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Abstract

The goal of this work is to derive a consistent framework for the
treatment of contact problems within the Finite Element Method using
the Node-to-Segment discretization. Three main components of the
computational contact have been considered: geometry, detection and
resolution techniques. For the sake of completeness, the mechanical
aspects of contact as well as numerous numerical algorithms and
methods have been discussed. A new mathematical formalism called “s-
structures” has been employed through the entire dissertation. It results
in a comprehensive coordinate-free notations and provides an elegant
apparatus, available for other mechanical and physical applications.
Several original ideas and extensions of standard techniques have been
proposed and implemented in the finite element software ZéBuLoN (Z-
set). Numerical case studies, presented in the dissertation, demonstrate
the performance and robustness of the employed detection and
resolution schemes.

Le but de ce travail était de fournir un cadre cohérent pour le
traitement des problemes de contact en utilisant une discrétisation
de type nceud a segment. Trois aspects principaux de la mécanique
numérique du contact ont été particulierement considérés : la
description de la géométrie, le probléme de détection de contact
et les techniques de résolution. Le manuscrit contient cependant
une présentation complete de la mécanique du contact et des
algorithmes numériques qui lui sont attachés. Un nouveau formalisme
mathématique — les s-structures — est employé dans l'ensemble de
la these. Il fournit un cadre de formulation intrinseque qui permet
d’exprimer de fagon compacte un grand nombre de problémes de
mécanique et de physique. La thése propose plusieurs idées originales
et des extensions des techniques classiques, qui ont toutes été mises
en ceuvre dans le code de calcul par éléments finis ZéBuLoN (Z-set).
Plusieurs études de cas, présentées dans la these, viennent démontrer
les performances et la robustesse des méthodes numériques utilisées
pour la détection et la résolution.
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Notations

Vectors and tensors:

Scalar (zero-order tensor) — small latin and greek letters:

a,ab,...

Vector (first-order tensor) — underlined small bold latin and greek letters:

cp.d,...

Second-order tensor — capital bold latin letters underlined twice:

EFE,...

Higher order tensor — capital bold latin letters underlined twice with
upper left index of order:

GH, ...

V-Vectors and V-tensors:

- V-scalar (“vector of scalars”) — small latin and greek letters underlined
by a wave:

m_n

1’7/,...6150

- V-vector (“vector of vectors”) — small latin and greek letters underlined
by a line and a wave:

m_n

- V-tensor (“vector of tensors”) — capital bold latin letters underlined by a
double line and a wave:

m_n

€15,

IR
2~

T-Vectors and T-tensors:

- T-scalar (“tensor of scalars”) — capital bold latin letter underlined by a
double wave:

m_n

M, N, €5,

- T-vector (“tensor of vectors”) — small latin and greek letters underlined

by a line and a double wave:

m_n

..ezsl

IS
uI=
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- T-tensor (“tensor of tensors”) — capital bold latin letters underlined by a
double line and a double wave:

m._n

€,5

211
210

Vector and tensor operations:

|| a || — euclidean norm of a vector;

detA - determinant of a tensor;
- £ — unit tensor;

- L — unit t-scalar;

- trA - trace of a tensor;

- A7! —inverse of tensor;

- AT — transpose of tensor;

- 1/21 -'B ="""°C - scalar or dot product;

i j i+j-1
- AX B= " C-vector or cross product;

-A®B=" j]j = ”j(_? — tensor product;

i j i+j—4 .
- A-‘B= " C-tensor contraction.

Other operations:

(o) = ‘;—; — full time derivative;

0(e), A(e) — first variations;

5(e), A(e) — full first variations;

Ab(e) — second variation;

Ab(e) — full second variation;

V ® (o) — gradient;

V - (e) —divergence;

V X () — rotor.
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Miscellaneous:
- 6{ — Kronecker’s delta 65 =1,ifi = jelse 6{ =0;
- {x) = %(x + |x[) — Macaulay brackets;.
- [e, o]; (e, ®); (e, o] — closed, open, open-closed intervals;

-V, 3, 3, AN A-forall, exists, exists only one, exists infinitely many, does
not exist;

- =, &, & —sufficient, necessary, sufficient and necessary conditions;

- min, max, ext, sup, inf — minimum, maximum, extremum, supremum,
infimum;

- min, max — global minimum, global maximum;

i =1,n—1ichanges from 1 to n.

Abbreviations:

- PM, LMM, ALM - penalty, Lagrange multiplier, augmented Lagrangian
methods;

FEM, FEA — Finite Element Method, Finite Element Analysis;

CAD - Computer-Aided Design;

NTN, NTS — Node-to-Node, Node-to-Segment discretizations;

MPC — Multi-Point Constraints;

PDN - Partial Dirichlet-Neumann;

SDMR, MDMR - Single Detection Multiple Resolution, Multiple
Detection Multiple Resolution.

@ Remark on Macaulay brackets, dist(.,.) and 0(.) functions.

Throughout the dissertation we use the notation of Macaulay brackets

x, x>0, ) =x, x<0,
<x>‘{o, x<0’ <_x>‘{ 0, x>0

The O function is a similar notation widely used in both engineering and mathematical
literature

—-x, x<0,
0, x>0

X,

6(x) = max(x,0) = { 0

x>0, o _
<0’ o( x)—mm(x,O)—{
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or a more general dist(,) function

dist(x, Q) = { dZSt(J(C)’ d0), ;58

where dist(x, dQ) is a somehow defined distance from point x to the closure of the set
Q. For example, in the simplest case Q = R_, x € R, then JR- =0

2 - <
e 1L ={ 0 i;%’; dist(x, R+ ={ o ;8/

All these functions are equivalent for the considered case and interchangeable, so the
reader is invited to interpret the Macaulay brackets as one of above mentioned functions
to which he is more accustomed.

ix






Contents

1 Introduction to contact mechanics

1.1

1.2

1.3

Historical remark . . . . . . ... ... ... ... ... ......
1.1.1 The augmented Lagrangian method . . . . .. .. .. ..
Basics of the numerical treatment . . . . . ... ... ... ....
1.2.1 Contactdetection . . . . ... ... ... ... .......
1.2.2 Contact discretization . . ... ... ... ... ......
1.23 Contactresolution . ... ... ... ... .........
Motivation and overview . . . . . . ... ... ... ...

2 Geometry in contact mechanics

2.1
2.2

2.3
24

2.5

Introduction . . . .. ... ... ...
Interaction between contacting surfaces . . . ... ... ... ..
221 Normalgap ... ... ... ... .. ... .. ...
222 Theclosestpoint . .. ... ... ... ... .. ..
2.2.3 Aircraft’s shadow projection method . . . . . .. ... ..
224 Tangential relativesliding . . . . . ... ... .. ... ..
2.2.5 Firstorder variations . . . . .. ... .. .. ... .....
2.2.6 Second ordervariations . . .. ... .. ... .......
Numerical validation . . . . . .. ... ... ... .........
Discretized geometry . . . . ... ... ... .. Lo L.
2.4.1 Shape functions and finite elements . . . . ... ... ..
242 Geometry of contactelements . . . . ... ... ... ...
Enrichment of contact geometry . . . . . . ... ..... ... ..
2.5.1 Example of enrichment . ... ... ............

3 Contact detection

3.1
3.2

3.3

Introduction . . . .. ... ... ... ...
All-to-all detection . . . . . . .. .. ... ... . ... .. ...,
321 Preliminaryphase . ... ..................
322 Detectionphase . . . .. ....... ... ... .. ...
Bucket sortdetection . . . .. .. ... ... ... ... ...
3.3.1 Preliminaryphase . .....................
3.32 Numericaltests . . . ... ... ... ... .........
333 Detectionphase . . . . ... ... ... .. ... ...
3.34 Multi-face contactelements . . . . ... ... .......
335 Improvements. ... .....................



CONTENTS

3.4 Validation and performance . . . . . ... ... ... ... ..., 113
3.5 Case of unknown master-slave discretizations . .. ... .. .. 115
3.6 Parallel contactdetection . . . . . ... ... ... .. .. ..... 120
3.6.1 General presentation . . . ... ............... 120

3.6.2 Single Detection, Multiple Resolution approach . . . . . 120

3.6.3 Multiple Detection, Multiple Resolution approach . . . . 121
3.6.4 Scalabilitytest. .. ... ............... .. ... 123

3.7 Conclusion . . . . . ... . .. e 125
4 Formulation of contact problems and resolution methods 127
4.1 Unilateral contact with arigid plane . . . ... ... ... ..., 128
41.1 Interpretation of contact conditions . ... ... ... .. 131

412 Friction. . .. ... .. ... .. e 133

41.3 Interpretation of frictional conditions . . .. .. ... .. 137

4.1.4 Non-classical friction and adhesionlaws . . . ... ... 140

4.2 Unilateral contact with an arbitrary rigid surface . . . . . .. .. 146
421 Non-penetration condition . .. ... ... ...... .. 147

42.2 Hertz-Signorini-Moreau’s contact conditions . . . . . . . 150

42.3 Interpretation of contact conditions . . .. ... ... .. 151

424 Frictional conditions and their interpretation . . . . . . . 152

4.3 Contact between deformablesolids . . . . ... .......... 153
43.1 General formulation and variational inequality . . . . . . 153

4.3.2 Remarks on Coulomb’s frictional law . . . ... ... .. 159

4.4 Variational equality and resolution methods . . . ... ... .. 162
45 Penaltymethod . ... ... ... ... ... . ... . ... . ... 162
451  Frictionlesscase . . . . . . .. .. ... ... 163

452 Example . . ... ... ... oo 165

45.3 Nonlinear penalty functions. . . . . ... ... ... ... 168

454  Frictionalcase . . . . . .. .. ... ... ... . .. ... 170

4.6 Method of Lagrange multipliers. . . . . . ... ... ... ..., 173
46.1 Frictionlesscase . . . . . . . . . .. .. 174

46.2 Frictionalcase . . . .. ... .. ... ... ... . ..., 175

463 Example .. ... ... ... ... o oL 178

47 Augmented Lagrangian Method . . ... ... ... ... .. .. 185
471 Introduction . .. ... ... . ... .. ... ... .. ... 185

4.7.2 Application to contact problems . . . ... ... ... .. 188

473 Example . . ... ... ... o oo 195

5 Numerical procedures 203
51 Newton’smethod . . ... ... ... ... .. ........... 204
5.1.1 One-dimensional Newton’smethod . ... ... .. ... 204

5.1.2 Multidimensional Newton’smethod . . . . ... .. ... 207

5.1.3 Application to nondifferentiable functions . .. ... .. 208

5.1.4 Subdifferentials and subgradients . . ... ... ... .. 209

5.1.5 Generalized Newtonmethod . . ... ........... 212

52 Return mapping algorithm . . . . . ... ... ... .. ... ... 216
5.3 Finite Element Method . . . . .. ... ... ... ......... 223



CONTENTS

531 Introduction . . ... ... ... ... ... . ... . ... .
532 Contactelements . . ... ... ...............
5.3.3 Discretization of the contact interface . . .. .. ... ..
5.3.4 Virtual work for discretized contact interface . . . . . . .
53.5 Linearizationofequations . . . . .. ... ... ... ...
53.6 Example .. ... ... ... ... L oL
5.4 Residual vectors and tangent matrices . . . . . .. ... ... ..
54.1 Penalty method: frictionlesscase . . . .. ... ... ...
5.4.2 Penalty method: frictionalcase . . .. ... ........
543 Augmented Lagrangian method: frictionless case . . . .
54.4 Augmented Lagrangian method: frictional case . . . . .
5.5 Method of partial Dirichlet-Neumann boundary conditions . . .
5.5.1 Description of the numerical technique . . ... ... ..
55.2 Frictionlesscase . . . . .. ... ... .. L.
553  Frictionalcase . . . . ... ... ... . L.
554 Remarks . . ... ... .
5.6 Technicaldetails . . . ... ... ........ .. .........
5.6.1 Rigid mastersurface . ... ... .. ... ... ... ..
5.6.2 Multi-face contact elements and smoothing techniques .
5.6.3 Heterogeneous friction . . . . ... .............
564 Shortremarks . . .. .. ... ... ... . L.

