8 with starting grid of hexahedra

101



4 Numerical studies

N EEYARERY
7 3 :

VA

[ AT T

AVAVAVA

i u AVAVAVAVAVAVA
N L ™~

ViS22 2 VAV AV. LAV

T

ft

oot
H

RS [ MR
Ee W ax s Emem s VAV IVAVAY, s emree vl Y

Figure 4.37: Grid of the contact boundary in Example 9 in refinement steps 2,4, 6; left:
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5 Discretization in time of dynamic contact
problems

The inherently non-smooth character of dynamic contact problems in linear elastic-
ity [EJKO5] turns the construction of suitable time integration schemes into a highly chal-
lenging task, as classical time discretization schemes cannot be applied in a straightfor-
ward way [ABO08,Mor99,HT'S™ 76, TP93,LC97, KROM99,LL02,DKE08, KLR0O8,HHWO08|,
KWO09a,DEP11|. In fact, many aspects which are all related to the non-smoothness orig-
inating from the contact interface have to be considered when constructing a time inte-
gration scheme. Besides solution related quantities as displacements, boundary stresses
and velocities, which are obviously influenced by the non-penetration constraint, struc-
tural properties as energy and momentum conservation, symplecticity, and the hidden
constraint, the persistency condition may be relevant. It is especially the interaction
of all these aforementioned quantities, properties and constraints which complicates the
construction of an appropriate integration scheme.

During the last decades numerous different time discretization schemes for elastodynamic
contact problems have been developed; see, e.g., [HTS™ 76, TP93,LC97, KROM99, LL02,
DKEO8, KLRO8, HHWO08] each of them showing different advantages and disadvantages
with respect to the above introduced criteria. Especially in the earlier works classical
time-discretization schemes are improved by adding corrections to the velocities, accel-
erations and contact stresses, cf. [HTS™ 76, TP93,[LL02] whereas recently the interplay
of space and time discretization with respect to the energy conservation and the stabil-
ity of the contact stresses has been considered. In [LC97] the focus lies on the energy
conservation which is achieved by enforcing a discrete persistency condition instead of
the non-penetration condition. A reason for the instability occurring in the contact
stresses can be found in the double role of the contact nodes as degrees of freedom for
the boundary and the interior. Therefore, modifications to the discretization in space are
applied in the algorithms presented in [KLRO8, HHWO08,[DEP11| whereas in [DKEO§| a
predictor step removes the artificial influence of the discretization in space to the contact
stresses. Most of the above mentioned time discretization schemes are modifications of
the classical Newmark scheme [New59]. Unfortunately, in the case of contact constraints,
the classical Newmark scheme leads to instabilities at the contact boundary and energy
blow-ups. In Section[5.2] we give a deeper insight into the causes of these instabilities and
we present selected algorithms [KROM99, DKE0S, LC97, KLRO8, HHWO08|. Therefore,
we follow the lines of our article [KW09a]. We note that recently in [DEP11] a further
comparison of some time integration schemes for contact problems has been published.
In Section we present our new space-time connecting discretization scheme which
has been published in [KW11].
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5 Discretization in time of dynamic contact problems

We note that another important approach for time-discretization schemes in mechanics
are variational integrators [HLW06,KMOWO00] which focuses on the symplectic structure.
A recent approach, applied to contact problems, can be found in [GSO10].

5.1 Dynamic contact problems in linear elasticity

In this section, we give the strong and the weak formulations of the dynamic contact
problem in linear elasticity. An important aspect in the time discretization of dynamic
contact problems is the conservation of the physical properties in the discrete system.
Therefore, we cannot solely consider the idealized one body contact problem as in the
foregoing chapters. We discuss the conservation properties and comment on existence
and uniqueness results.

5.1.1 Strong and weak formulation of dynamic contact problems

Dynamic contact problems describe the time-dependent contact, e.g., a collision, between
two solid bodies. In the case of two-body contact problems both bodies Q° and QM are
deformable and the sought displacement field is u = (w®,u™). The displacements
depend on the spatial variable & € € and on the temporal variable ¢ € [0, 7] where [0, T]]
is the observed time interval. The velocity is denoted by w and the acceleration is given
by @. The linearized non-penetration condition for two-body contact problems is given
by [uy] < g on Fg, see Section From Newton’s axiom of action and reaction follows
the balance of forces 6(u o ®) = —6(u®) on I'? where @ is the bijective mapping
between the potential contact boundaries, see Section Hence, we get the general
formulation of the dynamic frictionless two-body contact problem in linear elasticity

Problem 5.1.1. Strong formulation of the dynamic two-body contact problem

pu — dive(u) = f in Q% [0,7] (5.1)
o(u) = 0y on 'y x [0,T] (5.2)

u up onT'p x [0,T] (5.3)

g(uMo®) = —6(u’) onT2 x[0,T] (5.4)

[uy] < g on T2 x [0,T] (5.5)

gu(u) < 0 on T2 x [0,T] (5.6)
([w]—9)-6u(w) = 0  onT¢x[0,T] (5.7)
Gr(u) = 0 onTZ (5.8)

u(x,0) uo(x) inQ (5.9)

w(x,0) = w(x) nQ (5.10)

where p is the density. We focus on frictionless contact. However, we comment shortly
on the extensibility of the presented time discretization schemes to frictional contact
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5.1 Dynamic contact problems in linear elasticity

later on. In the case of dynamic two-body contact problems the Coulomb friction law
(1.19) changes to

[ar] =0 = |6r(u)| < Flo,(u)] onTg x[0,T]

! 5.11
[ir] #0= 6r(u) = —F|6,(u)| [UT] on T2 x [0,T] (5:11)
|[ar]]
where [d7] := 43 — 4} o ® is the jump of the velocities in tangential direction.

A collision of the solid bodies can be caused by the application of a force density f,
Dirichlet values up or initial values for displacements ug(x) and velocities wy(x). For
the ease of presentation, we restrict our considerations to the case of prescribed initial
velocities in normal direction and set f = 0, I'p = () and ug(x) = 0. Therefore, the whole
boundary is divided into the potential contact boundary where the non-penetration
condition is enforced and the Neumann boundary where we assume 7 = 0.

The weak formulation of the dynamic contact problem is a hyperbolic variational in-
equality which is derived from the strong formulation via integrating by parts

(it ) + a(u,0) = (F(u).@)p, Ve € Ho (5.12)

taking ¢ = v — u as test function, exploiting the non-penetration condition, the sign of
d,(u) and the fact that the tangential stresses are assumed to be zero

Problem 5.1.2. Weak formulation
For every t € (0,T] find u(-,t) € H with ii(-,t) € L*(Q), so that

(ptr,v —u) + a(u,v —u) >0 Yo e K (5.13)

with I := {v € H | [v] - v < gonTZ}. In contrast to the static case, for the dynamic
contact problems in linear elasticity many questions regarding the solution like existence,
uniqueness and regularity are still open, cf. [EJK05]. Only for the special case that the
underlying equation is the wave equation an existence and uniqueness result is given
in |[LS84] and a result on the weak solvability can be found in [Kim89|. The mathe-
matical difficulty results mainly from the non-smoothness in time of the velocities and
displacements at the contact boundary. However, if the material is assumed to be linear
viscoelastic existence results can be derived, see [EJKO05|] and the references cited therein.
For dynamic viscoelastic contact problems satisfying the Kelvin-Voigt constitutive law
the stability under perturbation of the initial data has been studied in [KDS09).

We assume that a solution u of Problem exists. For a clear presentation we define
(F(u),-) == a(u,-) and we set p = 1. By means of the subdifferential, see Definition
of the indicator functional Zx(-) defined in we can reformulate as

variational inclusion
0 € (it, @) + (F(u), ) + I (u)(p) Ve € Ho, (5.14)

like in (|1.43]) for the case of static contact problems. In Section we already noted
that the element of the subdifferential A € H* fulfilling the variational inclusion, see
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5 Discretization in time of dynamic contact problems

, has the meaning of a constraining force density, called contact force density.
This interpretation is of crucial importance for understanding the difficulties connected
to the discretization in time and space. Here and in the following, we use a different
notation. We define the contact force density corresponding to Problem as follows

(Feon(w), @) = (it ) + (F(u). ) Vi € Ho. (5.15)
Hence, Newton’s equation of motion for the constrained case is given by
= —F(u) + Feon(u). (5.16)

We recall that the contact force density and the contact stresses, respectively, are a priori
unknown and have to be determined as part of the solution process. On the basis of
equation discretization schemes are derived. We note that Newton’s equation of
motion is the Euler-Lagrange equation to the Lagrangian function

1 1
L(u,4) := 3 (W, u) — ia(u,u) — I (u).
The whole energy &(u) = 3 (1, %) + a(u, u) of the system is given by the sum of the
kinetic energy Eyin () := % (t,4) and the elastic potential energy.

5.1.2 Conservation properties

We discuss the influence of the contact constraints on the conservation properties. As
the one-body contact problem is an unphysical idealization we have to consider the case
of two-body contact problems. Further, we assume the solution u to be sufficiently
smooth.

The proof of the conservation of the linear momentum L(u) := [, @dz follows from
by means of a constant trial function w

(5) o= v

:—/Qo'(u):e(w) da:+/FS &(us)wda+/ swwda (5 4q

— /F & (u®)(w — w) da = 0.