Numerical examples

6.1 Two dimensional problems . ... .. ... ... .........
6.1.1 Indentation by a rigid flatpunch . . . .. ... ... ...
6.1.2 Elastic disk embedded in an elastic bored plane . . . ..
6.1.3 Indentation of an elastic rectangle by a circular indenter
6.1.4 Axisymmetric deep cupdrawing . . . . .. ... ... ..
6.1.5 Shallowironing . . ... ... ................
6.1.6 Axisymmetric post buckling of a thin-walled cylinder . .

6.2 Three dimensional problems . . . . .. ... ... .........
6.2.1 Accordion post buckling folding of a thin-walled tube

6.2.2 Hydrostatic extrusion of a square plate through a circular
hole. . ... ... ... ...
6.2.3  Frictional sliding of a cube on a rigid plane . . . . . . ..

Conclusions and perspectives

7.1 Original contributions . . . ... ... ... ... ... ...
711 Geometry . .. ... ... ...
712 Detection. ... ... ... ... ... 0.
713 Resolution . . ... .. ... .. ... ... .. .. ...

7.2 Intermediate results and perspectives . . . ... ... ... ...
7.2.1 Normal contact of rough surface . . . ... ... ... ..
7.2.2 Aeronautical applications . . . ... ... ... ...

3

273
274
274
279
283
285
289
294
298
298

302
309



CONTENTS

A Vectors, tensors and s-structures 325
Al Fundamentals . .. ... ... ... ... ... ........... 325
A2 Vectorspacebasis . . . ... ... ... .. ... .. ... .. ... 330

A.2.1 Transformation matrices, covariant and contravariant
objects . . ... ... 332
A.22 Gradient operator or Hamilton’s operator . . . . . .. .. 334
A.3 Sub-basis, vector function of v-scalar argument . . . . . ... .. 336
Ad Tensors . . . . . . . e e e 339
A.5 Tensor as a linear operator on vector space . . . ... ...... 346
A6 S-structures . . . . . . . ... 347
A.6.1 Formal definition, notations and types . . . . . . ... .. 350
A.6.2 Simpleoperations . ... ....... .. ... ... 353
A.6.3 Invariants-structures. . . . ... .. ... ... ...... 354
A.6.4 Scalar products of V-vectors . . . .. ... ... ... ... 356
A65 Inversev-vector. . . . . ... ... .. ... .. ... ... 360
A.6.6 Isomorphism of s-space and tensor space . . .. ... .. 361
A.6.7 Tensor productof v-vectors . . . .. ... ......... 364
A.7 Reduced form of s-structures . . . .. ... ... .. ....... 365



Chapter 1

Introduction to contact
mechanics

B B Résumé de Chapitre 1 «Introduction i la mécanique de
contact»

Ce chapitre présente une bréve histoire des développements de la mécanique du
contact, de sa naissance jusqu’a nos jours. On insiste en particulier sur les aspects
numériques et on présente une formulation mathématique rigoureuse des problémes
associés. La littérature concernant la méthode du Lagrangien augmenté est exposée en
détail.

De plus, ce chapitre introduit les notions de base qu’on exploite au cours du
manuscrit. Pour donner une vue globale sur le traitement numérique des problemes
de contact, on éclaircit toutes les étapes de I'algorithme : la détection du contact, la
discrétisation et la résolution. On présente la revue des possibilités existantes pour
chaque de ces étapes et on argumente les choix qui seront effectués par la suite :
méthode de «bucket sort» modifiée pour la détection, méthode du Lagrangien augmenté
et méthode de pénalisation pour la résolution et la discrétisation «Nceud-a-Segment».

On expose également les éléments qui ont motivé ce travail et on présente le plan du
manuscrit.

From a mechanical point of view, at macroscale, contact is a notion for
all types of interactions between separate bodies coming in touch. Direct
contact between solids allows to transfer a load, a heat and an electric
charge from one body to another. The physics of the contact interaction is
particularly rich and complicated, due to the multiscale and multiphysical
nature of the phenomenon. The branch of mechanical engineering studying
this interaction is called tribology — a science of relative motion of interacting
surfaces in a comprehensive framework combining mechanical, physical and
chemical effects at different scales. This dissertation presents the mathematical
description and modeling of the mechanical aspects of this interaction.

Contact problems in mechanics of deformable solids can be singled out
in a particular class. There are several reasons for that. Contact occurs in
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the interface formed by two separate continuous surfaces. However, the
contact constraints arising in this interface cannot be replaced by ordinary
boundary conditions imposed on both contacting surfaces. At the same time,
the contact interface itself cannot be simply considered as an internal surface.
In an idealized case, the contact interface is a zero thickness layer, which
sustains only compressive stress in the direction orthogonal to the contact
interface (Fig. 1.1,a.), any stretching leads to vanishing of the contact interface
(Fig. 1.1,b.). In case of frictionless contact, the contact interface contrary to an
ordinary internal surface, does not sustain any tangential efforts, which allows
two surfaces slide relatively to each other (Fig. 1.1,a.). In case of frictional
contact, tangential resistance of the contact interface is similar to the resistance
of an elasto-plastic material with saturation. For example, in case of the classic
Coulomb’s friction law in stick state, the contact interface represents an internal
surface — no separation, no tangential sliding — locally both surfaces remain
glued to each other (Fig. 1.1,c.). If a critical shear stress is reached, the surfaces
start to slip relatively to each other, however the nonzero shear stress remains
equilibrated (Fig. 1.1,d.). It follows from this simple representation that the
contribution of the contact interface to the energy of the system is always zero
except in the case of frictional slip.

frictionless contact separation

N~

stick state local reference frame slip state

Figure 1.1: Analogy between contact interface and internal interface: a —
frictionless contact sustains compressive stress in the local reference frame,
b — any stretching leads to vanishing of contact interface, ¢ — frictional contact
interface can transfer shear stress; d — in Coulomb’s friction law in stick state
there is no relative sliding up to reaching a critical shear stress.

Mechanical problems are classically formulated as boundary value
problems, where a governing differential equations should be fulfilled within
the domain €2 and ordinary boundary conditions are imposed on the domain’s
closure dQ). The balance of virtual work yields a weak (integral) form of this
boundary value problem, which presents a basis on which the structural Finite
Element Method is constructed. Contact constraints are formulated as sets of
inequalities. Such a formulation is not usual for boundary value problems. The
rigorous construction of a variational principle leads to a variational inequality

6



Chapter 1. Introduction to contact mechanics

instead of a classic variational equality. Such a new mathematical structure
requires new solution approaches. The problem becomes even more complex
when a frictional effect is assumed at the interface. Coulomb’s friction law
states that tangential resistance depends upon the normal contact pressure,
but the latter is known only if the solution is known. Roughly speaking,
the boundary conditions are solution dependent, which naturally leads to
difficulties in the formulation of the frictional contact problem. Moreover,
the nature of Coulomb’s friction law yields a nonsmooth energy functional
resulting in even more difficulties from a numerical point of view. As pointed
out in the book of Kikuchi and Oden [Kikuchi 88] “Frictional contact problem
between continuous deformable solids involves formidable mathematical
difficulties”.

Another mathematical difficulty in contact mechanics arises from a rigorous
description of continuous interacting surfaces. First, contacting bodies may
penetrate each other or be separated. In both cases, a bijection between points
of the contacting surfaces does not always exist. Second, the finite element
discretization results only in piecewise smooth contacting surfaces, which leads
to mathematical and numerical difficulties. Third, a considerable effort has to
be undertaken to derive a rigorous linearization of the variational principle,
which in turn requires second order variations of the normal gap and the
tangential sliding, which is not an easy task. Basic knowledges of differential
geometry is needed to obtain the relevant quantities.

The discretization of the contact interface is a third challenge in
computational contact mechanics. A simple and stable discretization for
conforming meshes, i.e. each node on one contacting surface has a
corresponding node on the other surface, can be established only in case of
small deformations and infinitely small relative sliding. Such a discretization
is called Node-to-Node. A less simple but multipurpose discretization implies
the creation of contact pairs consisting of a node of one surface and a
corresponding segment of the other surface. This approach is known as
Node-to-Segment discretization. However, this discretizations does not fulfill the
so called Babuska-Brezzi conditions and leads to an unstable discretization.
Recently, new techniques based on segment-to-segment discretizations — Nitsche
and mortar methods — have been successfully introduced in computational
contact mechanics, however, the computer implementation of these methods
for a general case presents a real challenge both from algorithmic and technical
points of view. Seeking for a stable and relatively simple discretization of the
contact interface is still in progress.

All forementioned difficulties are related to the resolution phase of the
contact algorithm. It follows the detection phase, which determines the
contacting pairs on discretized surfaces. At first glance, the detection phase
is a standalone task, but in reality it appears to be strongly connected with
the discretization type of the contact interface, with the definition of the gap
function and with the type of contact (e.g., simple contact or self-contact). The
detection phase may present a bottleneck for an efficient treatment of contact
problems, both for rapidity and robustness. The contact detection becomes
one of the most crucial points for an efficient parallelization of the whole
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1.1 Historical remark

resolution scheme. Elaboration and implementation of an efficient contact
detection algorithm is an absolute necessity for a robust and fast Finite Element
Analysis of large contact problems.

In this introduction, after a brief historical review, the main notions of
contact mechanics and related applications will be given, followed by a short
presentation of the general concept of contact treatment in the framework of the
Finite Element Method and implicit integration. The questions of detection,
discretization and resolution will then be addressed in first approximation.
Further, the main physical aspects of frictional contact will be introduced.
Finally the contents of the dissertation will be presented.

1.1 Historical remark

The modern contact mechanics is about 130 years old. It started in 1882
with the publication of Hertz’s famous paper On the contact of elastic solids
[Hertz 82], which gives the solution for frictionless contact between two
ellipsoidal bodies. This problem had arisen from the problem of the optical
interference between glass lenses. Futher developments in the contact theory
appear only in the beginning of XX century in application to railways,
to reduction gears and to rolling contact bearing industry. Progress in
contact mechanics was associated with removing the restrictions of the Hertz
theory, such as pure elasticity, frictionless and small deformations. A large
contribution has been made by the Russian school of mechanicians, starting
from Galin [Galin 53], [Galin 76] and Muskhelishvili [Muskhelishvili 66].
A synthesis of analytical solutions and approaches for contact problems
can be found in monographs [Lurie 70], [Alexandrov 83], [Johnson 94],
[Goryacheva 98], [Goryacheva 01], [Vorovich 01], etc.

Since the analytical solution is achievable only for a few simple
geometries, boundary conditions, and mostly for linear materials, only rough
approximations based on these solutions can be established for complicated
frictional contact problems. These problems come from industrial needs and
are usually coupled with complex geometries, boundary conditions and non-
linear materials. For that reason, with approaching computer age, more and
more numerically based semi-analytical solutions for contact problems appear.
But it is still not sufficient to answer the industrial demand for a fast and
accurate resolution of contact problems, which may include friction, wear,
adhesion, large deformations, large sliding and non-linear material.

Since 1965 (NASTRAN) the Finite Element Method (FEM) becomes one of
the most usable and efficient tools for the treatment of problems in structural
mechanics. In order to fulfill industrial demands related to contact problems,
the scientific society worked out a rigorous mathematical framework valid for
incorporation of the contact in the Finite Element Method. This task required
formidable efforts from the mathematico-mechanical community. First, the
frictionless Signorini’s problem (unilateral contact between a deformable body
and a rigid foundation) has been treated, further the developed approaches
have been extended to the case of unilateral frictional contact in small and
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large deformations and finally to bilateral! or multibody contact. At the same
time, the engineering practice tested the solution schemes and proposed new
challenging tasks. The work on a stable approach for treatment of large sliding
frictional contact is still in progress.