S

C
For the angular momentum D(u) := [, u x @dx we take the trial function v = w x u
where w is constant. This leads to

<d1?1§w> .w:/ﬂﬂ.(wxu)d$

:—/a(u):e(wxu)dx+/ w - [6(u”) x (v’ —uM o ®)]da.
Q

S
I—‘C

0
(5.18)

106



5.2 Selected algorithms based on the Newmark scheme

The last term disappears if the contact stresses & (u®) are parallel to (u® —u™ o ®). Due
to the approximation of the geometric non-penetration condition by means of the lin-
earized non-penetration condition, see Section [1.2], usually, this condition is not fulfilled
exactly.

Finally, we consider the whole energy &(u) = 3 (&, %) + 2a(u,u) of the system.

d‘ii(;‘) :/Qa(u):e(u)dx—i-/gil'ud:r

= / &(u®) (4 —u™ o ®) da
re

This relation follows by means of (5.12)) with @ as trial function. Hence, it is evident

that the energy is conserved if the persistency condition

b w%) 5 ([ ]~ 9) =0 (5.19)
is fulfilled. This condition states that the relative velocities in normal direction have
to be zero at the actual contact boundary. It is easy to imagine that these relative
velocities are zero if the contact boundaries stick together. But as we will see later on it
is difficult to realize this condition in the fully discrete setting. In the case of friction,
when &7 (u®) # 0 holds, we can deduce that friction evokes dissipation, due to the fact

that either [ur] = 0 or 67 (u’) = —F|6,(u”)| i {Zﬂ T [KWO09b]. For the proof of

dissipativity in the case of viscoelastic materials we refer to |[Klall].

5.2 Selected algorithms based on the Newmark scheme

One of the most common time discretization schemes in structural dynamics is the
classical Newmark scheme. Unfortunately, in the case of contact constraints, the classical
Newmark scheme evokes oscillations in the contact stresses, the displacements and the
velocities at the contact boundary and even energy blow-ups may occur which spoil
the accuracy of the solution. Reasons can be found in the interaction of the time and
space discretization, in the violation of the persistency condition and in the discrete
change of the velocity at the moment of impact. We give a deeper insight into the
causes of these instabilities in Section [5.2.1l In order to avoid this unstable behavior of
the discrete evolution, many time discretization schemes, especially modifications of the
Newmark scheme have been developed. We follow the lines of our article [KW09a] to
present selected approaches and to discuss the ideas and the pros and cons of the different
algorithms in a unifying framework. By means of numerical results for one- and two-body
contact problems we demonstrate the merits and drawbacks of the different algorithms.

5.2.1 Classical Newmark scheme for contact problems

Let 7 > 0 denote a discrete time step size and the solution at the discrete time t" =
t® +n -7 is u™. The classical Newmark scheme, which is based on Taylor expansion of
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5 Discretization in time of dynamic contact problems

the displacements and the velocities, is given by

2
41 _ ; T u "
W=t i+ (1 28y + 25 (5.20)

W =4+ 7 ((1—y)a" + it .

The parameters v and 23 can be chosen from the interval [0,1]. The special choice
23 = v = 1/2 leads to an algorithm conserving energy, linear momentum and angular
momentum [HLWO06,ST92| in the unconstrained case. For this choice of parameters the
method is of second order consistency.

In the following, we use the relation between the accelerations and the forces, which is
given by Newton’s equation of motion . We define F'/2(u™, unt!) = TF(u™) +
$F(u"*!) and reformulate for 26 =v=1/2to

2 1 1
u"tl = W+ — % <F1/2(u",un+1) — §Fcon(un) - 2Fcon(un+1)> (5.21)
1 1
,un—l—l = -7 <F1/2(Un7un+1) - §Fcon(un) - 2Fcon(un+1)> : (522)

As Feon(u™1) is part of the solution, ((5.21) has to be understood as the variational
inclusion

2 1 1
0cu! —u—ri” + % <F1/2(u”,u"+1) — 5 Feon(u") + 2asubz,<(un+1)> :

This is a slight abuse of notation, that we will employ in this chapter.
The conservation of linear momentum can be verified easily. Therefore, we take a con-
stant trial function w and we assume u”, u"*! to be sufficiently smooth

n+1 Y= —7 1 o(um) : e(w) dx 1 o(u") : e(w) dz
(L™ — £(u™) K ).éﬁld +3 [ ot +),é€2d

vl f
TQF

But unfortunately, due to the additional contact force density, the desirable energy
conserving property of the classical Newmark scheme does not hold for the case of
contact. This can be seen by taking the difference of the energy in two successive time

steps. Combining equations (5.21)) and (5.22)), we derive

) - £ = [ (GFanlu) 4 GFan(w™)) (@ ) do

5 ”.u,.ya1 6, (uw™™) - w] - v da
o) (o] d+2/Fg SN
- (5.23)

S
C

:/rg (i&”(un) + ;&V(unﬂ)) [w"t! —u"] - v da. 24
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5.2 Selected algorithms based on the Newmark scheme

We do not have energy conservation in the case of frictionless contact unless [u"*! —
u"] - v = 0 where (6,(u”) + 6, (u™*1)) # 0 at the contact boundary. This condition
can be understood as a discrete variant of the persistency condition. But, as far as we
know, no algorithm exists which is able to fulfill both the non-penetration condition and
a kind of persistency condition, ensuring the energy conservation simultaneously.
Numerical experiments show that the classical Newmark scheme leads to energy blow-
ups, spoiling the overall accuracy. In [KROM99| the contact forces are treated fully
implicitly, leading to the following algorithm which we call contact-implicit Newmark
scheme.

Algorithmus 5.2.1. Contact-implicit Newmark scheme

2
u'tl = ug:(_e(li — % (Fl/Q(un,UTH_l) - Fcon(un+1)) (526)
,un'i‘l = -7 <F1/2('U/n7 Un+1) - Fcon(un+1)> (527)

It can be proven that this algorithm is dissipative, thus avoiding energy blow-ups. The
change of the total energy between two successive time steps is

E(u") — &) = / Feon(u™ ™) (u™ —u™)dz <0
Q

which follows from u™ € K and the variational inequality (Feon(u™™!), w1 —v) <0
for all v € K.

Until now, we only analyzed the time discrete system and figured out that the energy
is not conserved. As we already mentioned in the introduction, another disadvantage of
the classical Newmark scheme is the occurrence of oscillations at the contact boundary.
The causes for these undesirable oscillations can be found in the interaction of the
discretization in time and space. Therefore, we have a look at the space-time discrete
system. We denote the mass matrix by M. The space-discrete first equation of the
classical Newmark scheme in the case of contact is given by

2
.n T n n
Mut = M (ul + mal) — T M | (F — Feon)(u) + (F — Feop)(ul) | . (5.28)

expected equilibration

In the continuous case, to ensure the non-penetration condition, the contact force density
Fon equilibrates F' at the contact boundary in normal direction. Therefore, we would
expect in the discrete version (F — Feop)(ul) - v + (F — Feon)(ultl) - v = 0 at the
contact boundary. But in the space-discrete case we have entries in the mass matrix
at the contact boundary although in the continuous case the boundary has measure
zero. Thus, the constraining force Fco, to the non-penetration condition also reacts
to M([uy + Tag]) - v at the contact boundary if this part evokes penetration of the
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5 Discretization in time of dynamic contact problems

two bodies. The problem is that this contribution to F.,, has no realistic physical
meaning and it evokes the oscillations in the contact forces as can be seen from a simple
combination of the two lines of the Newmark scheme under the assumption of [u2*!]-v =
[ug] - v which holds in the case of continuous contact

. . 1 1
v = i) - (P ) - fFanud) - pFanui™)) v

=l v (5 (- i) ) v
= —[a]-v. (5.29)

This zigzagging in the velocities [u;q“] - v is translated to the contact force density by
means of [ul, + Tup] - v.

Unfortunately, these oscillations also occur for the contact-implicit Newmark scheme
(Algorithm [5.2.1)), see [DKEOS| Section 2.2].

5.2.2 Prediction of the contact boundary

In [DKEOS| Deuflhard et al. present a contact-stabilized Newmark scheme whose par-
ticular feature is the stable behavior of the contact forces. A special predictor step
which is added to the contact-implicit Newmark scheme (Algorithm prevents the
unphysical part of the contact forces.

As already explained, the oscillations at the contact boundary originate from the un-
wanted interaction of space and time discretization. In order to overcome this deficiency,
step is replaced by the variational inclusion

0 € ultl—(u"+7u")+ P T (ult)) (5.30)

which we call predictor step. This variational inclusion requires the evaluation of the
normal trace of an L?-function which is not possible in general. But corresponding to
the fact that the discrete boundary gets assigned to a mass, finite element functions

have boundary values. The solution ug;é of (5.30) is the same as the L2-projection

of () onto the admissible set IC. As u;j;l of lb is already contained in the

admissible set IC, [ug;}j] -v is a predictor of [u"™1] . v. If [ugrt(li] v = [u""1] v at the
n+1)

actual contact boundary, the artificial part of Feon(u - v is removed, compare the
discussion to equation (5.28)), and the contact force density Feon(u™'!) - v equilibrates
Fl/ 2(u”, u™t) . vin 1} which corresponds to Newton’s Axiom of the equilibrium of
forces. Further, the force equilibrium directly implies [4"*!] - v = [4"] - v which means
that there is no zigzagging as in the classical Newmark scheme.