The history of the computational contact began in 1933 with the works
of Signorini who was the first who formulated the general problem of the
equilibrium of a linearly elastic body in frictionless contact with a rigid
foundation [Signorini 33], [Signorini 59]. The works of Fichera represents
the first treatment of questions of existence and uniqueness of the variational
inequalities arising from the minimization of functionals on convex subsets of
Banach spaces, which yields from his rigorous analysis of a class of Signorini’s
problems [Fichera 63], [Fichera 64], [Fichera 72]. Variational inequality is a
new structure in the field of the optimization theory; new approaches are
required to make use of such formulations for practical problems of physics and
mechanics. “Inequalities in mechanics and physics” by Duvaut and Lions (first
published in French and rapidly translated in English [Duvaut 76]) was a real
scientific breakthrough in this direction, the authors investigated the solution
of frictional contact problems and large deformation contact. Among the
early relevant contributions related to contact problems, the following can be
enumerated Cocu [Cocu 84], Panagiotopoulos [Panagiotopoulos 85], Rabier et
al [Rabier 86]. A consistent description of the variational inequality approach to
contact problemsis given in the book by Kikuchi and Oden [Kikuchi 88], where
among other important results the existence and uniqueness of the solution of
Signorini’s problem is proven. Stability questions of contact problem solution
have been discussed by Klarbring [Klarbring 88]; examples of non-uniqueness
or non-existence were demonstrated by Klarbring [Klarbring 90] and Martins
et al. [Martins 94]. The existence and uniqueness results for dynamic contact
problems can be found in Martins and Oden [Martins 87], Jarusek and Eck
[Jarusek 99] and others.

The frictionless contact problem formulated as a variational inequality
presents a special type of minimization problems with inequality
constraints, which can be efficiently treated in a standard manner (penalty
method, Lagrange multiplier method, augmented Lagrangian method, efc.).
Unfortunately, there is no associated minimization principle for the frictional
contact problem [Kikuchi 88], [Mijar 00]. Such a problem is rather complicated
and unusual for optimization theory since the energy of the system (objective
function) depends on the frictional status which depends on the normal contact
pressure, which in turn depends on the displacements, i.e. on the solution of
the problem which again depends on the energy of the system. Since there is
no smooth energy functional associated with the frictional contact problem, its
formulation and resolution present real challenges.

The assumption of a known a priori contact interface on the current
computational step results in a reformulation of the variational inequality into a
variational equality problem with a special contact term; the form of this term

bilateral - contact between two or more deformable solids, in contrast to unilateral contact -
contact between a deformable and a rigid solid.
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depends on the method chosen to enforce the contact constraints. Among
the well-known and widely used methods there are: barrier and penalty
methods, Lagrange multiplier methods and their combinations. Another
branch of methods makes use of different techniques from mathematical
programming: application of the simplex method to contact problems can be
found in [Chand 76], parametric quadratic programming method is employed
in [Klarbring 86], [Zhong 88]. Separately from these two branches, there is
a group of direct methods, which treats the contact problem independently
from the structural one: the flexibility method proposed by Francavilla and
Zienkiewicz [Francavilla 75], modified and improved by Jean [Jean 95], rarely
mentioned in the scientific literature, in practice this method demonstrates
a higher robustness and rapidity in comparison to ordinary methods if
the number of nodes in contact remains moderate. But this method is
not applicable for large contact problems and its parallelization is hardly
possible. A detailed description of the method and its application can be
found in [Wronski 94]. A complete list of methods used for the numerical
treatment of contact problems can be found in [Wriggers 06] and [Laursen 02].

1.1.1 The augmented Lagrangian method

As mentioned in the previous section, the assumption of a known a priori
contact surface allows to replace the variational inequality by a variational
equality with an additional contact term. The form of this contact term
depends upon the choice of the optimization method; the most usable in contact
mechanics are the Lagrange multiplier method, the linear penalty method and
an augmented Lagrangian method, the two latter methods are implemented
in leading modern finite element analysis softwares: ANSYS [Bhashyam 02],
[Oatis 07], [ANS 05], ABAQUS [ABA 07], COMSOL [COM 10] and others. In
this dissertation all forementioned methods are considered, but a particular
attention is paid to the augmented Lagrangian method, possessing several
advantages in comparison to other methods.

Within the framework of classical Lagrange multiplier method (LMM),
contact conditions are exactly satisfied by the introduction of extra degrees of
freedom called Lagrange multipliers. The constrained minimization problem
converts into an unconstrained saddle point problem often called min-max
problem. Due to inequality constraints this formulation has to be considered
in combination with an active set strategy [Luenberger 03], [Murty 88], i.e. a
check and update of active and passive constraints should be integrated in
the convergence loop. Moreover, the additional degrees of freedom of the
LMM introduce supplementary computational efforts. Penalty method (PM)
is simple to implement and to interpret from the physical point of view,
but, on the other hand, the contact conditions are fulfilled exactly only in
case of the infinite penalty parameter which results in ill-conditioning of
the numerical problem. The augmented Lagrangian method (ALM) is a sort of
Lagrange multiplier formulation regularized by penalty functions. It yields a
smooth energy functional and fully unconstrained problem, resulting in exact
tulfillment of contact constraints with a finite value of the penalty parameter.

10
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In this section a few historical remarks concerning the augmented Lagrangian
method are given. For a more detailed background the reader is referred to the
articles and books cited below.

The augmented Lagrangian method has been proposed in the first
raw approximation by Arrow and Solow in 1958 [Arrow 58b]. Further
a more elaborated version of the ALM method for optimization problems
subjected to equality constraints has been independently proposed by
Hestenes [Hestenes 69] and Powell [Powell 69] in 1969. As mentioned by
Pietrzak [Pietrzak 97] it was proposed "rather in an intuitive way" and a lot
of questions have not been considered. The way to apply the ALM method
to optimization problems with inequality constraints has been developed by
Rockafellar [Rockafellar 70], [Rockafellar 73b] and Wierzbicki [Wierzbicki 71].

Using the augmented Lagrangian method as well as the Lagrange
multiplier method leads to the saddle point problem, i.e. the objective function
is to be minimized by "ordinary" primal variables (e.g., displacement degrees
of freedom (dof) in the displacement based FEM) and is to be maximized
by dual variables - Lagrange multipliers which represent contact stresses.
All forementioned authors approach this min-max (saddle point) problem
by an independent consecutive updating of the primal and dual degrees of
freedom. An algebraic formula is used to update the Lagrange multipliers
at each iteration step and consequently a standard minimization procedure is
used to update the primal degrees of freedom. This idea has been worked
out by Powell [Powell 69]. Nowadays such an approach is employed under
the name of Uzawa’s algorithm and the full method is referred as a nested
augmented Lagrangian algorithm. Another approach has been developed by
Fletcher [Fletcher 70]. It consists in a continuous minimization of the resulting
saddle problem with a simultaneous update of both primal and dual variables.

One of the first applications of the augmented Lagrangian method
to frictionless contact problem can be found in Glowinski and Le
Tallec [Glowinski 89] and Wriggers, Simo and Taylor [Middleton 85]. The first
application of the augmented Lagrangian method with Uzawa’s algorithm to
frictional problems has been reported by Simo and Laursen [Simo 92]. The
first successful attempt to apply the coupled augmented Lagrangian method
to frictional contact problems has been undertaken by Alart [Alart 88], and
Alart and Curnier [Alart 91]. The augmented Lagrangian approach has been
elaborated by developing the perturbation approach to convex minimization
as proposed in [Rockafellar 70] and first applied by Fortin [Fortin 76] to visco-
plastic flow problems (rather similar to frictional contact problems).

Further developments of the ALM method to large deformations, large
sliding and nonlinear materials can be found in [Heegaard 93], [Mijar 04a],
[Mijar 04b], etc. A comprehensive investigation on the implementation of
the ALM method in the framework of the Finite Element Method to large
deformation frictional contact problems has been carried out by Pietrzak and
Curnier [Pietrzak 97], [Pietrzak 99]. The attempts to work out a technique
for penalty parameter updating are worth mentioning, since it became
a crucial factor for convergence of the ALM. A direction was proposed
in early works [Hestenes 69] and [Powell 69]. The need was mentioned

11
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by Rockafellar [Rockafellar 73b], discussed in [Alart 97] and an approach
has been proposed by Mijar and Arora [Mijar 04a], [Mijar 04b]; another
phenomenological approach has been proposed in [Bussetta 09]. An early
attempt to parallelize the ALM has been undertaken by Barboteu and
Alart [Barboteu 99] for particular structures.

The augmented Lagrangian method combines advantages of both methods
LMM and PM and avoids their drawbacks, precisely it converges to the exact
solution for a finite value of the penalty coefficient and if a nested update
of dual variables is used, there is almost no additional computational efforts.
Following Pietrzak, we would like to emphasis the smoothing effect of the ALM
which is not the only advantage over ordinary LMM. Even in case of a smooth
objective function the ALM method shows its superiority. The ordinary LMM
does not fully reduce the optimization problem with inequality constraints to
an unconstrained problem, since the condition of positivity of the Lagrange
multipliers A > 0 has to be satisfied. The ALM method does not have this
restriction and therefore is better for practical use. An elaborated presentation
of the method will be given in Section 4.7.

1.2 Basics of the numerical treatment of contact problems

The part of the implicit Finite Element code aimed at the treatment of contact
problems consists in the following steps: contact detection, construction of
“contact elements”, incorporation of these elements with associated residual
vectors and tangential matrices in the general nonlinear problem and finally
resolution of the resulting problem. Here we give the main ideas and a
general view of these steps, which will be presented in details further in the
corresponding chapters.

Contact elements are a kind of “bridge elements” between locally separated
but potentially interacting surfaces. Each contact element contains components
(nodes, edges, segments or their parts) of both surfaces; the composition
of these components depends upon the choice of the contact discretization
method. Each contact element has its own vector of unknowns, residual
vector and tangential matrix, which are assembled with unknowns, residual
vectors and matrices of ordinary structural elements. The set of unknowns and
the structure of the residual vector and the tangential matrix are determined
by the resolution method. For example, in addition to primal unknowns
(e.g. displacement) contact elements may contain dual unknowns (Lagrange
multipliers) representing contact stresses.

The Contact detection is a step preceding all others. The aim of this step
is to create contact elements containing the proximal components of both
surfaces which may contact on the current solution step. As a consequence
the detection algorithm is based on a search for the closest components and
presents a particular algorithmic task. The criterion of proximity is either
provided by a user or is chosen automatically based on boundary conditions
and/or discretization of contacting surfaces. In order to incorporate contact
elements in the resolution cycle, they should be created before a contact occurs

12
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and if needed should be removed and recreated at each solution step. Contrary
to this scheme, in case of explicit integration, the searching step consists in the
detection of penetration, which has already occurred.

In order to treat contact problems, from the programmer’s point of view, a
standard finite element code has to be complemented by

1. aclass governing contact;
2. a contact detection algorithm;
3. aclass of contact elements;

4. the corresponding residual vectors and tangential matrices.

1.2.1 Contact detection

The development of numerical methods and the increasing demands on
complexity (large deformation, large sliding, self-contact) and size of problems
in computational contact mechanics entailed the development of contact
detection techniques. As previously mentioned the contact detection presents
a purely algorithmic task and is strongly connected with the discretization of
the contact interface. For example, in the case of Node-to-Node discretization,
the contact detection consists simply in establishing close pairs of nodes: nodes
from one surface form pairs with their closest opponents from another surface.
Since the Node-to-Node discretization is limited to small deformation and
infinitely small slidings, once created contact pairs do not change during the
solution steps. Node-to-segment discretization requires a more elaborated
detection procedure: for nodes of one surface (slave) the closest point on the
other surface (master) has to be found, the master segment possessing this point
complemented by the slave node forms a Node-to-Segment contact element.

This simple detection procedure generates several difficulties. First, the
detection of the closest point on the master segments may fail if the slave node
is not sufficiently close to the master surface or if the latter is not smooth, which
is the case in case of finite element discretization of the surface. The numerical
scheme of the closest point detection is based on the seeking for a minimum
of the distance function, but on the one hand this minimum does not always
exist, and on the other hand there may be several or infinitely many equivalent
minimum points. Second, the detection has to be organized in a smart way.
Large contact problems imply a large number of contacting nodes on both
surfaces, that is why a simple detection technique, based on a comparison of
distances from each slave node to all components of the master surface, leads to
an excessively time-consuming algorithm, especially if contact elements must
be frequently updated.

Segment-to-segment discretization requires totally different detection
algorithms based on surface topologies. Since we confine ourself to
consideration of the Node-to-Segment contact discretization, the questions of
detection for other discretizations will be omitted. The geometrical questions
of the closest point definition will be discussed in Chapter 2 and the detection
algorithms will be presented in Chapter 3.

13
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1.2.2 Contact discretization

As already mentioned, the contact discretization predetermines the structure
of contact elements transferring efforts from one contacting surface to another.
Three main types of discretizations may be distinguished:

e Node-to-Node, NTN
e Node-to-Segment, NTS
e Segment-to-Segment, STS

The simplest and the oldest Node-to-Node discretization [Francavilla 75]
(Fig. 1.2) does not allow any finite sliding or large deformations and introduces
restrictions on mesh generation. On the other hand it passes the contact
patch test — uniform pressure is transferred correctly through the conforming
contact interface. The NTN discretization is applicable for linear and quadratic
elements in two dimensional case and only to linear elements in three
dimensional case. The NTN technique smoothes the asymmetry between
contacting surfaces. However, the normal vector for each pair of nodes is
usually determined according to one of the surfaces. Different possibilities of
normal definition are presented in Remark 3.2 in Section 3.5.

slave

master

‘. interfacial nodes O  bulk nodes ‘

Figure 1.2: Graphical representation of the Node-to-Node discretization,
associated pairs of nodes and corresponding normals constructed on the master
surface.

Node-to-segment (Fig. 1.3) is a multipurpose discretization tech-
nique [Hughes 77], valid for non-conforming meshes, large deformation and
large sliding. But this discretization is not stable and does not pass the
contact patch test proposed by Taylor and Papadopoulos [Taylor 91] for non-
conforming meshes —a uniform contact pressure cannot be transferred correctly
through the contact interface (see. Fig. 1.4). However, this discretization
technique passes this patch test in “double pass” for LMM, which means
that at each solution step the problem is solved twice: on the first step one
assignment of master and slave surfaces is assumed and on the second step
the master and slave surfaces are exchanged. A comprehensive discussion of
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the contact patch test for NTS discretizations can be found in [Crisfield 00c],
where a new approach combining linear and quadratic shape functions is
also suggested. Recently, a modification of the NTS discretization has been
proposed [Zavarise 09a], which passes the patch test if the PM is used. Besides
the drawbacks of this discretization, it is quite simple and robust, that is why it
is often implemented in commercial Finite Element Analysis packages. Contact
detection and resolution techniques presented in this dissertation are suitable
for the NTS discretization.

slave master

master slave

Figure 1.3: Graphical representation of the Node-to-Segment discretization for
different choices of master and slave.

-
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Figure 1.4: a — Scheme of the Taylor contact patch test; b — the resulting
nonuniform distribution of the stress component oy, in case of the NTS
discretization.

Recently, another technique based on a symmetric Node-to-Segment
discretization, the Contact Domain Method, has been proposed in [Oliver 09],
[Hartmann 09]. The discretization of the contact interface is based on a full
triangulation of the zone between contacting surfaces based on surface nodes
(Fig. 1.5). This formulation seems to be rather stable and passes the patch
test, but its three dimensional implementation reported in [Oliver 10] is not
applicable for arbitrary discretizations of the contacting surfaces.
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e

Figure 1.5: Graphical representation of the discretization in the Contact Domain
Method, including a triangulation of the contact interface.

Segment-to-Segment discretization (Fig. 1.6) has been first proposed by Simo
et al. [Simo 85] for the two dimensional case (see also [Zavarise 98]). Recently
such a discretization has been efficiently applied to two and three dimensional
problems coupled with the mortar method for nonconforming meshes, inspired
by the domain decomposition methods [Wohlmuth 01]. This technique s stable
and passes the patch test but its implementation for a general case presents a
great challenge, “a nightmare”, according to Tod A. Laursen, one of the authors
of the mortar method’s implementation for two and three dimensional both
structural and contact problems [Puso 03], [Puso 04], [Yang 05], [Yang 08b],
[McDevitt 00].

£ e

Figure 1.6: Graphical representation of the Segment-to-Segment discretization,
contact elements and an intermediate surface.

A standalone discretization technique is needed for Nitsche method
[Becker 03], [Wriggers 08], Gauss points of one surface play the role of slave
nodes. The comparison of Nitsche and mortar techniques can be found
in [Fritz 04].

The basic idea of the mortar method appeared in the second half of
the 80s and in the beginning of 90s for domain decomposition techniques
between non-conforming subdomains, see, for example, [Bernardi 90]. In 1998
Belgacem [Belgacem 98] has adapted the mortar method for the multibody
or bilateral frictionless contact problem. Further in the beginning of 2000s
the rigorous formulation adapted to frictional contact problem subjected to
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large deformations and large slidings has been established by McDevitt and
Laursen [McDevitt 00]. The mortar method consists either in introducing an
intermediate contact surface where contact pressure is defined or in using
as mortar surface one of the contacting surfaces, for details see [Wriggers 06].
The mortar based formulation leads to a consistent formulation of the frictional
contact problem for large sliding and large deformations. It allows to pass the
contact patch test for nonconforming meshes and does not suffer from spurious
penetrations like the NTS (see Fig. 1.7 from [Zavarise 98]).

—
| - |
slave no‘dfs‘“ aster segments segment—
master segments slave /nodes segment
OO LT [11]]

slave Podes segn,lent

master segments

se?ment

Figure 1.7: Example of spurious penetrations of NTS discretization and
accurate treatment in the framework of Segment-to-Segment (adapted from
Zavarise and Wriggers [Zavarise 98]).

1.2.3 Contact resolution

As mentioned above, the rigorous formulation of a variational principle for
contact problems, results in a variational inequality subjected to geometrical
constraints [Kikuchi 88]. These constraints can be brought as additional
terms in the objective energy functional by means of penalty, Lagrange
multiplier or other methods [Bertsekas 84], [Bertsekas 03], [Luenberger 03],
[Bonnans 06], etc. Such an operation converts the constrained optimization,
where constraints are given as inequalities, into an unconstrained or partly
unconstrained one. If one supposes the active contact zone to be known,
then the variational inequality can be replaced by a variational equality, which
finally results in an unconstrained problem written in a standard form of
variational equality [Wriggers 06]. This problem can be treated as a standard
nonlinear minimization problem by means available in the given finite element
code. A solver for systems of linear equations and a method for the treatment
of nonlinear problems are needed. Note that since the contact constraints are
given as inequalities, a special attention has to be paid to the definition of the
active contact zone. For penalty and augmented Lagrangian methods, this
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task is trivial. For the Lagrange multiplier method, an active set strategy
should be employed (for the definition of the active set strategy see, for
example [Luenberger 03]).

The resulting unconstrained minimization problem is not sufficiently
smooth, which may result in slow convergence of the employed iteration
scheme or even in divergence. The stability of the numerical scheme depends
on the discretization and on the solution parameters. Note that the frictional
contact renders the tangent matrix nonsymmetric, which presents a problem for
several solvers (like conjugate gradient method) and for the parallel treatment
of the problem: the Schwarz theory for nonsymmetric problems is less
satisfactory than for positive definite symmetric problems [Toselli 05]. The way
out has been proposed in [Laursen 92], [Laursen 93] for augmented Lagrangian
method with Uzawa’s algorithm — governing equations of Coulomb’s friction
have been linearized by the operator splitting technique, first recognized
in [Glowinski 89], i.e. the entire problem is recast in two subproblems, which
are solved once at each solution step. Augmented Lagrangian and Lagrange
multiplier methods derive a non-symmetric tangent matrices only for the slip
state. This is due to the nonassociativity of Coulomb’s friction law, i.e. slip
occurs in the plane of the constant contact pressure. The penalty method
suffers from a non-symmetry both in stick and slip states. A solution has been
proposed in [Wriggers 06], it consists in a similar treatment of all the deviations
from the stick state, i.e. no difference between normal and tangential deviations
from the stick are made. Another approach yielding a symmetric tangent
matrix in stick state has been proposed in [Konyukhov 05], based on a rigorous
covariant description of the contact geometry. The same authors proposed
a symmetrization of different friction models based on the augmented
Lagrangian method coupled with Uzawa’s algorithm [Konyukhov 07b].

1.3 Motivation and overview

The principal motivation of this dissertation is implementation of a robust and
fast sequential and parallel contact algorithm in the implicit Finite Element
software Z-set (ZéBuLoN) [Besson 97]. Since there is no specific predefined
application, the algorithm should be multipurpose. The principle requirement
is the efficient treatment of large contact problems within sequential or parallel
framework on parallel computers with distributed memory and within the
nonoverlapping domain decomposition methods. Another aim predefined the
size of the manuscript is to provide a reader with a consistent theoretical and
methodological foundation of the computational contact mechanics.

The three principal parts of the thesis are: geometry of the contact, contact
detection and resolution techniques. All parts are interdependent, but we tried
to render each chapter more or less self-sufficient. So the sequence order of
chapters is rather arbitrary. It is worth mentioning that in all chapters, except
the chapter devoted to contact detection, a new algebra is used. It arises from
a generalization of the tensor algebra and operates with abstract s-structures,
elements of s-spaces. A comprehensive presentation of s-structures in a general
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context is given in Appendix A. It follows the presentation of vectors and
higher-order tensors which is given in a form conforming with s-structures.

Chapter 2 gives an elaborated presentation of the geometrically precise
theory of contact. The relevant geometrical quantities and notions are
introduced: closest points, gap function, tangential relative sliding. Several
original ideas related to the geometrically precise theory of contact are
presented.

In Chapter 3, different contact detection schemes for Node-to-Segment
discretization are elaborated in minute detail. —Sequential and parallel
implementation are discussed both for known and unknown a priori master-
slave discretizations. Some numerical examples are given.

The main governing equations are given in Chapter 4. The presentation
starts from the primitive case of a unilateral contact with a rigid plane. Based on
this simple case an interpretation of frictional and contact constraints is given
by ordinary Dirichlet and Neumann boundary conditions. Next, Signorini’s
problem is presented and finally a bilateral (multibody) framework is given.
The resulting variational inequality is recast in a variational equality using
penalty, Lagrange multiplier and augmented Lagrangian methods. Related
weak forms for frictionless and frictional contact for each method are presented
and the resulting algorithm is illustrated by a simple example of unilateral
contact.

Chapter 5 provides the reader with a minimal knowledge of the numerical
schemes used in computational contact mechanics. Newton’s method and its
generalization for the case of nonsmooth functions and the return mapping
algorithm are presented. Next, a short introduction in the standard formalism
of the Finite Element Method is given, followed by the derivation of
the expressions needed for implementing of the penalty and augmented
Lagrangian method in a finite element code. Linearized forms adapted for the
Newton’s method are deduced. Finally, the details of implementation of the
partial Dirichlet-Neumann approach considered in Chapter 4 are discussed,
followed by several technical remarks on the implementation of the contact
algorithms in a Finite Element environment.

Numerical examples are brought together in Chapter 6. Contact problems
with known analytical solution and examples demonstrating the performance
of the implemented methods for highly nonlinear problems are presented.
Finally, in Chapter 7 the main contributions and the short term perspectives of
the dissertation are summarized.
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Chapter 2

Geometry in contact mechanics

NN Résumé de Chapitre 2 «Géométrie en mécanique de
contact»

Le deuxieme chapitre présente un travail fondamental et original portant sur la
définition d’une théorie précise de la géométrie du contact. Apreés avoir démontré
l'importance de la description géométrique et les ambiguités qui peuvent étre liées a des
situations pathologiques, on introduit quelques définitions de base telles que la distance
de séparation, le point le plus proche et la vitesse tangentielle relative. On discute en
détail les subtilités (asymétrie, non-unicité, existence) de la définition du point le plus
proche et la différence entre le minimum et infimum dans cette définition. Puis on
donne la forme qui définit de facon rigoureuse la distance de séparation normale ; cette
forme est adaptée aux surfaces lisses par morceaux et est bien adaptée aux méthodes
numeériques de détection.