We define —éPcon(u"H) € P T (u"1) as the element of PPZi(u”!}) fulfilling

pred pred pred
7-2 n+1 n+1 n - n
<2Pcon(upred),cp> = (upred —u" —Tu ,4,0) . (5.31)

This notation directly leads us to the following formulation of the contact-stabilized
Newmark scheme.
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5.2 Selected algorithms based on the Newmark scheme

Algorithmus 5.2.2. Contact-stabilized Newmark scheme

ugjeé = u"+74" + %Pcon(ug:gé) (5'32)
1

UnJrl = ’U,g:(;(li - 57'2 <F1/2(un7 un+1) - Fcon(unJrl)) (533)

Wl — gt — (F1/2(un’ ut) - Fcon(’unH)) (5.34)

Here, the change in the total energy between two successive time steps is
E(u™) — E(un) =

/QFcon(um'l)(u’"“rl —u")dr + /Q Pcon(uggé)(ugrté —u")dz <0

(5.35)

which follows from the variational inequalities to and , see [DKEOS, Theorem
2.2]. Therewith the algorithm is dissipative. Moreover, the algorithm conserves the linear
momentum.

In our article [KW09b| the contact-stabilized Newmark method is extended to the case
of friction. Therein we use the time-discretized friction law

[t —wf] = 0= 67w )| < Floy(u")] onT¢ x [0,T]

1
R wf] £ 0 = op(unt) = Flay ) T s o 1)
ro e 1 o

(5.36)

In a same manner as in the dissipation of the algorithm in the frictional case can
be proven, due to the implicit treatment of the contact and frictional stresses [KW09b].
As the normal and tangential stresses influence each other, the stability of the normal
stresses due to the predictor step is very important for the frictional effects. The arising
discrete (quasi-)variational problems are solved with a non-smooth multiscale method
for Coulomb friction [Kra09,[KW09b|. Therein the non-linearities are resolved directly
without any dependency on penalty parameters.

In the case of viscoelastic materials described by the Kelvin-Voigt model consistency
results for the contact-stabilized Newmark scheme are given in [KSD10| and an adaptive
time step control is proposed in [KSD11].

An application of the contact-stabilized Newmark scheme to contact problems in non-
linear elasticity can be found in [GKW10].

5.2.3 Enforcing a discrete persistency condition

In [LC97| Laursen and Chawla present an algorithm which conserves energy, linear
momentum and angular momentum. They use the time discretization scheme

u"t = w4 +ar? (ei" T 4 (1 - a)i”)

"t = W+ (on'l"Jr1 +(1- 04)1'),")
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5 Discretization in time of dynamic contact problems

proposed in [ST92] with o = 1/2. This corresponds to the classical Newmark scheme
with the parameters 20 = v = 1/2.
With the same arguments as in or , respectively, the conservation of the
linear momentum follows. Laursen and Chawla use their algorithm for the computation
of large deformation and so, they do not approximate the non-penetration condition by
a linearized non-penetration condition, see Section [[.2] Therefore, the conservation of
the angular momentum is given, too. As we know from , a discrete kind of
the persistency condition has to be fulfilled in order to conserve the energy in the
case of contact. Laursen and Chawla enforce

% ettt —w v <0 (5.37)
whenever contact or penetration occurred in the foregoing time step. Let u, be the
corresponding Lagrange multiplier. Then ,uV% [u™tt —u"] - v is a so-called algorithmic
persistency condition.
To reformulate the algorithm proposed by Laursen and Chawla in our setting, let
Feon(u”™, u™) correspond to the Lagrange multiplier s, .

Algorithmus 5.2.3.

u" = Wt — 5 <F1/2u ,um ) — Fcon(u”,un+1))

"ttt = Wt —r1 (Fl/Q(u ,uth) — Fcon(u”,u”+l))

The authors of |[LC97] use penalty and augmented Lagrangian methods to solve the
arising variational inequalities. The extension of this algorithm to frictional contact can
be found in [CL98]|.

5.2.4 Removing the discrete mass from the contact boundary

In the previously presented algorithms the boundary gets assigned to a mass due to the
discretization in space although in the continuous case the boundary has measure zero.
The interplay of the discrete mass at the contact boundary and the time discretization
evokes artificial contact forces as already explained in Section [5.2.1] see for example
equation . Khenous et al. [KLR06,KLRO§| introduce a mass redistribution method,
in which mass from the contact boundary is moved to the interior. Thereby, the entire
mass, the moment of inertia and the center of gravity remain the same. To keep the
complexity as low as possible, the zero entries of the standard mass matrix are kept.
The redistributed mass matrix M is computed as minimization problem of the distance
to the standard mass matrix M under the constraints mentioned above. The method
is proposed for one-body contact problems but is easily extendable to two-body contact
problems.

In [KLRO6, KLROS8| the discretization takes place first in space, second in time. The
linearized non-penetration condition is enforced. We indicate quantities belonging to
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5.2 Selected algorithms based on the Newmark scheme

the part with mass by () and without mass by (-) 7. We denote the stiffness matrix
corresponding to the bilinear form a(-,-) by A. Further, the node values of the discrete

Lagrange multiplier weighted by the mass are denoted by f,,p, so that uy, = ( Zm’M )
m7M
is the solution of the following space-discrete system

M 0 'ume AMM A%M><umM) < 0 >
b _|_ ’ ; ’ = v 538
< 0 0 > ( U,y ) ( Apy Ay U,y 2 p v(p) (5.38)
pEl’c
0 0

with the initial values un(p,0) = uy(p) and tm(p,0) = wy(p). It is a coupled system
in the variables with and without mass

M'i:l/m7M + AM7M’U,m7M = — A%’Mum7M

Ayt s + Ay prtim s = Y fup - V(D). (5.39)
pelc

The second equation is a variational inequality

(Ve = e, 31) " Apryrtnyr > — (Ot — U )" Ayr v, 01
The system ([5.39)) is well-posed and has a unique solution, see [KLRO06, Theorem 3.1].

For the discretization in time the authors of [KLRO6,[KLROS8| test the Crank-Nicholson
method as well as the Newmark method with the parameters § = v = 1/2. Inde-
pendently of the method, the redistributed mass matrix reduces the oscillations in the

contact force density as well as the changes in the total energy. The Newmark scheme
with y=38=1/2

u = w4+ T—;ﬂ”“ (5.40)
ottt = u" 4+ %(,un_‘_,un—i-l)

takes the accelerations purely implicitly in the first step. Combining (5.40) and (5.38)
leads to the following equation for the computation of the displacements.

Algorithmus 5.2.4.

0 2

M + %AM,M z
2
T Aym

T n+1 ~ . 2

.M > ( mpd ) = ( Mty pr T, ) >+TMFCOH (upt!
VN

with

MPFeon (u™) = 3 N ( v((;?) ) '

pelc

Unfortunately, this algorithm requires extra computational costs, as the redistribution of
the mass matrix necessitates a minimization problem under constraints in the dimension
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5 Discretization in time of dynamic contact problems

of the mass matrix. Hager et al. [HHWO0S8] circumvent this problem by using special
quadrature formulas on so-called macro-elements to compute the mass redistribution.

To explain the macro-elements, we assume a mesh 7, of the domain (2 to be given. The
small strip of all elements T}, € T, which have an edge or a face on I'¢ is denoted by
Q¢ and the remaining elements of 7, constitute 2;. Each macro-element Ty € Ty is
either an element T}, € 7 or a union of an element 7T}, € ; with elements T}, € Q¢.
The quadrature formula used on the macro-elements has no quadrature points placed in
Qc UT o, which directly implies that the new mass matrix M has no entries for basis
functions at the contact boundary. Furthermore, the quadrature formula is chosen such
that it is exact on each macro-element Ty € Ty for all quadratic functions on T. Due
to these properties of the quadrature formula, the redistributed mass matrix M leads to
the same total mass, center of gravity and moment of inertia as given by the standard
mass matrix M.

As we already know from the algorithm of Khenous et al., the modified mass matrix
reduces the oscillations in the contact stresses. Further, Hager et al. use the method of
modified mass matrix in the algorithm of Laursen and Chawla. In particular, the discrete
persistency condition is enforced instead of the non-penetration condition. Therefore,
the whole energy is conserved if the kinetic energy is computed with the redistributed
mass matrix Egy 1= %u]\zf u. The algorithm is given by

Algorithmus 5.2.5.

~ 2
M t T AMM %A%M u@%
T n
TANM TAwp U,
~ 2 2
_ ( M (ug, py + Tl ar) > | TAMM A M ( U 0 )
- ,7_2 T2
0 TAuym TAuu Un 1t
T2 n+1
+ ?MFCon (um, Uy )
uptt = —al + = (uptt — up)

where Fcon(ul, ut1) is the constraining force density to the constraint (5.37)) which is
enforced if contact occurred in the previous time step.

In [HHWOS|] this algorithm is designed for frictional contact problems with the time-
discretized friction law . For the numerical resolution of the contact and frictional
constraints, a primal-dual active set strategy is used.

We note that the modified mass lumping method has been further analyzed in, e.g.,
[HW09, DE09, DE11] and recently, the method has been investigated in a central differ-
ence scheme [DEP11].
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5.2.5 Comparison and interpretation of the basic ideas

The classical Newmark scheme with 23 = v = 1/2 leads to oscillations in the energy
for contact problems. In [KROM99| Kane et al. use the classical Newmark scheme with
purely implicit treatment of the contact force density, see also [PKMOO02|. It can be
proven that this method is dissipative. But unfortunately, there are still oscillations in
the contact forces. Deuflhard et al. [DKEOS| improve this contact-implicit Newmark
method with regard to the oscillations in the contact forces. One explanation for these
oscillations is the interplay of the discretization in space and time. In the continuous
case the force density F' has to be equilibrated by means of the contact force density
F o, such that penetration is avoided. After discretization in space and time, if [u" +
TU"] - v provokes penetration, see , we have an artificial force with no physical
meaning which has to be equilibrated by F.on. In [DKEO8| an additional predictor step
which avoids the appearance of these unphysical contact forces is introduced. Numerical
examples show a stable behavior of the contact forces.

From the point of view of Khenous et al. [KLRO§| it is not simply the interaction of
the time and space discretization which evokes the oscillations but the special energy
conserving property of the time discretization in the unconstrained case together with
the discretization in space. If for example a node is stopped at the contact boundary,
its kinetic energy would be definitely lost. Thus, the energy conserving scheme makes
the velocities oscillate to keep the corresponding part of the kinetic energy. Con-
sequently, not only the velocities oscillate but also the energy and especially the contact
forces. Khenous et al. remove the mass from the contact boundary. This method reduces
the oscillations in the contact forces significantly. But setting up the discrete system
requires additional numerical effort as the redistributed mass matrix is computed via a
minimization problem under constraints. In contrast, the predictor step in [DKEO§| only
requires a discrete L2-projection onto the discrete admissible set. Moreover, the discrete
L%-projection can be applied easily also in the case of changing spatial discretizations,
which means that the discretization can take place first in time, second in space with
adaptive refinement in each time step. This is not the case in [KLROS8]; they use the
method of lines. In both methods numerical examples show that the energy tends to be
conserved for smaller mesh and time steps sizes. But in the algorithm of Deuflhard et
al. the dissipativity can be proven.

Laursen and Chawla allow the penetration of the bodies in order to get energy conser-
vation [LC97|]. At points, where the two bodies penetrated each other in the foregoing
time step further penetration is stopped by enforcing the discrete persistency condition.
The discrete persistency condition implies that the difference quotient is zero at con-
tacting points and therefore, the energy is conserved. The simultaneous treatment of
the non-penetration condition and the persistency condition seems to be a too great
demand in the discrete setting. A discrete persistency condition can be fulfilled if the
two bodies are allowed to penetrate each other, whereby smaller time-step sizes cause
less penetration.

As this method conserves the energy exactly and the mass redistribution method of
Khenous et al. reduces the oscillations in the contact forces, Hager et al. [HHWO08] com-
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bine both ideas and introduce a new less expensive method to compute a redistributed
mass matrix.

5.2.6 Numerical comparison

We consider numerical simulations to demonstrate the behavior of the different pre-
sented algorithms. Therefore, we implemented the algorithms for linear elastic one- and
two-body contact problems in 3D, although mostly 2D examples are found in the orig-
inal literature. First, we show numerical examples of the classical Newmark scheme,
the contact-implicit Newmark scheme (Algorithm , the contact-stabilized New-
mark scheme (Algorithm , Algorithm where the discrete persistency condi-
tion is enforced, and of different algorithms using a redistribution of the mass matrix
(as Algorithm and Algorithm . Second, we comment on the similarities and
differences, the advantages and disadvantages of the methods.

The implementation has been carried out within the framework of the finite element
toolbox UG [BBL ™97 and the obstacle toolbox 0BSLIB++ [Kra00]. Therein, the discrete
variational inequalities are solved with a monotone multigrid method which treats the
non-linearities efficiently [Kor97,Kra00].

As there is no analytical solution for a three-dimensional dynamic contact problem in
linear elasticity, we cannot compare numerical and analytical solutions to validate the
algorithms. Therefore, we are interested in the physical behavior of the system, which
is reflected by displacements, velocities, energy and contact forces. In the foregoing
sections we analyzed and compared the different algorithms and figured out that the
temporal evolutions of energy, contact forces, contact stresses, and velocities at the
contact boundary are crucial points to examine.

For the numerical examples we use two different geometries, see Figure [5.8f The unit
ball, Geometry A, consists of a four times uniformly refined mesh of pyramids and is
used for one-body contact problems, meaning that the ball comes in contact with a rigid
foundation. The initial distance to the foundation is zero at the south pole. Geometry
B is used for two-body contact problems. The side lengths of the cubes are 1.4 and 1.0,
respectively. The mesh of hexahedra is also four times uniformly refined and the initial
distance between the two bodies at the south pole is zero. The Poisson ratio is v = 0.3
and the Young’s modulus is E = 2 -10° in Geometry B and E = 5 - 10? in Geometry
A. As in Section [5.1.1] assumed, the density is set to p = 1 and contact is enforced by
means of an initial velocity which amounts to —2 for the ball in the one-body contact
problem and —2 for the upper body and 2 for the lower body in the two-body contact
problem. The time step size is chosen to 7 = 5- 1072 for the one-body contact problem
and 7 = 5-107% for the two-body contact problem. We note that the parameters are
dimensionless in our simulations.

Classical Newmark scheme

We start with the classical Newmark scheme for the two-body contact problem. In
Figure (a) the cyan colored line indicates the corresponding course of energy. The
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(a) Geometry A (b) Geometry B

Figure 5.1: Meshes
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Figure 5.2: Total contact force
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energy related to initial value
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5.2 Selected algorithms based on the Newmark scheme

increase is up to 3.5% of the initial amount. The blue line with diamonds in Figure
M(a) shows the trajectory of the relative displacement [u""!]- v and the blue line with
diamonds in Figure (a) shows the trajectory of the relative velocity [4"™!] - v of an
arbitrarily chosen point which gets into contact. In the beginning the relative velocity
shows the uniform zigzagging as expected from . In the end, when the points
bounce and finally detach, the zigzagging is irregular. Here, the increase of the energy
may play a role. Even the displacements show some irregularities during and after the
process of detaching. The development of the total contact force is shown in Figure
5.2(a) indicated by the cyan colored line. To have a closer look at the behavior of the
contact stresses, we show the contact stresses in an arbitrarily chosen time step in Figure
5.6(a). As we want to exclude undesirable effects stemming from the mortar method,
the contact stresses are taken from the one-body contact problem.

Contact-implicit Newmark scheme (Algorithm [5.2.1)

In Figure (a) the green dotted line shows the course of energy for the two-body
contact problem using the contact-implicit Newmark scheme of Kane et al. As stated in
Subsection this method is dissipative. The relative loss of energy is around 0.16%.
Most of the loss of energy is due to the moment of impact. Similar as in the classical
Newmark scheme we still have the oscillations in the relative velocities (see green line
with dots in Figure [5.5(a)). This can be calculated in the same way as in ([5.29). But
in contrast to the classical Newmark scheme during the process of detaching there is no
bouncing in the relative displacements (see Figure [5.4[(a), green line with dots) and the
amplitudes of the oscillations are more moderate. In the classical Newmark scheme the
relative velocity oscillates between —12 and 12, whereas in the contact-implicit Newmark
scheme the largest oscillation in the relative velocities after the detaching is between 2
and 5, see Figure (a). The development of the total contact force is shown in Figure
(a) indicated by the green line with dots. There are still oscillations but the amplitude
is very small compared to the classical Newmark scheme. Figure (b) shows the contact
stresses at an arbitrarily chosen time step for the one-body contact problem. Oscillations
can be observed, where the contact stresses are large.

Contact-stabilized Newmark scheme (Algorithm [5.2.2))

In Figure [5.3|a) (red line with circles) the dissipative behavior of the contact-
stabilized Newmark scheme of Deuflhard et al. can be seen. The system looses more
energy during the process of detaching than during impact. The loss of energy is around
0.4%. In Section we explained that due to the predictor step the zigzagging of
the relative velocities during contact is removed. The relative velocity remains the same
during contact. But after detaching there are some oscillations. This can be seen in
Figure [5.5(a) (red line with circles). As expected from the name of the method the
contact forces do not show any oscillations (Figure [5.2)(a), red line with circles).

The smooth behavior of the contact stresses is shown in Figure [5.6{c) for the numerical
example of the one-body contact problem.
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Algorithm [5.2.3] enforcing a discrete persistency condition

Algorithm [5.2.3] of Laursen and Chawla is the contact-implicit Newmark scheme with
the discrete persistency condition as constraint instead of the non-penetration condition.
Therefore, the energy is conserved (blue line with diamonds in Figure [5.3(a)). The
trajectory of the relative displacement in Figure (b) (cyan colored line with circles)
reminds of the contact-implicit and contact-stabilized Newmark scheme, but the relative
displacements evoke penetration of the two bodies as the non-penetration condition is
not enforced. The straight red line indicates the initial gap at the chosen node. The
behavior of the relative velocity, Figure [5.5(b) (red line with circles) also reminds of the
contact-implicit Newmark scheme but the amplitudes are larger. In Algorithm the
constraints [u"*!] - v < [u"] - v have to be enforced when contact or penetration has
occurred in the previous time step. Therefore, [u"*1]-v = [u™]-v whenever the constraint
in time step n+1 is active. Substituting this in @ leads to [@""!]-v = —[4"]-v which
means that the amplitude of the oscillation corresponds to the amount of the relative
velocity before contact occurred. The temporal evolution of the contact forces (Figure
5.2{(a), blue line with diamonds) and contact stresses (Figure [5.6(d)) are worse in the
sense of more oscillations and larger amplitudes than for the contact-implicit Newmark
scheme but still better than for the classical Newmark scheme.