Cependant la séparation normale et la méthode de projection associée ont quelques
inconvénients : en particulier, le point de projection n’est pas une fonction continue de
la position du point esclave. La distance de glissement est associée directement a deux
positions consécutives de la projection et I'énergie dissipée due au frottement est liée a
la distance de glissement. Ainsi la forme faible du systeme devient-elle non continue,
si bien que la convergence de la résolution n’est pas assurée. Ceci est un argument
pour construire une nouvelle procédure de projection, dite «<ombre portée». Le point de
projection de I'esclave sur la surface maitre est construit en fonction de I’'ombre projetée
du point esclave, la lumiére étant émise par un point imaginaire, situé a une distance
finie, ou a l'infini. Cette procédure permet de retrouver une projection continue et, en
conséquence une forme faible mieux adaptée a la résolution numérique.
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Puis on dérive les premiére et deuxieme variations des variables cinétiques (la
séparation normale et le parameétre local) pour la géométrie continue. Tous les calculs
ont été faits en exploitant un nouveau formalisme, dit «algebre de S-structure», qui est
une généralisation des opérations sur les tenseurs a des opérations sur des champs des
tenseurs. On obtient toutes les expressions nécessaires pour intégrer une géométrie
arbitraire et non-linéaire dans un code de calcul par élément finis pour la projection
normale et la projection d’ombre portée. Les expressions compleétes sont comparées
d’une part avec les «vraies» variations obtenues numériquement, et avec les expressions
analytiques simplifiées souvent utilisées dans le calcul numérique. L'étude statistique
démontre I'avantage et la convergence des formes rigoureuses.

En fin de ce chapitre, on propose une nouvelle méthode d’enrichissement de la
géométrie de contact, inspirée par la méthode X-FEM. Le but est de prendre en compte
une géométrie complexe de la surface sans la discrétiser. Cette méthode est utile pour la
simulation du frottement anisotrope et dans le cas ot la géométrie change localement
en raison d'un changement d’état de déformation et de contrainte (usure, mécanismes
d'intrusion—extrusion, etc. . . ).

2.1 Introduction

Contact phenomenon takes place at the interface between solids. This
fact implies a strong connection of the contact problem with a rigorous
description of the geometry of contacting surfaces. The first continuum based
description of the contact problem was given by Simo and Laursen [Laursen 93]
and Laursen [Laursen 94]. Such a geometrical description still presents an
interesting topic for research in computational contact mechanics, see e.g.recent
articles by Konyukhov [Konyukhov 06b], [Konyukhov 06a], [Konyukhov 09].
The mathematical formulation of frictionless contact conditions leads to
equations connecting the normal contact pressure o, with the mutual penetration
of bodies, expressed by a signed gap function, frequently the normal gap function,
gnisused. The formulation of frictional contact leads to the connection between
shear or tangential contact stress vector o; and the relative tangential sliding velocity
$t. The contact stress has to be integrated over the contact surface T, of each
solid, where i € [0; N¢] and N, the total number of contacting surfaces.

Let us show how important the geometry is for contact mechanics and
how the geometrical description may predetermine methods and approaches
which are used in numerical treatment of contact. As is known, there is an
ambiguity in the definition of the normal gap g, between contacting surfaces.
At first glance, it seems easy to determine the normal gap for each point of a
contacting surface as a distance to the closest point of the second surface: for
a point M of the first surface M € JA one seeks for the closest point N on the
other surface N € dB. Three problems arise from such a definition:

P1 Asymmetry of surfaces (Fig. 2.1,a.)
If instead of seeking for the closest point N € dB to the point M € JdA,
one inverts the problem and searches for the point M" € JA closest to

22



Chapter 2. Geometry in contact mechanics

the N € dB, then the points M and M’ do not coincide as soon as the
contacting surfaces are not parallel at least locally. It means that there
is no one-to-one equitable correspondence between surface points. It
implies an asymmetry in the gap function and consequently in the entire
geometrical description.

P2 Non-uniqueness of the closest point (Fig. 2.1,b.)

For example, the center of a circle does not have a single closest
point on the circle, but all the points on the circle are equally close
to its center. All other points have a unique closest point on the
circle. The uniqueness of the closest point refers to the curvature
of the considered curve or surface and has been discussed in detail
by Heergaard and Curnier [Heegaard 96], Pietrzak [Pietrzak 97] and
Konyukhov [Konyukhov 08]. The limit case of the infinite curvature
corresponds to the third problem.

P3 Requirement of smoothness (Fig. 2.1,c.)

Smoothness of at least one of the contacting surfaces (master) is not
sufficient but necessary condition for existence of the normal projection’
point. The smooth surface allows a rigorous mathematical description
of contact, a robust detection procedure and a reliable convergence of
numerical schemes. However, surfaces in the Finite Element framework
are only piecewise smooth due to the discretization. The non-smoothness
represents another source for existence of multiple closest points and
generates blind angles in normal projection domains, discontinuous
normal vector field and related problems - oscillations and possible
divergence of the numerical solution.

b. ? C.

o-o.

@ is the closest to @
@ is the closest to ® Non-unique closest point for @ No normal projection of @

Figure 2.1: Geometry related problems: a — asymmetry of the closest point
definition; b — non-uniqueness of the closest point; ¢ — nonexistence of the
normal projection point.

All these difficulties affect the geometrical description of the contact.
The asymmetry of the closest point detection (P1) results in an asymmetric

by normal projection of a slave we imply such a point on the master surface that the vector
connecting the slave and its projection is collinear with the normal vector constructed on the
master surface
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2.1 Introduction

treatment of contact surfaces, it leads to the so-called “master-slave” approach

(also called “target-impactor” or “target-contactor”). For each point of the

slave surface r; € T’s the closest point on the master surface p. € I';, has to be
—i

determined, i.e.

p.={p,€Tu [VpeTu : lIp,~rll <llp-ril}.

Due to the non-uniqueness of the closest point (P2), a different technique
fulfilling additional conditions on the uniqueness and continuity of the
projection, can be elaborated (see section 2.2.3). That allows to improve the
convergence and to avoid nonphysical discontinuities in sliding path, which is
crucial for a rigorous description of frictional contact.

The non-smoothness of the surface (P3) arises from the discontinuity of
local bases across boundaries of adjacent segments or faces in the finite element
discretization and produces convergence problems and oscillations in the finite
element framework. The main remedy consists in smoothing the master surface
over several segments [Pietrzak 97], [Wriggers 01], [Krstulovi¢-Opara 02].

As one can see, the definition of the gap function and the closest point brings
out a series of difficulties. This short preface allows to realize the importance
of a well founded geometrical approach needed to deal with contact problems.
Especially, it worth mentioning that classical contact detection techniques are
strongly connected with the closest point definition. All results concerning
the definition of the closest point will be used in Chapter 3 devoted to the
development of a reliable contact detection procedure.

The aim of this chapter is an elaborated analysis of geometry related
questions in computational contact mechanics in the framework of the FEM
and the Node-to-Segment discretization. According to the high standards
which were set up in computational contact mechanics by Simo and
Laursen [Laursen 93] and in order to provide a multipurpose and discretization
independent framework, we start from the continuous description of the
contact geometry. Such an approachis valid both for classical Node-to-Segment
discretization for any type of finite elements and for special cases, namely
unilateral contact with a rigid surface and smoothed master surfaces:

o Unilateral contact with a rigid surface:
contact between a deformable solid and a rigid surface, the latter can be
described by an analytical function or a CAD model, see [Hansson 90]
for frictionless and [Heege 96] for frictional cases; among engineering
problems subjected to this case there are metal forming and metal
processing, rubber-metal and tire-road contact, etc.

e Smoothed master surface: for many reasons it is advantageous to replace
a piecewise smooth master surface by a C' smooth surface (NURBS,
Bézier, Gregory patches, etc) based on information from several adjacent
master segments; this procedure ensures a continuous projection on
the master surface and leads to a better convergence [Pietrzak 97],
[Padmanabhan 01], [Puso 02], [Wriggers 01], [Krstulovi¢-Opara 02] and
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Chapter 2. Geometry in contact mechanics

[Wriggers 06], [Chamoret 04], etc; all smoothing procedures enrich the
geometry and require an adapted geometrical description, which can be
easily derived from the continuous description of the contact geometry.

The geometrical description is confined to the interaction between a point
(slave) and a surface (master). Such a description is adapted to the classic NTS
contact discretization, which as known introduces some important drawbacks.
Nevertheless it is widely used, rather robust and simple. We make a start
from a short description of a point-surface geometry. Furthermore, a rigorous
closest point definition will be given and two key geometrical quantities
will be introduced, the normal gap g, and the tangential sliding velocity g;.
Next, a new projection technique (“shadow” projection) will be proposed,
providing a continuous and unique projection of a slave point onto C°, C! and
C? continuous surfaces.

The next part will be devoted to the incorporation of contact terms into the
weak form arising from the application of the principle of virtual works in the
Finite Element Method. The weak form consists of the total virtual work of
the internal and external forces over volumes and surfaces of contacting solids.
Variations of geometrical quantities — normal gap g, and tangential relative

slip 8

08n, 6&

are needed to derive the contribution of the contact interface to the balance
of virtual works. The resulting equation is nonlinear, and its linearized form
is required to provide a solution within the implicit integration scheme in
the Finite Element Method. For that purpose, the second variations of these
geometrical quantities are needed:

Adgy, AO 8,

Initially, the geometrical variations were obtained for particular finite
element discretizations in [Parisch 89]; they can also be found in a recent book
[Wriggers 06]. Laursen and Simo [Laursen 93] established a new standard in
computational contact mechanics by deriving all equations in continuous form,
which can then be easily applied to any discretization of the contact interface.
Different forms of these expressions can be found, e.g. in [Pietrzak 97],
[Pietrzak 99]. Simplified expressions using the assumption of a zero normal
gap can be found in [Konyukhov 05]. Here, all required variations will be
obtained without any assumptions concerning the value of the normal gap.
All computations have been carried out independently from other authors
using a new mathematical formalism (see Appendix A). Resulting expressions
have been validated numerically (Sec. 2.3) and a closed “ready-to-implement”
form, adapted for the Finite Element Method, is given in Sec. 2.4. In our
computation, we do not use any assumption concerning the size of the normal
gap. This differs from the approach, where the normal gap is assumed to be
negligibly small g, = 0, which makes the computation of necessary variations
quite simple, see [Konyukhov 05], [Wriggers 06], but leads to the lost of the
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quadratic convergence of Newton’s method. In Section 2.3 both formulations
are compared.

All needed expressions will be obtained for two different projection types:
the classical normal projection and an original technique — the shadow projection
method, which smooths over some drawbacks of the normal projection (non-
uniqueness or nonexistence of the projection). Another original contribution
of this chapter is the introduction of enriched master geometry, see Section 2.5.
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Chapter 2. Geometry in contact mechanics

2.2 Interaction between contacting surfaces

Notation

e Time: ¢
e Radius vector of the slave point:  r, = r.(t) € T

e Master surface parametrization by v-scalar:

= c0=[20]

e Surface coordinates of the slave point’s projection onto the master surface:

= &)
e Radius vector of the slave point projection onto the master surface:

pP= B(t/ én) €ly

e V-vector of covariant tangential vectors on the surface (covariant surface
basis at the projection point):

%

Vep(t, &n) i N
p t, én = — ~

< Pl |2

~ %

e V-vector of contravariant tangential basis vectors on the surface
(contravariant surface basis at the projection point):

%

dé

~

Q>
QO
|

e First covariant fundamental surface metric matrix (t-scalar):
dp dpT
A=—.=
S
e First contravariant fundamental surface metric matrix (t-scalar):
—_— =T
dp dp
Al =—.—=
~ dE IE

Q>
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2.2 Interaction between contacting surfaces

Second covariant fundamental surface matrix (t-scalar):

%
:E.__

aéz

2T

Unit vector normal to the master surface at the projection point:
P, XpP
175
n = n(t, éﬂ) =
X
N

Normal gap:
§n = gn(t) = (r;—p) -1 (2.1)

B

Tangential sliding velocity: g = 5 &

L0

@ Remark 2.1 on s-structures (v- and t- notations).

At first sight, introducing s-structures seems cumbersome. However, the description
of spatial interaction between surfaces requires both 3D quantities associated with the
space and 2D quantities associated with the surface; consequently, the use of indices
and Einstein summation is ambiguous, because for some quantities index changes from
1 to 3, for other - from 1 to 2. In differential geometry this ambiguity is avoided by the
use of Greek and Roman alphabets to distinguish summation limits. However, I wished
to get rid of indices and to express everything in shorter and more transparent notations
of the direct tensor language. Moreover, a consistent formulation of s-structures over
the space of vectors and tensors leads to an improvement and simplification of the tensor
apparatus in many cases as shown in Appendix A. The new formalism of s-structures
(set-structures) is introduced and explained in details in Appendix A.6. In this chapter
a reduced form of s-structures is employed (see Section A.7).