Algorithms using a redistribution of the mass matrix

In this subsection, we deal with three different algorithms using the idea of the redis-
tributed mass, as firstly proposed in [KLRO6]. Therein Khenous et al. use a Newmark
scheme with the parameters § = v = 1/2, see Algorithm However, Algorithm
of Hager et al. is the contact-implicit Newmark scheme with a redistributed mass and
combined with Algorithm which means that in the unconstrained case the algo-
rithm corresponds to the classical Newmark scheme with the parameters 25 = v = 1/2
as in all the other presented methods. First, we investigate Algorithm [5.2.4] second, the
contact-implicit Newmark scheme with redistribution of the mass, which is Algorithm
5.2.5| with the non-penetration condition instead of the persistency condition and finally,
Algorithm with the persistency condition.

For the computation of the redistribution of the mass matrix such that the whole mass
of the system and the center of gravity are conserved we use an Uzawa method.

In all the three subsequent algorithms we consider two different ways to compute the
kinetic energy which is part of the whole energy. Usually, the kinetic energy is computed
as Exin = %UM w, where M is the standard mass matrix. However, in [HHWO08| the
kinetic energy was computed with the help of the redistributed mass matrix M, ie.,
gkin = %UM 1, which means that the velocities at the potential contact boundary are
simply ignored, whereas the strains are taken into account for the elastic energy, be-
cause the stiffness matrix corresponds to the standard mass matrix M. As long as a
node remains in contact, the displacements do not change and therefore, the difference
quotient % ([u"“‘l —u"]- 1/) is zero, but the algorithms provide non-zero velocities, see
Figure[5.4|b). Even at nodes which are not actually in contact the velocities are ignored.
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5.2 Selected algorithms based on the Newmark scheme

The whole energy corresponding to &gy, is denoted by &.

Algorithm B
The whole energy £ relative to the initial amount is shown in Figure (c) by the cyan

colored line. Although there is no proof of dissipativity for this algorithm, the energy al-
ways decreases in this numerical example. The relative loss of energy amounts to 11.5%,
which is about 30 times of the relative loss of energy caused by the contact-stabilized
Newmark scheme. The course of the energy £ relative to the initial amount can be seen
in Figure (b) by the cyan colored line. The loss of energy amounts to nearly 9% of
the initial amount. It is not always dissipative. The behavior of the relative velocity
(Figure [5.5|(b), magenta colored line with squares) is very similar to the contact-implicit
Newmark scheme. The evolution of the contact forces and contact stresses, respectively,
is smooth, which can be seen in Figure [5.2(b) (cyan colored line) and Figure [5.6]e).

Contact-implicit Newmark scheme with redistributed mass:

The energy & related to the initial value can be seen in Figure (c) (green line with
dots). The loss of energy is up to 0.12%. In contrast, the energy £ increases heavily
up to 15%, see Figure [5.3(b) (green line with dots). To check if the redistribution of
the mass to the interior is responsible or not for this energy blow-up we make another
experiment replacing M in the algorithm by the standard mass matrix with zero entries
at the contact boundary but without redistribution of the mass in the interior. How-
ever, the behavior in the course of energy is similar, see Figure [5.3[b) (red line with
circles). The green lines with dots in Figures (b) and (b) show the trajectories of
the relative displacements and velocities at a fixed node. After detaching the amplitude
of the oscillations in the relative velocity at the contact boundary is very large. Similar
to the foregoing algorithm the contact forces (green line with dots in Figure|5.2(b)), and
contact stresses, Figure [5.6]f), are smooth.

Algorithm
As the persistency condition is enforced in Algorithm the energy is conserved if

the kinetic energy is computed with the redistributed mass matrix, see blue line with
diamonds in Figure [5.3|c). Energy conservation does not hold if we use the standard
mass matrix for the computation of the kinetic energy, see blue line with diamonds in
Figure b). The energy blow-up amounts up to 10%. Just as in the algorithm of
Laursen and Chawla the displacements evoke penetration (blue line with diamonds in
Figure[5.4b)). The red straight line is the initial distance between the two bodies at the
observed node. During contact the amplitude of the oscillations of the relative velocity
(blue line with diamonds [5.5(b)) at the contact boundary is the same as in Algorithm
but after detaching the amplitude tops any of the other algorithm as the value of
the relative velocity in normal direction changes between —18 and 22. The total contact
forces, blue line with diamonds in Figure (b), are smooth, but if we have a closer
look at the contact stresses for the one-body contact problem the stresses show slight

oscillations, Figure [5.6{g).
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5 Discretization in time of dynamic contact problems

Conclusion

Apart from the classical Newmark scheme all the algorithms show a similar behavior
of the relative displacements at contact nodes. But in Algorithms [5.2.3] and [5.2.5] the
non-penetration condition is violated. Using the classical Newmark scheme we observe
some kinks in the process of detaching.

In all the algorithms the relative velocities at the contact boundary show oscillations
at some time. The contact-stabilized Newmark scheme is the only one which does not
evoke oscillations in the relative velocities during the actual contact phase. Once a node
is in contact the relative velocity remains the same. After detaching there are a few
oscillations as in the contact-implicit Newmark scheme, Algorithm and Algorithm
The other algorithms show more oscillations with larger amplitudes after detach-
ing, especially Algorithm [5.2.5] During contact the two algorithms enforcing the discrete
persistency condition instead of the non-penetration condition evoke oscillations in the
relative velocities, which have an amplitude of the amount of the relative velocities be-
fore contact occurred. This numerical observation can be easily verified by reformulating
the velocity update w"™ = —4" + 2(u"*! — u™) and exploiting [u"™] - v = [u"] - v
whenever constraints are active. For all other algorithms the amplitude of the relative
velocity is less or equal to the amount of the relative velocity before contact occurred.
Unfortunately, none of the investigated algorithms shows the desirable behavior of the
relative velocities, which should be zero in the case of contact to fulfill the persistency
condition.

The behavior of the velocities influences the energy. The energy of the classical Newmark
scheme oscillates and increases up to 3.5% in our example, whereas the contact-implicit
and contact-stabilized Newmark schemes are provably dissipative. The relative loss of
energy amounts to 0.16% and 0.4%. In Algorithm the energy is conserved because
the discrete persistency condition is enforced. The same holds for Algorithm if the
kinetic energy is computed with the redistributed mass matrix. Depending on whether
the kinetic energy is computed with the standard or the redistributed mass matrix the
energy may increase or decrease in the different algorithms employing a redistribution
of the mass matrix.

The total contact forces show a smooth behavior for the contact-stabilized Newmark
scheme and all variants of algorithms using a redistribution of the mass matrix (see Fig-
ure5.2(b)). The contact stresses reflect this stable behavior, except for Algorithm
where the persistency condition is enforced. There are slight oscillations in the con-
tact stresses. Using the contact-implicit Newmark scheme we observe some oscillations
in the contact stresses and forces. In Algorithm there are even more oscillations
and of course the classical Newmark scheme shows so much oscillations with such large
amplitudes that the real behavior can be recognized hardly.
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5.3 A family of space-time connecting discretization schemes with local impact detection

5.3 A family of space-time connecting discretization schemes
with local impact detection

As explained in the foregoing section the performance of classical time discretization
schemes based on Taylor expansion like the classical Newmark scheme is disturbed se-
riously by the non-smoothness of the displacements and velocities in time at the actual
contact boundary.

On impact, further displacement is abruptly avoided and the velocity should be zero, if
the point is not detaching immediately. In the time-continuous setting the zero value of
the velocity is a consequence of the constant value in time of the displacements during
contact, i.e., u, = ¢g. Unfortunately, a classical time discretization scheme is not able
to reproduce this property. Therefore, both constraints, the non-penetration condition
and the persistency condition , meaning that either the contact stresses or the
velocities at the contact boundary are zero, have to be enforced separately.

For an adaptation of classical time discretization schemes to dynamic contact problems it
would be desirable to localize the moment of impact where regularity cannot be expected.
For a one-dimensional object it would be possible to detect the moment of impact and in
consequence to choose a suitable time step. But for an arbitrary two or three-dimensional
object we have an infinite number of points coming into contact at individual times.
Although in the discrete setting, the number of contact nodes is finite, still each contact
node has its own impact time and the actual contact zone is part of the solution process
and not known a priori.

To illustrate this difficulty, let us consider one time step [¢, ¢+ 7]. Within this time step,

different nodes p;, ps, ... on the contact boundary might become active (i.e. in contact)
or inactive at different sub-times t <t + 7 < --- < ... < t+ 7. On the one hand, a
subdivision of the time intervall [t,t+ 7] into [t,t+71], [t+ 71, t+T2], ... is out of question

since the number of nodes on the contact boundary might become arbitrarily large due
to refinement in space. On the other hand, each single impact of a boundary node gives
rise to a non-smooth event, i.e., an abrupt change of the velocity, which has to be dealt
with carefully.

A choice of very small time step sizes may reduce the error caused by the time discretiza-
tion but is numerically very expensive as for each time step the whole non-linear system
has to be solved. This disadvantage might be significantly reduced by an adaptive time
step control as, e.g., in [KSD10], but close to an impact still many time steps have to be
used if a standard time discretization is employed.

Therefore, we follow the lines of our article [KW11]| to present our new space-time
connecting discretization scheme which due to a predictor step allows for the implicit
computation of individual impact times for each node on the contact interface. These in-
formation from the space discrete setting incorporated in the time discretization provide
reasonable approximations to the displacements, the contact stresses and the veloci-
ties at the contact boundary. The displacements fulfill the non-penetration condition,
the contact stresses are stable as in [DKEO§| and the computation of the velocities is
motivated by the persistency condition.
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5 Discretization in time of dynamic contact problems

This space-time connecting discretization scheme as well as other methods proposed for
contact problems are elements of a family of modified Newmark schemes depending on
matrix-valued algorithmic parameters «, 3. In our analysis we show for which choice of
parameters the resulting algorithms are dissipative and we discuss the influence of the
choice of parameters on the stability of the contact stresses as well as on the behavior of
the velocities. Consequently, we provide a unifying theory for some contact-related and
dissipative modifications of the classical Newmark scheme.

5.3.1 Time discretization depending on local impact times

For the derivation of the algorithm we consider a one-body contact problem discretized
in space. In the following, the discrete quantities for displacement, velocity, acceleration
and force have to be understood as vectors of the dimension # Ny, - d. The matrices M
and A are the mass matrix and the stiffness matrix representing (-,-) and a(-,-) in the
basis of linear finite elements and the chosen Cartesian coordinate systems. We assume
the mass matrix to be lumped.
In Section [5.2.2] we presented the contact-stabilized Newmark scheme [DKE08] which en-
ables a prediction of the actual contact zone. We may use this idea to compute individual
impact time step sizes 7%(p) < 7 which gives us useful information for corrections of the
contact-velocities. In the fully discrete setting the predictor step in Algorithm
b.2.21s )

Mu™! = Mu® + 7Mu" + —MP (u"“ ) (5.41)

um,pred Uy m 9 con m,pred
Here and in the following, we set ej(p) := v(p). As M is a diagonal matrix the effects
of the constraints are restricted to the contact boundary in the predictor step. For each
contact node p € NS and the corresponding direction of constraint e;(p) exists an
impact time step size 7*(p), fulfilling
upt a(p) - e1(p) = upi(p) - ex(p) + 7* ()i (p) - e1(p).

The relation between the impact time step size 7%(p) and the linear residual correspond-
ing to the discrete variational inequality of the predictor step is given by

72

= (MPon (i) ) (9) - €1(p) = ((p) = 7) (M) (p) - e2(p)) <O (542)

for each node p € N§. We define a (#Ny, - d) x (#Np, - d) diagonal matrix 7* with d x d
block diagonal matrices such that

*(p), if peN{ and i=1
ei(p) 7" - ei(p) =
T, otherwise
and
T =T1d.
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5.3 A family of space-time connecting discretization schemes with local impact detection

With this notation we reformulate equation (5.41) to

Mu""l = Mu” + M4 + M (7% — 1) a4l = Mu” + 7* M.

m,pred

We define a family of modified Newmark schemes which makes use of the local impact
time step sizes 7*(p). The family depends on additional (#Ny, - d) X (#Ny, - d) diagonal
matrices a and 3 where the entries of the d x d diagonal matrices a(p) are given by

a(p), if peN§ and i=1
0, otherwise.

The choices for a(p) are discussed in the following and it will turn out that good choices
for 3 depend on a.

Algorithmus 5.3.1. Family of modified Newmark schemes

Muy' g =Moug + 7 Mgy, + M (7% — 1) 4y, (5.43)
Mu™ =Mu? + 7ML + BM (7% — 7) 4l
2
.

1 1 2

-n+1 - n
Muy™ =My

1 1 . . 2
-7 (2Aug1 + §Au;ﬁ+ — MPFcop (upt) — s

M (t* — 1) ug) (5.45)

We remind the reader that the term —M F ., (uﬁ“) is a priori unknown and computed

as part of the solution process of the variational inequality corresponding to (|5.44)).

Analogously, the term —%QM P.on (u&t}re d) = —M (t* — T) 4], is a priori unknown
and computed as part of the solution process of the variational inequality corresponding
to . We note that despite the lumping of the mass matrix the non-penetration
condition influences the displacements in the whole body due to the elastic reaction in
(5.44)).

We derive suitable choices for the parameters a(p) and S(p). We first investigate the
dependence of the course of energy on the parameters a(p) and 5(p) as well as the sta-
bility of the contact stresses, which lead to some conditions on the parameters. Finally,
the precise determination of the parameters is motivated by the persistency condition
(5.19) which says that the velocities at the contact boundary should be zero during a
contact phase.

It is well-known that up to now, no time-discretization for contact-problems exists which
conserves the energy while enforcing the non-penetration condition without numerical
instabilities showing up in the contact stresses. Therefore, we analyze the family of
modified Newmark schemes under the aspect of dissipativity. We compute the difference
of energy between two successive time steps in the following proposition.
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5 Discretization in time of dynamic contact problems

Proposition 5.3.1. The difference in energy E(u) between two successive time steps is

£ (uf}fl) —&(upy) = (ul’%+1 - u;ﬁ) -MF ., (u:fl) +a— (u;ﬁﬂ - u;ﬁ) M (77— 1)Uy,

m,pred

2
+ 85 (e —un™) - M (7 = 1),

o 2 n ¥ .
+,3(ﬁ—zd)ﬁ(7' —T) Uy - M (77 — T) Uy,
Proof. We need the following reformulations derived from Algorithm

m —

1 1 2
Mt — M4l = —7 <2Auﬁ - §Au:;;+1 — MPF o (ul™) — a5 M(r* -7 uﬁ)

(Muﬁfl — Mu} — My, — BM (1" —T) u&)

My + Mg, = = (Mu™ — Mul, — BM (7% — 1) p)

NN

to compute the difference in energy between two successive time steps

& (up™) = € (uy)
1 1 1 1
= 5@3“ - Ma — ot - Mg + §u;1+1 CAuTT - 3 - Aug
1. . . . 1
= 5 (it ) - M (it — ) + 5 (unt k) - A (! - )
= — (u]’%+1 —uy — B (" —r)u,’;q)-
1 n 1 n+1 n+1 2
§Aum —+ §A’u,m — MFCOH (um ) — aﬁ

o (™ ) - A (g )
= (™ — ) - M P (™) + (™ — ) -y M (7% — )i
B Ty M (i g iy — B ("~ 7) i)
= (g = ) M Fon (u) + (u — w) a5 M (7' = )i
.

2 . ) . *
—BﬁM(T —T) Uy - (uﬁfl —up —T1uh — (T —T)um)

FB (0 )i M (B~ id) (" — )l
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5.3 A family of space-time connecting discretization schemes with local impact detection

2

= (uﬁJrl —upp) - MF o (uﬁ“) + a— (u?nJrl —up) M (TF—T)up,

(1) (2)

qed.

The variational inequality corresponding to 1) implies the sign condition (u;;q“ - ’Um)-
MPF o (upt?) < 0 and therefore, (1) < 0. In the same way the sign condition

(u"+1 —vm) - M (7" — 1) uy, < 0 follows from ([5.43)), so that (3) < 0 for 3 > 0.

m,pred
As long as 0 < B(p) < 1 for all p € NS, (4) < 0 because M is a positive definite
matrix. Only (2) cannot be treated in such a straightforward way and requires more
consideration. It follows from that (M (7% —1)4") (p) < 0 for all p € N§.
Thus, «(p) has to be chosen such that a(p) ((ui™ (p) — ulk(p)) - e1(p)) > 0. We dis-
tinguish between actual contact nodes, i.e., u"!(p) - e1(p) = gm(p) which are either
already in contact or where impact occurs, i.e., (ul™(p) — u?(p)) - e1(p) > 0 and those
nodes which are not in contact, i.e., u%*(p) - e1(p) # gm(p). We recall that we like
to choose a such that the velocities at actual contact boundary nodes are zero, i.e.,
W2 (p) - e1(p) = 0 as motivated by the persistency condition. Therefore, if we have

no actual contact u%(p) - e1(p) # gm(p) we choose a(p) = 0 so that the velocity is

not changed. If we have an actual contact node, i.e., (uf;"(p) — uli(p)) - e1(p) > 0 we
choose a(p) > 0. We conclude that the aim to avoid energy blow-ups restricts the choice
of the parameters a(p) and S(p). We have to choose 0 < 5(p) <1 and 0 < a(p) for an

actual contact node and a(p) = 0 for a node which is not in contact.

Apart from the energy, the linear momentum and the angular momentum should be
constants of the physical system. Due to the fact that we use a linearized non-penetration
condition we cannot expect conservation of angular momentum, compare Section
But the linear momentum L (uy)-€; :== My -e; foralli =1,...,d is conserved even for
the classical Newmark scheme in the case of contact. We verify that this result also holds
for the family of modified Newmark schemes independent of the choice of parameters
a(p) and B(p). Therefore, we have to assume a two-body contact problem because the
one-body contact problem where a body comes into contact with a rigid foundation is
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5 Discretization in time of dynamic contact problems

an idealized situation

e; (L (uﬁlﬂ) - L (uﬁl))

=0 =0 (5.46)

2
—e;- MF., (u:}fl) — aﬁei M (t*—T)u
;’0 N~

=0

=0 Vi=1,...,d.

n
m
/

The expressions e; - Auy, are zero because e; is constant. In the case of two-body contact

the contact force density on both contacting zones have the same value but opposite sign

such that they sum up to zero. As %QPCOH (u:{;ed) (p)-ei(p) = (7"(p) — 7) up(p)-e1(p)

is also a constraining force density which is equal on both contacting sides the last
expression in sums up to zero, too.