221 Normal gap
Problem definition

As mentioned in the introduction, the definition of the gap? between close
surfaces and the closest point determination are not trivial tasks. These two
quantities are of a big importance for computational contact mechanics. The
closest point projection is used during a local contact detection procedure and
its change describes the tangential sliding between surfaces. The normal gap
strongly connected with the closest point plays a crucial role in description of

2By “gap” between contacting surface we will understand any scalar function of the slave
point and the master surface, which is positive if there is no contact, zero if there is a contact and
negative if a penetration takes place. By “normal gap” we will understand the shortest distance
between the slave node and the master surface with the same sign rules.
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Chapter 2. Geometry in contact mechanics

the normal contact.

Formally, the absolute value of the normal gap |g,| is defined as the closest
distance from the slave node to the master surface. It can be interpreted as the
minimal radius R € [0; oo] of a sphere (circle in 2D) with its center placed in the
slave point r_ and touching (but not intersecting) the master surface. Remark
that it does not matter if this sphere touches the master surface in one, several
or infinitely many points. The gap is positive if the slave point is outside of
the solid enveloped by the master surface, else it is negative. The sign of the
normal gap means that

® 9, > 0-solids are locally separated;
e ¢, = 0-solids are locally in contact;
e 9, <0-solids locally penetrate each other.

The normal gap can be also defined by using the closest point concept:
the absolute value of the normal gap is then the distance between the slave
node and the closest point on the master surface. It is considered positive
gn > 0 if the dot product of the vector connecting the slave node and the

closest point p with a vector normal to the surface is positive (fs - p) ‘n (p) >0
and negative otherwise. The normal at the master surface in every point is
oriented outwards the bulk. Remark that for shell structures each surface has
two opposite normals. In the latter case to define the sign of the gap one needs
to know the history of the master-slave interaction. Formally, the point p on

the master surface is called the closest point to the slave point r_ if all other

points of the master surface are not closer than H p—r H According to this

definition for any closed master surface, the closest | point always exists, but it
is not always unique. Several closest points (or even an infinite number) may
satisfy this definition.

An attempt to summarize different approaches and to overcome the
difficulties related to the definition of the normal gap and the closest
point has been undertaken by Konyukhov et al. [Konyukhov 08], where
authors introduce a continuous projection domain and the generalized closest
point procedure. However, the proposed approach does not cover all cases
and requires proximity of the slave node to the master surface. Here, we
develop a new approach to the normal gap and the closest point definition
valid for piecewise C!-smooth master surface and for any position of the slave
point. This new approach is based on the rigorous definition of the normal
gap. Some techniques to overcome non-uniqueness of the closest point will be
also proposed.
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2.2 Interaction between contacting surfaces

Definition

[i] Definition. Normal gap.

An absolute value of the normal gap |gy| between the slave point r, and the master
surface I'y, is related to the infimum of the distance functional F (p) on the closed set
of the master surface p € I'y, in the following way:

(c-p) lsul = [2 it (F ()] 22

The normal gap is positive if the slave point is outside of the solid enveloped by the
master surface, otherwise the normal gap is negative.

@ Remark 2.2 on the difference between infimum and minimum .

Frequently, for the definition of the normal gap a “minimum” of the distance function
is used instead of an “infimum”, moreover the distance functional is assumed to be
smooth enough. This imprecision often leads to a wrong or even non-existing normal
gap (see Fig. below). Rigorously speaking, a minimum of a function can be studied
only on an open set p € T'y, \ dTyy, and it is defined for any continuous function (see
below). A function can have infinitely many minima or does not have them at all,
infimum always exists and is always unique. However, on an open set, minimum
point x* always belongs to the set, infimum M does not always belong to the image of
the set M ¢ Im(F), it does when a closed set is considered. For scalar functions the
following equations define minima and infimum:

e Minimum of function F(x) € C°

(x05x1)

F(x*) = min [F(x)] © ¢, Vx € (xp;x1) and 0 < ||x — x7|| < € : F(x) = F(x)
x€(x0;x1)

o Minimum of function F(x) € C!

(x0;x1)
F(x') = xé(‘;if,}]) [F(x)] & 3_1; ’ = 0and z—z - > 0 and 8_3251; . >0
e Minimum of function F(x) € C%Xo;xl)
F(x') = xerag;r;l) [F(x)] & g—l; B = 0and j—j; } >0
o Infimum of function F(x) € C?xo;xl)
M = xe(ig;fxl) [F(x)] & { VM >V XME gﬁfexgco fl(;c ) i(za\c/)l <M
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1nf. IS >
infe no min
»
L
min min® K ®min
inf

a. b. c.

Difference between “inf” and “min” definition of the closest point: a. — wrong “min”
closest point, b. — “min” closest point does not exist, c. — multiple “min” closest
points.

According to this definition, the normal gap always exists. It follows from
the remark that the infimum and the global minimum min are equivalent for a
closed set I';, except edges (see Fig. in Remark 2.3 and Fig. 2.2). Moreover,
according to the definition a smoothness of the distance functional is not
required.

inf. > [
Eﬁﬁ inf.fnﬁl
L]
inf
min
a. b. c.

Figure 2.2: Equivalence between inf and inf [min;] closest point definition for
1

C? function far from edges.

From a numerical point of view, it is not convenient to solve directly Eq. (2.2)
for a C° surface. It is better to split it into several smooth open sets and
points of nondifferentiability. So let us consider the master I';; as the union of

parametrized surfaces I'., parametrized edges Fg and vertices T¥ (Fig. 2.3)

rm:{U rg}u{U rg}u{U r’;}.
i=1,N; i=1,N, i=1,Nyp

The parametrization of surfaces (segments) is defined by a scalar & € I; in 2D
or by v-scalar ¢ € I in 3D, so p = p(&), & € Iz where I; is an open set. The
parametrization of edges in 3D is defined by scalar parameter € Ir, where I
is also an open set. Finally, in 3D, a master surface consists of:

e N; connected parametrized open and C?-smooth surfaces (segments)

| | Ip
El(é) € Fé, ie[1,Ng], é € Ig,a—é_g < 00

~
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2.2 Interaction between contacting surfaces

e N, C2-smooth open parametrized edges
‘ . Ip
BJ(C) € r(]z/ je [1/N€]/C € IC/ a_c_?) <o

e N, vertices
p, € T, ke [1;N,].

I I

Figure 2.3: Split of the 3D master surface into sets of surfaces, edges, vertices
and 2D master curves into sets of segments and vertices.

The absolute value of the normal gap can be expressed in a more appropriate
form from a numerical point of view:

8l = [2 inf {F(p)}

inf { ext F (;_)1 (é ))} term 3D.1

pleriie[;N] (€ €1

3D :|inf inf {ext F (pf (C))} term 3D.2

perl jeliNe \© € e
inf {F (;_))} = Bkerff,i,?ef[l;Nv] {P (Bk)} term 3D-3 (2.3)

P €l

~inf {Aext F(pi(é))} term 2D.1
pleriie[LN] (c€le =

2D :|inf{=
pkefﬁi,?ef[l Nl {F (Ek)} term 2D.2
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Chapter 2. Geometry in contact mechanics

Remark that there is neither local nor global minimum in the definition, they
have been replaced by extremum (ext). It does not change the result, but
may facilitate the numerical treatment, because the investigation of the sign of
second or higher order derivatives of the functional F is no longer needed. A
sufficient and necessary condition for extremum of a smooth function is the
equality of the first derivative to zero:

JF
F(x) € C*(x), F(x") = extF(x) & —| =0.
0X |+
According to Eq. (2.3) the infimum can correspond to one, several or infinitely
many points on the master surface I';,. One of these points can be defined as
the closest point.

2.2.2 The closest point

The closest point on 3D surface and 2D curve Let us analyze Eq. (2.3) term
by term; the extremum of the distance function on the i-th smooth and open
surface I'; (Fig. 2.4, Eq. 2.3 term 3D.1)

p' €T,y F(£) € CH(Lo), éeg@[F (') &

gives the following equation for the closest projection point:

OF dp

~

Since F(p) is C* smooth by p, then the requirement of smoothness of F(<) by &
is equivalent to the smoothness of p( &) by &. Thelastequality in Eq. (2.4) means

that the vectors of the local basis in an extremum point p(& /) are orthogonal to
the vector connecting this point with the slave point. The unit normal to the
master surface in the extremum point can be evaluated as a cross product of
the local basis vectors
p P
96 " 35,

—) o (2.5)

E:

i " 95

All vectors which are orthogonal to both vectors of the local basis are collinear
with the normal vector, consequently from (2.4) and (2.5) r, — p(& jy = an(& iy,
where a is nothing but the distance between the slave point and its projection
taken with an appropriate sign

r,—p(&)) = ||z, - p(eh) | m ). (26)

If & Jis a point of the global minimum on the current surface Fg, then the norm

appearing in (2.6) can be replaced by the local normal gap g,];
r,—p()) = ghn(g)). (2.7)
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—s

dé1
Figure 2.4: Geometry of a smooth master surface with a close slave point.
However, Eq. (2.4) is not simple, different cases are possible. Let us analyze

them in detail. To employ Newton’s method to solve it, one has to linearize
this equation, at point 3 it gives

[ dp dp dp dp’ %
= d s = 4d d& o - = 2 ~
3 el oo ||
The increment of the surface parameter is then:
% 9 | %
0¢ = gg —(ZS—B)'@ '[(ZS—E)'g}- (2.8)

Remark that we cannot substitute (r, — p) in (2.8) according to (2.7), since
the latter is correct only in the extremum point. It can be shown that the
inversed t-scalar in (2.8) is always defined for all £ which are not solutions of
Eq. (2.4). So if one makes a start from a non extremum point, at least the first
step of the Newton’s method (Eq. (2.8)) is ensured. If the starting point is an
extremum point, then the solution has been achieved; Newton’s method cannot
provide us with another extremum. To find all solutions of Equation (2.4) by a
simple Newton’s method, the master surface I, has to be divided into regions
containing only one extremum or a more advanced method has to be used. In
case of a 2D geometry, the term 2D.1 from Eq. (2.3) gives the following equation
for the increment of &:

P
5 o r,—p) 3¢ 29)
ap I o [ :
7Pz
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It can be also shown that the denominator in (2.9) is not zero for non extremum
points.

Different simple and non-trivial cases of extremum location are presented
in Figure 2.5 for 2D and in Figure 2.6 for 3D geometries. Within the chosen
numerical scheme it is complicated to analyze cases when the functional F has
several or infinitely many extrema (Fig. 2.5: b,c,d and Fig. 2.6: b,c,d).

> ‘ i
\ > /
° X /
eXt ext. \\\ .eXt
a. b.
>
‘ eXt » ° .ext
ext
xt
> *ext
C. - d.
I3 eext
e.

Figure 2.5: Different cases of extremum location in 2D: a. — unique extremum
(global minimum), b. — several extrema located at the same distance from the
slave point, c. — case of infinite number of extrema, slave point is situated in
the local center of curvature of the master surface, d. — case of several different
extrema, e. — unique extremum (global maximum).
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-------------

Figure 2.6: Different cases of extremum location in 3D: a. — unique extremum
(global minimum), b. — several extrema located at the same distance from the
slave point, c. — case of infinite number of extrema (curve), c. — case of infinite
number of extrema (surface).

The closest pointon a3D curve Anextremum point on the j-th smooth curve
l"é (term 3D.2) can be determined (Fig. 2.7) just like as for the surface:

p' €Tl FO € Cllo), ext [F(p'(©)] &
dF dp p

@—:0@(1'5—;_))-8—2:0@

(2.10)

where s is a classical parametrization of the curve and it denotes the curve’s

length
dp dp
d — _—_—d 3
"= \ac o™

Three normalized basis vectors can be associated with the curve:
e a unit tangential vector
dp
T==

ds’
e a unit normal vector pointing to a center of curvature of the curve

197
vV=—=—;
- K0Js?

e a unit binormal vector defined as the cross product of the first two

=Xy,
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where « is the curve’s curvature defined as

aE c?zg
kT x32
K(Q) = ———

Figure 2.7: Point-curve interaction in three dimensional space.