In the contact-stabilized Newmark scheme the predictor is used in the computation of
the solution

2
Mupt! = Multl | — % (;Au;ﬁ + %Auﬁ“ — MPFon (uﬁ“)) : (5.47)
Hence, the contact forces M Fop, (u;ﬁ“) solely equilibrate the elastic reaction %Aug +
%Au;ﬁﬂ which is evoked by the non-penetration condition, compare the discussion in
Section To get stable contact stresses like in the contact-stabilized Newmark
scheme we choose a(p) = 1 — B(p) such that equation and are the same.
Therefore, it suffices to choose a set of parameters a(p) with 0 < a(p) < 1 which is zero
if p is not an actual contact node. We derive a choice of a(p) for an actual contact node
p, motivated by the idea to improve the velocities such that the velocity at an actual
contact node is zero as expected from the persistency condition. We consider only nodes
which are active in the predictor step because otherwise a(p) (7* — 7) 4. (p) - e1(p) = 0
independent of the choice of a(p). Therefore, u™!(p)-e1(p) = uz;ied (p)-e1(p) = gm(p)
which implies that force equilibrium (3 Auf, + $Aul™ — M Fo, (ull™!)) (p)-e1(p) =0
holds and the velocity update reduces to

Wt (p) - e1(p) = Wy(p) - e1(p) + ~a(p) (+*(p) — 7) iy () - €1(p)

) (5.48)
=(r+mmv%m—rﬂumm-q@»

T

- n+1

Therefrom we get u " (p) - e1(p) = 0 if we choose a(p) = m. For 7*(p) < T we

[SIENNIE]

have a(p) < 1 which is necessary for the dissipativity of the algorithm. If 7*(p) > 7 we
keep a(p) = 1 which we get for 7*(p) = § from a(p) = sy Lhis choice of a(p)

for 7*(p) > % does not enforce the velocity to be zero, i.e., ! (p) - e1(p) = 0, but
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5.3 A family of space-time connecting discretization schemes with local impact detection

=6(p) - V"

0(p) ™
&
(9]

0 05 1
n(p): T (p) =n(p)T

Figure 5.7: Ggp; c kT (p) - e1(p) = O(p)ulk(p) - e1(p) is plotted against n(p) : 7*(p) =
mp)t

we get the maximum reduction of the absolute value of the velocity. We note that if a
node p is already in contact, i.e., uy(p) - €1(p) = gm(p), it follows 7*(p) = 0 < 7 such
that w2 (p) - e1(p) = 0 which means that the velocities are zero at all nodes which
are in contact in the actual and the foregoing time step. In Figure (red line) the
factor O(p) fulfilling ©™ " (p) - e1(p) = O(p)u™(p) - e1(p) is plotted against n(p) fulfilling
™(p) =n(p)T.

We call Algorithm with the above described choice of a(p) and S(p) improved

contact-stabilized Newmark scheme.

Algorithmus 5.3.2. Improved contact-stabilized Newmark scheme

MUl = Mu
2
1 1
Mug™' = Mulll - % (2Au:‘ * iAqu - MFEeon (u]’}fl))
Mt = Mal -7 <2Au$ + AU = MFeon (up™') —a5M (1" - 1) uﬁ)

In the following, we present other choices of @ and 3 which arise from the foregoing
discussions. If possible we relate the resulting algorithms to existing methods proposed
for dynamic contact problems in the literature. For the simplest choice a« = 0 and
B = 0, where no parameter dependence is given, the ansatz reduces to the contact-
implicit Newmark scheme as used in [KROM99]. This method is dissipative but gives
rise to artificial contact stresses because a(p) # (1—(p)). The contact stresses oscillate
during a contact phase because the sign of the velocity changes in each time step if
w1 (p) - e1(p) = ul(p) - e1(p) as explained in Section The magenta colored line
in Figure [5.7] illustrates this effect.

The contact-stabilized Newmark scheme is recovered by the choice « = 0 and 3 = d.
This method is energy dissipative and the velocity remains the same during a contact
phase 4" (p)-e1(p) = 4" (p)-e1(p), see Figure|5.7|(green line). This is closely connected
to the stability of the contact stresses and therefore very advantageous but it is not the
behavior we would expect from the persistency condition.
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5 Discretization in time of dynamic contact problems

In the improved contact-stabilized Newmark scheme we choose «(p) = 1 and S(p) =

(1 —a(p)) = 0if 7*(p) > 5. Therefore, the question arises what happens if we take the

same choice a(p) = 1 for each actual contact node with u™!(p) - e1(p) = ug';ed(p) .

e1(p) = gm(p) without regarding 7*(p). The relation between the old and new velocity

(5.48]) changes to

6 0) erlp) = (142 () - 1)) dhlo) - (). (5.49)

In the case 7*(p) < § the velocity changes the sign pointing into the direction of detach-
ment (compare Figure cyan colored line) which leads to oscillations in the contact
stresses as in the contact-implicit Newmark scheme. In Figure as well as in the
numerical examples we refer to this algorithm by “a = {1,0}”, because a(p) is either 1
or 0 if the node is in contact or not.

1

Another obvious choice of a(p) is 2 and B(p) = (1 — a(p)) = % for each potential

contact node. From the improved contact-stabilized Newmark scheme we know that

a(p) = 1% implies 42! (p) - e1(p) = 0 if the body is already in contact (7*(p) = 0)
and ugj;red(p) = gm(p). Choosing a(p) = 5 for impact nodes (7*(p) # 0) reduces the

velocity as long as u*!(p) = u;ﬁ)lred(p) = gm(p), see Figure (dark blue line) but
not as much as in the improved contact-stabilized Newmark scheme. No oscillations are
provoked as for the choice a(p) = 1. Due to a = 3 = %id the mass matrix can be
employed without lumping to get a dissipative scheme and the expressions (2) and (3)

in the difference of energy between two successive time steps (see proof of Proposition

5.3.1]) sum up to

2)+ (3) =« (u”+1 ug) - M P o (u”+1 ) <0.

m,pred m,pred

The fact, that no difference is made in the choice of a(p) for non-contact and contact

nodes leads to a dependence of the new velocity 4" (p) on the predictor uﬁﬁ}red (p)

it Uipred ~ Ui Lo ta,n o L ar1 4 ntl nt1
Uy = = —— =T (M Aug + oM Aug — Feon (up™) (5.50)

m = 9 m

even if the predictor is in contact uﬁ:;ed(p) = gm(p) but not the solution u?™!(p) #
gm(p). This dependence seems not to be reasonable. In the numerical results in Section
m we see that potential contact nodes p € Ng exist which are active for the predictor
ug?;ed but not for the solution u*1. We like to remark that the velocity update 1'
has also been used in [Klall].

5.3.2 Implementation aspects

Before we give numerical results for the time discretization schemes studied in the pre-
vious section we like to shortly comment on implementation aspects. If not other-
wise stated all numerical experiments have been carried out in the obstacle toolbox
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5.3 A family of space-time connecting discretization schemes with local impact detection

OBSLIB++ |[Kra00] in the framework of the finite element toolbox UG [BBLT97]. The
variational inequalities and have been solved with a monotone multigrid
method [Kor97, KKO1]. We note that the predictor step needs only marginal
computing time due to the lumped mass matrix.

For the modifications concerning the velocity in the algorithms with a # 0 we first
compute the velocity

1 1
Wttt =4l — 1 <2M1Au;§ + 5 M AU — Fooy (u"“)) (5.51)

m

as in the methods with @ = 0 and in a second step we correct this velocity (5.51)
depending on the choice of a as follows:
1. a(p) - improved contact-stabilized Newmark scheme
for all p € NS which are active for the predictor and the solution

o if utl (p)-ei(p) < (ul(p)+ Ful(p)) - e1(p), set the velocity to

m,pred
un(p) =0
e otherwise set rn(p) - €1(p) = —chon (%ﬁ?wd) (p) - e1(p), which is the

linear residual corresponding to the variational inequality of the predictor

step, and add —%rm(p) -e1(p) to W (p) - e1(p) computed in (5.51)

2. a=1/2
n+1 n
- n+1 m,pred — ~'m Lt an , Lar1 4 ntl n+1
Uy :f—r §M Aum—i—EM Au"™ — Feon (um )
3. a={1,0}
for all p € NS which are active for the predictor and the solution
e set Tn(p) - ei(p) = —%Pcon <u1’:;1red> (p) - e1(p), which is the linear

residual corresponding to the variational inequality of the predictor step,
and add —Zrn(p) - e1(p) to w™ (p) - e1(p) computed in (5.51)

Remark 5.3.1. Rothe’s method and mesh refinement

Up to now, for the derivation and the analysis of the algorithms we assumed a fixed mesh
i space over all time steps because it enables a straightforward proof of the dissipativity
of the algorithm. However, the presented time-discretizations can be used in the context
of Rothe’s method which means that we may discretize first in time, second in space, al-
lowing for remeshing in each time step. Fortunately, neither the contact-stabilization nor
the velocity corrections are adversely affected if the mesh is changed between time steps n
and n+1 but the proof of dissipativity is not guaranteed. Let uy be the representation of
the solution uy, on another mesh which is generated by coarsening and refinement. Then
uy, is not necessarily contained in the admissible set ICn, corresponding to the new mesh.

Thus problem can be solved by replacing g with an admissible solution Uy ,4missible N
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(a) Geometry 1 - The marked node (b) Geometry 2
is used for evaluating displace-
ments and velocities, see Figure

BT

Figure 5.8: Geometries and meshes

the algorithm to compute wt™ . Such an admissible solution can be easily generated by
a projection of ty, onto the admissible set. Then E(up™) — E(U Jqmissible) < 0- In this

sense the algorithm is still dissipative, but (g pamissivle) 7 €(Uf) in general.

5.3.3 Numerical results

In this section we demonstrate the numerical behavior of the different elements of the
family of modified Newmark schemes (Algorithm as explained in Section m
We denote the different methods by the chosen parameters. This means that a(p)
refers to the so-called improved contact-stabilized Newmark scheme (Algorithm
emphasizing that the parameters are individually chosen for each node p. The contact-
stabilized Newmark scheme is denoted by a = 0, the contact-implicit Newmark scheme
by «, 8 = 0 because it is the only analyzed scheme which does not fulfill the property
a = (1 — B). The two other methods presented in Section are called a = 1/2 and
a = {1,0} because a = 1 holds only for active contact nodes.

Since up to now no existence results for the hyperbolic system of dynamic contact prob-
lems are available, we measure the quality of temporal discretization schemes as usual
along structural indicators as conservation of energy, displacements and velocities at the
contact interface, stability of the contact stresses and closely related to it the number of
contact nodes. In our numerical examples we consider one-body contact problems with
different time-step sizes. The material constants are chosen to be E = 5- 102, v = 0.3
and p = 1. The meshes of the geometries shown in Figure |5.8| consist of hexahedra. In
Geometry 1 the rounded side comes into contact with a plane rigid foundation. In Figure
b) the domain of computation is the block and the obstacle is a real tibial head. If
not indicated otherwise we have chosen Geometry 1, four times uniformly refined with
12,552 degrees of freedom, for the subsequent numerical studies.
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Figure 5.9: Energy related to the initial value

As we know from Section all five time discretization schemes are dissipative which
can be seen in Figure a) for a time step size of 7 = 5-1075. The major amount of
energy loss is due to the moment of impact except for the contact-stabilized Newmark
scheme (a = 0) where it is the moment of detaching. For this choice of time step and
mesh size the methods with «, f = 0 and o = {1,0} loose more energy than the other
methods. It seems as if the curves of energy loss for the methods with & = 1/2 and «a(p)
coincide but in Figure (b) a zoom shows that they are slightly different which is due
to the different velocities. The dependance of the energy loss on the choice of time step
and mesh size will be discussed later.

In contrast to the course of energy the behavior of the contact forces of all different
methods obviously classifies the five methods into more and less stable algorithms. The
contact forces appearing in the method with o, 5 = 0 and @ = {1, 0} oscillate very often,
see Figure (a), as expected from the discussion in Section about the changing
of sign in the velocities. The three other methods (o = 0, & = 1/2 and a(p)) show a
stable behavior of the contact forces (Figure |5.10(b)) and the lines seem to coincide for
all three methods. But as can be seen in the zoom (Figure [5.10|(c)) the method o = 1/2
gives rise to small kinks. Closely related to the oscillations and the different behavior of
the contact forces is the number of contact nodes during the evolution and the difference
in the number of nodes which are active for the predictor and for the solution. In Figure
5.11[a) we see that the number of contact nodes oscillates strongly for «a, 8 = 0 and
a = {1,0}. Due to this unstable behavior of the contact forces and contact nodes for
these two methods we restrict our further discussion to the remaining three methods.
In all the remaining methods (a(p), @ = 0, a« = 1/2) we have a predictor step. We
analyze the number of contact nodes which are active for the predictor but not for the
solution (Figure [5.11|b)) and the other way round which are active for the solution
and not for the predictor (Figure [5.11c)). The number of contact nodes which are
active for the solution but not for the predictor (Figure (C)) is zero for the contact-

135



5 Discretization in time of dynamic contact problems
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Figure 5.12: Velocity and displacement at a single contact node

stabilized Newmark scheme (a = 0), i.e., the active set of the solution is a subset of the
active set of the predictor. In fact, this is important to avoid oscillations in the contact
forces. The two other methods show a small number of nodes which are active for the
solution but not for the predictor (Figure (c)), especially during impact. It seems
as if this behavior has no adverse effect on the contact forces due to the modification of
the velocities. In Figure (b) for « = 0 it is conspicuous that during the process of
detaching the number of active nodes for the predictor is much larger as the number of
active nodes for the solution. This is due to the velocity which remained the velocity of
impact during the contact phase. A discrepancy between the predictor and the solution
for active nodes in the predictor step enlarges the loss of energy as follows from (3) in
the proof of Proposition which in turn explains why the large part of energy loss
is due to the moment of detaching in the method with o = 0 in contrast to the others.

In Figure we show the trajectories of velocities (Figure [5.12|(a)) and displacements
(Figure[5.12|b)) at a single contact node which is depicted in Figure[5.8(a). The velocity
is set to zero immediately for the method with a(p). Nodes where 7*(p) > 7 also occur.
At such nodes the velocities would be zero one time step later as always for the method
with o = 1/2 (blue line).

Due to the good behavior of the improved contact-stabilized Newmark scheme (a(p))
concerning contact forces and velocities it is our favorite method and we restrict our
further more detailed studies to this special method and a comparison to the method
with a = 0.

A closer look at the process of detaching for the number of contact nodes, for the
contact forces and the displacements themselves (Figure [5.12|(b)) foreshadows that the
body detaches earlier using the new method with a(p) instead of the method with a = 0.
This effect would be welcome because in [DEP11] it is shown for a 1D problem that the
contact-stabilized Newmark scheme detaches later than the exact solution. Therefore,
we compute the example of [DEP11} Section 3.1] where an elastic 1D bar of length
L =10 is dropped from a height hy = 5 with a starting velocity —vg. The amount of the
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Figure 5.13: 1D example - displacements at the moment of detaching

starting velocity is chosen to vy = 10, the elastic modulus is £ = 900 and the density is
set to p = 1. The exact solution at the single contact node is given by

ho —vg - t, if t< ho

— g

u(w,t) = 0 if Z—ggt<<@+2.%)

< (ho
Uo-<t—(ﬁ—§—|—2-é)) it (Z—g+2-é)gt

where ¢y = \/g is the wave speed. We choose the time step size 7 = 5-1073 and a mesh

size of h = 0.1 to compute the numerical solutions in a Matlab implementation. The
black line refers to the exact solution, the green dotted line to the solution with o = 0
and the red line to the solution with a(p) in Figure which shows a zoom around
the detaching time plotted against the number of time steps. Although the method
with a(p) does not coincide with the exact solution it is closer to it than the solution
computed with the help of the contact-stabilized Newmark scheme (o = 0).

As indicated in the beginning of this section the course of energy depends on the choice of
time step sizes and mesh sizes. Therefore, we present a small numerical study in Figure
For both methods (a(p) and o = 0) smaller mesh sizes decrease the loss of energy.
Smaller time step sizes do not affect the loss of energy so significantly. Having again a
closer look at the proof of Proposition [5.3.1] we see that the entries of the mass matrix
corresponding to the contact boundary heavily influence the loss of energy. Therefore,
it is obvious that a smaller mesh size decrease the loss of energy.

In the first column of Figure [5.15 we see the contact stresses for the improved contact-
stabilized Newmark scheme at discrete times n7. The displacements at the contact
boundary can be seen in the second column and the velocities in the third column. For
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the computation we have chosen Geometry 1 five times uniformly refined and the time
step size 7 = 5 - 1074, The smoothness of the contact stresses is obvious. The velocities
are zero at the actual contact boundary due to the construction of our algorithm and
except in the process of detaching the behavior is also very smooth. However, especially
during the process of detaching, our improved contact-stabilized Newmark scheme (a(p))
shows a significantly better behavior of the velocities with respect to their stability
compared to the contact-stabilized Newmark scheme (« = 0). This can be seen in Figure
Where the velocities for both methods with a time steps size of 7 = 5-10~% are plotted
at different time steps n. Here, the color of the plots is adapted to the maximum and
minimum value of all the different plots which are compared. The oscillations occurring
in the method with v = 0 are due to the artificial behavior during contact where the
velocities remain the velocities of impact which have the wrong sign for detaching.

As the main advantage of the improved contact-stabilized Newmark scheme (a(p)) is the
correction of the velocity at the contact boundary, we show the velocities for a problem
with a very complex gap function (Figure . Here a cube gets into contact with a
tibial head, see Figure (b) Due to the complexity of this obstacle we cannot use
a linearized non-penetration condition, see Section [1.2] Therefore, a signed-distance
function is used as explained in [KM11]. For the sake of completeness, the first two rows
in Figure show the contact stresses and displacements for the same time steps n as
the velocities. The time step size is 7 = 5- 1073, Just as in the foregoing example the
velocities are zero in the case of contact and the contact forces do not oscillate.
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Figure 5.15: a(p): Contact stresses, displacements and velocities
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(a) a(p), n =414 (b) =0, n =414

(c) a(p), n =424 (d) o = 0,n =424

(e) a(p), n =430 (f) o =0,n =433

(g) a(p), n =433 (h) o = 0,n = 442

Figure 5.16: Velocities during process of detaching; 7 = 5-10~*
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