The numerical scheme to find an extremum point is derived just like for a
surface or a curve in 2D. The linearization of Eq. (2.10) gives:

dp dp dp dp %
N R L

+ —a—ca—c—i-(zs—g)a_cz
So the increment of the parameter 6C is always defined if the last term in square
brackets is not zero, i.e. if

-0C=0
o

C0+6C

(r,—p(Q) £ #0,

ap
where t = 3 then C is not solution of (2.10), then a finite increment for the
curve parameter is given by:

p .
6C = = (2.11)

The last terms (3D.3) and (2D.2) in (2.3) are trivial: the distance from the
slave point has to be measured to each vertex of the master surface, no iterations
are needed. Finally, Eq. (2.8), (2.11) in 3D and (2.9) in 2D allqw to determine an

extremum on surfaces I', and edges I' in 3D and on curves I’} in 2D respectively.
Next, the infimum over all extrema has to be determined. However, as already
mentioned sometimes the closest point is not unique, or even the number of
these points is uncountable. A remedy for thatis a selection procedure between
several or an infinite number of closest points: for example, one can choose the

37



2.2 Interaction between contacting surfaces

new closest point according to the previous position of the closest point. The
new point has to be chosen in agreement with the relative motion.

Let us demonstrate the closest point projection procedure for a special
master geometry and slave point’s path (Fig. 2.8,a). The master surface ABCD
consists of a straight segment AB, a circle arc BC and another straight segment
CD. The slave point follows the path 1-6-10-1. In Fig. 2.8,b, the following
projection zones are presented:

e all points in“K” zone are projected on the arc BC;
e “L” - on the segment AB;

e “M” - on the vertex B;

e “N” - on the vertex C;

e “P” - on the segment CD.

Some projection zones are separated by red dashed lines, they correspond
to discontinuities in the closest point projection, i.e. if a slave point crosses
such a line, its projection (closest point on the master surface) jumps from one
segment to another. For example, on path 1 — 2, the slave point moves in the
projection zone “K” and has a projection on the segment BC. At point 2, as
shown in Fig. 2.8,c, the slave point has two projections: point P on the arc
BC and point Q on the segment AB. Next, on path 2 —3 — 4 — 5 — 6 there are
no discontinuities in the closest point projection. At point 6, the closest point
jumps from vertex B to C. Point 7 is a special point on the path, all points
of the segment BC are closest points; so in compliance with forementioned
any starting point in Newton’s procedure will be chosen as the closest one,
consequently sometimes the continuity of the projection point can be retained
if the starting point is chosen appropriately, however in the presented case there
isno way for that, so there is a discontinuity in point 7. On path 7—-8-9-10 the
projection is continuous. At point 10, there are two closest points on different
segments. Path 10 — 1 is continuous.

From a numerical point of view, it is not crucial that on red dashed lines
several closest points exist, because the probability to find a slave node exactly
on these lines is zero. What is important is that, when such a line is crossed,
the projection point jumps relatively far from its position at the previous step.
Decreasing the time step to zero does not decrease the jump size. Another
observation can be made: in domains M and N, any change of position of the
slave point does not result in the change of position of the closest point.

A small change in position of the slave point does not always result in a
small change in the closest point projection, i.e. the closest point motion over
the master surface is not continuous. As seen from the example, this difficulty
is sometimes related to the fact that the slave point is relatively far from the
master surface (points 6 and 7 in Fig. 2.8), but it may be also crucial even for
sufficiently close slave nodes (point 10 in Fig. 2.8). In the case of far slave point
the jump can be very big even if the master surface is C>-smooth. The energy
dissipation within one computational increment in frictional contact problems
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30

Figure 2.8: Path of a slave point close to a piecewise smooth master surface,
projection zones and related problems of the closest point projection.

is related to the sliding distance. If a small change in geometry results in a
jump of the projection point, so the sliding distance changes abruptly, then
the corresponding dissipated energy will also experience a jump, i.e. the
virtual work of frictional forces becomes non-continuous. In this case the
convergence of Newton’s method cannot be ensured. These consequences can
not be avoided in the classical approach, when the gap and sliding distance are
measured with respect to the closest projection point on the master surface. That
is why a new approach will be proposed in the next section.

2.2.3 Aircraft’s shadow projection method
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2.2 Interaction between contacting surfaces

~~Idea 2.1 Aircraft’s shadow projection method.

As an alternative to the closest point projection, we propose to determine the gap
and the relative sliding according to a new projection technique — aircraft’s shadow
projection or simply shadow projection. It establishes the relation between a slave
point and its shadow or “back-shadow” on the master surface. This shadow is cast
by an imaginary light-emitting-point (emitter) placed at some distance from the slave-
master system. This technique has been inspired from unique and continuous aircraft’s
shadow cast by the Sun on the Earth’s surface. Also this shadow projection point can
be used as a starting point for Newton's procedure to detect the closest projection point
for complex surfaces.

hadow

master

Figure 2.9: An imaginary light-emitting-point (emitter) r, produces shadows
and back-shadows p of slave nodes r_ onto the nonsmooth master surface.

If the shadow exists, then it is unique, if the master surface does not cast
“shadows” on its own. To find a shadow or a "back-shadow” p (see Fig. 2.9)

of a slave point r, due to an imaginary point r, emitting light, one has to solve
a nonlinear equation

F,a)=p(&) -1, —alr,-1,) =0, (212)

where o > 0is an unknown coefficient. To solve Eq. (2.12) by Newton’s method,
it should be linearized

a£T6 op T(S

aE| 105 2 Cr —alr - 5 £l _

F(&, ) + ; [604]_0 ® p-r, ar, re)+[ < ] [60( =0
= —(r,-r,)
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oF oF71"
We take the dot product of the latter expression with the v-vector [ﬁ ﬁ]
and extract the increments 6 & and 6o’
op T P 3
. —_— . — —_— —_— . —_— p
[65]_ 9T 3E r-r) 58 = (p-r.-at,-1)
Sat| T pT -
AU Rl ~r,-r) (p-r-at - 1)),
~ ,al ~
(2.13)

It can be easily shown that the inverse matrix always exists, i.e. the determinant
is nonzero. The unknowns at ith increment become
S gigsel ot = of 4 50
and {£%; a?) is the starting point. In this method, there is no need to split the
master surface into faces/segments, edges and vertices as it has been done for
the closest point projection. The projection point is assumed to be always
located on one of the master faces/segments p € I'’,. This is due to the
fact that the probability to get a shadow projection on an edge or a vertex
is zero. Since the projection zones of edges and vertices are simply surfaces
and lines respectively. Their measures are zero in comparison to the measure of
any volume (corresponding to projection zones of faces) in three-dimensional
space, so rigorously the shadow projection is situated on one of faces of the
master for almost all slave points if it exists.
The proposed method has some drawbacks:

e it is complicated to check that for a given light emitter there are no self-
shadows (see Fig. 2.10,c), i.e. there is no master points for which Eq. (2.12)
has more than one solution;

e it is not always easy to find a proper position for the emitter satisfying
the non self-shadow conditions, moreover such an emitter may not exist.

However there are also several advantages:

e If the master surface allows to find an emitter which does not create
self-shadows, it is rather simple to find the shadow projection point and
moreover such a point is unique.

e The projection of the master surface is continuous and does not depend
on smoothness and curvatures of the master surface; One can check the
continuity of the shadow projection by carrying out an imaginary test
with the slave point’s path and the master geometry given in Fig. 2.8,a
for the emitter r,. This statement is valid if slave nodes remain closer to
the master surface than the emitter, which is always the case if the emitter
is chosen to be infinitely remote from the master.
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2.2 Interaction between contacting surfaces

e If the emitting point is placed infinitely far from the master surface, which
corresponds to the Sun shadow of an aircraft representing a slave point;
in this case Eq. (2.12) becomes simpler:

E(E,a)=p(&) +ae—1 =0, (2.14)

where e is a constant unit vector pointing in the direction of the infinitely
remote emitter - a pointer to the emitter. The resulting equation for
increments 6 £, 0 in Newton’s method can be constructed as in Eq. 2.13

-1

op apT op :
. —_ . — e.—_ B
pe]--|EE O E 5 (prac-r) o5
il = o0 T ~ :
dax €,£ 1 . g-(f_)+0‘€_fs) £

where at the solution point, the coefficient a is nothing, but a new
“shadow” gap g (different from the normal gap g,)

r,=p+gse

As it will be demonstrated later, it is much easier to work with the latter
expression than with the similar one for the normal projection

ro=p+ gt

In Fig. 2.10, different master surfaces and different positions of the emitter are
represented.

2.2.4 Tangential relative sliding

Consideration of frictional contact requires tracking of relative motion of two
surfaces both in normal and tangential directions. As shown later, the variation
of the tangential relative velocity ¢; enters in the main equations governing
frictional contact (see Chapter 4). To obtain an accurate expression for g; one
has to take into account two independent motions, those of the slave pOil’_lt and
of the master surface and to introduce the deformation of the latter.

A simple 1D example depicted in Fig. 2.11 demonstrates the relative motion
of a point A over a straight segment BC. Absolute velocities v,, v, v
correspond to points A,B and C respectively. Let us express the relative
tangential velocity g; of the point A’ (projection of the point A) on the segment
BC. If the segment BCis parametrized with C € [0;1], then the point A’ can be
expressed as

p(A) = Cp(C) + (1~ Op(B). 216)
Since the problem is one-dimensional, then
p(A) = p(A) 217)
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b. {Jr,atoeo

*

C d =L
T
r,

Figure 2.10: Possible emitter-master configuration: unique projection of slave
nodes possessing a shadow: a — close emitter; b — infinitely remote emitter;
invalid configurations: ¢ — incorrectly chosen emitter (there are self-shadows
on the master surface); d — the emitter deriving a unique projection for the
given master surface does not exist (self shadows are always present).

Figure 2.11: Scheme for definition of the relative tangential velocity in 1D.

and the parameter C can be expressed as
~ (pA) - p(B) - (p(C) ~ p(B))
B lp(C) - p(BI

Then the absolute velocity of the projection point can be calculated as

vy = 0o+ (1 - Qug + [I_’(C) - I_)(B)]C
—_— —
_opAn pa)
- ot _a_c
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2.2 Interaction between contacting surfaces

Finally, to get the relative tangential velocity one has to substract from this

IpA)
expression the velocity of the projection point %t =v,,(C) for a fixed C
| Ip(A) | Ip(A")
g1 =0y~ —— = p(C) ~ pB)I + Co + (1= Oy - —=—
=0
The expression for the relative tangential sliding is then
op),

The velocity of the parameter { can be computed by taking the derivative
of Eq. (2.16), substituting (2.17) and evaluating the dot product with vector

t=p(C) - p(B)
. [QA - CQC -(1- C)QB] -t
C = 2

Il

Eq. (2.18) is nothing but the derivative of the projection point vector p(A”) along
the changing vector field p of the master segment BC.
In the general case the tangential relative sliding velocity is given as

&, (2.19)

where j—g is a v-vector of the local basis and ¢ is a convective parameter of
the master surface. Note that sometimes instead of classical time derivative
notation g;, a g notation is employed (see [Pietrzak 97], [Pietrzak 99]) to
emphasizg the fact that there is no vector, the time derivative of which is
equal to the tangential relative sliding velocity between two deformable bodies.
The required velocity vector is obtained as the Lie derivative of the vector
connecting slave point r, and its projection pr. The Lie derivative evaluates

the change of a tensor field® along the change of a vector field. The objective
expression for the relative tangential sliding velocity has been obtained by
Laursen and Simo [Laursen 93], [Laursen 94] and following by Curnier, He
and Klarbring [Curnier 95]. A critical discussion of different forms for the
tangential relative velocity can be found in [Pietrzak 97]. In the following we
will make use of the variation of the tangential relative sliding, which is stated
as

BET

3by tensor field here we mean any order tensor field.
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The length of the sliding path is computed as the following integral

t t
g~ [lglar = [
fo

to

t

dt’ :f ETAEdr,

fo

QET
P <

where fy is the time of switch to the slip state, ¢ is the actual time, and A is the
first fundamental t-scalar of the surface.

2.2.5 First order variations

As already mentioned, the expressions of the first variations of the geometrical
quantities are needed to incorporate contact in the weak form. Now, the
tirst order variations of the normal 6g, and “shadow” 0g; gaps as well as
the variations of projection point coordinates 6¢ for normal and shadow

projections will be derived for 3D surfaces and 2D curves. We will make
use of s-structures presented in detail in Appendix A. Results presented in
this section for normal projections have been obtained in collaboration with
Olga Trubienko, the master student at the Department of Mechanics and
Mathematics, Moscow State University, in Feb-Mar 2010.

Normal projection case

The slave point vector is represented by the sum of the projection vector and
the normal vector multiplied by the normal gap

r,=p+gntt. (2.21)
The full variation of Eq. (2.21) gives
or, = Op + Ogutt + guon. (2.22)

It can be shown that gn = 0gn; to show that, one can take a partial derivative
of expression (2.22) with respect to &; gn can be considered as the third

independent coordinate (the first two are given by ¢) of the slave point in
the local master basis. Expanding the full variations in (2.21) leads to

8[_)T aET
61_’5 = 68 + % 6§ + 5gnﬂ+ n (624‘ % (Sé] . (223)

~ ~

Since r,, &, &n depend only on time, their full variations 5 coincide with the
variation 9.
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2.2 Interaction between contacting surfaces

@ Remark 2.3 on variations.
By variation of the function f(t,x(t)) at point {to, x(to)} we mean the following

of

6 (to, x(to)) = lim (f(to + 8t, x(t0) = flto, x(t0))) = =| ot.

to

The last equality is correct if the function f has a C' smoothness by t within a certain
neighborhood of the point ty. In the considered framework, for example, the variation

of the projection point p is

op(to) = lim (p(to + ot, £ (t0)) = plto, £ (t0))).

For the full variation of the function f(t, x(t)) we get

S (to, x(to)) = 61}3}) (f(to + Ot, x(to + 6t)) — f(to, x(t0))) =

_9f o . _ of
= Etoét'i' atoéx—éf'i' gto

The second equality is correct if the function f is C' smooth by t and x within a certain
neighborhood of the point {to, x(to)}.

ox,

The scalar product of the expression (2.23) with the normal vector n gives
directly the first variation of the normal gap g:

0gn =1 (0r, — 0p) |, (2.24)
as
aE—O' on=0 and aﬂ—O 2.25
nogg =0 non=0and n-me =0 (2.25)
The dot product of Eq. (2.23) with the covariant basis v-vector gives
Ip dp dp’ Jp dp T’
A %*g”(%'éﬂ*%@ 5§)'

expressing 6 we get
T -1
dp dp dp on’ ap dp
| == (0r, = 0p) — gn=="-0mn|, (2.26)

oo ar e o
where the first term in square brackets is the first fundamental surface metric

matrix (t-scalar)
— (2.27)
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and the second term should be transformed to get rid of the normal vector’s
derivative, so

a[ap ) dp onT P
=0 n =4

~ ~

|
12

~

which is nothing but the second fundamental surface matrix (t-scalar) with
minus sign

(2.29)

ian
Il
INER T
Z\rv'l)||_°|o
IR

Thelast term in (2.26) should be also transformed in order to avoid the variation
of the normal, since it is more convenient to work with variations of the local
basis vectors. Similarly to (2.28) we get

=0 —-n=-6=—-n. (2.30)

Substituting (2.27), (2.29) and (2.30) into (2.26) gives the expression for the
variation of the local coordinate

9 0
-1 9P o
o¢ =[A - gnH| (g'(%—égﬂgnu-ég . (2.31)

This is the classical expression originally obtained in [Laursen 92], [Laursen 93].
Often, the normal gap is assumed to be relatively small and is neglected, which
gives a simpler expression

d

P

(@Y%)
LN
I
23
QO
o

- op), (2.32)
These two formulations (2.31) and (2.32) will be compared in Section 2.3.

Shadow projection case: infinitely remote emitter

In case of the “shadow” projection and an infinitely remote emitter, one makes a
start from the expression connecting the slave point r, and its shadow projection
p through the shadow gap gs and the unit vector e pointing to the emitter

r,=p+ &€
the variation of this expression gives

ap’
or, = op + £ 0& + 0gse. (2.33)

~

47



2.2 Interaction between contacting surfaces

The scalar product of (2.33) with the vector e yields
dp T

Sgs = e- l(ars —0p) = o \ (2.34)

As one can see, to evaluate 0g; one needs an expression for 6§ ; to get it, we take
a dot product of (2.33) with a v-vector containing two unit orthogonal vectors
s,,5, laying in the plane orthogonal to the vector e:

S
22[51]’§1'§2=0,§-9=0

from which it follows
0 = P s-(or;—0p), (2.35)
with 9
83 T
g =8 £ . (2.36)

It is worth mentioning that expression (2.35) in comparison to (2.31) does not

contain, at least explicitly, any gap g, or gs.
The product P s can be represented in the following form

_8_E I con 2.37
-5 -5 237

P
~ en

U®

To prove it we express the v-vector s through the surface basis vectors

P
= %g +bn (2.38)

U®

Dot products of (2.37) with the contravariant basis v-vector and with the normal

vector give respectively

op’
2=s5 . bern @39
as
dp dp o’ ap
g-izé, g-g =0 and g-gzo

Now Eq. (2.36) can be rewritten using (2.37) and (2.39)

E)pT_l o'l o o’ B
=lea | fra fatfra | e e

1!

48



Chapter 2. Geometry in contact mechanics

where the first pair of square brackets gives a unit t-scalar I, and the second
pair of square brackets can be replaced by ¢

dpT (9;_)T QBT
s s@gﬂ—%-s=oﬁyggs=@,

~ 9¢ &

(2.41)
where f is another coefficient. Left dot product of the last term with the
covariant basis v-vector gives the expression for ¢

§ .

a,_JT
= o

-1
) (sm)=¢c e sn

_dp op
£=—5éz'€=—ﬁ¥‘€' (2.42)
Substituting (2.42) in (2.40) yields
d (9
Ps= %~ B %% eln

Finally, to evaluate the coefficient 8, one takes the dot product of the latter
equation with vector e

P :

~

=
I

£ 1
e|0—pu-e)=0=p=—.

So Eq. (2.37) has been proven. Using the latter equalities, the variation of the
surface parameter (2.35) can be rewritten as

5 _EE [_£8n
ST L

]-(6&-—6g). (2.43)

@ Remark 2.4 on the special projection operator.

The terms on the right-hand side appearing in Eq. (2.43) present a special
nonsymmetric projection operator. The left dot product with a given vector a projects
the latter on the plane orthogonal to the normal vector, the right dot product projects it
on the plane orthogonal to the pointer vector e, as presented in the figure below. If the
vector standing on right hand is collinear to the pointer e, then the projection operator
gives zero, if vector standing on left hand is collinear with the normal n, the projection

operator gives also zero.

e®mn
e

]-a:béb-n:O and a-[—_ _]:c:c-ezo
e-n| — - - B -
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Fig. Representation of the projection operator

Substituting (2.43) into (2.34) yields the expression for the shadow gap’s

variation

0gs = % % - 28\ 5 — 5 2.44
g=1e7e 5 @5 'L T - (0r, = 0p). (2.44)

It can be shown that the term in square brackets is nothing but a symmetric
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projection operator on the basis (tangential) plane:

dp’ ap T op
= =|>x ®=-|-a=a-a-nene

o ®ae|T | %o

7 e (2.45)
dp dp T Ip
= =l =|— — | =1-
o ®a§ 9 ®a§ STE%L
carrying this in mind, (2.44) transforms into
n
0gs = e - (0r, — 0p) | (2.46)
Shadow projection case: close emitter
In case of “shadow” projection from a close emitter, one starts from
r,=pF8se (2.47)

the difference from the previous case is that vector e is not constant and takes
the following form

o= r,— 1 _ Ze_rs,
T sl A
where d,, = || r,— 1, || is the distance between the slave point and the emitter,
variation of this vector is
e = —or?° (2.48)

where 61_’55 is a normalized projection of the vector 6r, on a plane orthogonal to
e

r or or
ori=(I-e®e) = =5"®s = =535 . (2.49)
se ~ ~ se ~o se
The variation of (2.47) gives
dp T
or, =o6p + £ 0& + 0gse + gsoe. (2.50)

~

Since de - e = 0, the dot product of expression (2.50) with vector e gives exactly
the same expression as (2.34)

dp T
0gs=e- [(5& —0p) - E 55} (2.51)

the dot product of (2.50) with v-vector s together with (2.48) gives

T
o0& =s- (o, —6p)+gss 6r (2.52)

z&’h%’

U®
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and from (2.36), (2.37) and (2.49) carrying that

s-(s"®s)=s

~

one has

5 _% - 2221 (1 gs)é 5 253
S e [( t L )ors - f_’]' (2.53)

This expression reduces to (2.43) for an infinitely remote emitter (ds, — o0) and
for the small gap approximation (g; = 0). Substituting the surface parameter
variation (2.53) in (2.51) gives the expression for the shadow gap variation

5gs = —— - (o1, - 6p) = > %% [ e%n] 2.54
gs—g‘(fs_ B)—d—seg-g ®£,:_ o or,, (2.54)
using (2.45) one gets
=2 8\ _so|_ 8,
6gs_e- n [(“dsg)éfs 58] R (2.55)

Assuming small gaps gs ~ 0 or infinitely remote emitter also leads to the
expressions obtained in the previous section (2.43) and (2.46).

2.2.6 Second order variations

Normal projection case

To get second order variations : Adg, and Ad &, we take first the full second
variation A of the expression (2.23):

_ o’ o' Pp
Adr, = Aor, = Aop + 057 A& + A5z OF + AéTa—é_Z6§+
. - - = (2.56)
dp ] _ .
+ £ A(Sé + Adgun + 68y An + Ag,on + g,Adn

The first term is zero by default, because r s = 1_'s(t) = Adr, = 0; it can be shown

also that the second term is zero (Adp = 0); however, a rather similar term

Adn # 0. The underlined terms in (2.56) are orthogonal to the normal vector.

The twice underlined term is orthogonal to the tangential plane of the surface

basis.

In a dot product of Eq. (2.56) with the normal vector, the underlined terms

vanish
o’ o’ . oP .
ANOgy =—n-0=— A& —n-A=—= 0& — A - =—=0& — - A\om, 2.57
8n = 05 éﬂaéé ézaézégnn n (2.57)

~ ~ e

52



Chapter 2. Geometry in contact mechanics

where the third term in the right-hand part contains the second fundamental
surface matrix (t-scalar)

%
and the last term can be expanded as
—n-Aon = An-on, (2.59)

since
n-om=0=An-om) =0 —n-Adn = An - on.
A derivative of a unit vector is orthogonal to the vector itself. It means that
the derivative of the normal vector is a combination of in-plane basis vectors,
so it can be written in the following form

O _ %P 2.60
9E  RIE’ (260)
The right dot product with the transposed basis v-vector gives
on QET—Bg— aET—BA 261
95 08 RIE dg  RF (2.61)

where the last term is a product of the t-scalar B with the first fundamental
surface metric matrix A and the first term can be transformed

dp 9 dp on 9’ Fp
E¥ZO:>¥(EE]: o == :_1_1'_:_1_%1/ (262)

that is nothing but the second fundamental surface matrix. From (2.61) and

(2.62) it follows that
B=-HA=-HA4,

~

substituting of this expression into (2.60) yields

LY S Ha_‘E 2.63
05 RRIE T dE RO (2.63)
The same procedure can be carried out for the variation of the normal vector
dp opT
n=b's==0én-— =b"A=Ab
-~ 0 = dé ~RORY
- - =
dp dp dp
_ dp op\ o
= 5= [oogt] eamm-{eoig]
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Finally
o\ Ip _ dp\' Ip
6&2—[@6%] % and gz—(ﬂ-éi) £ (2.65)
According to Eq. (2.65) one can transform (2.59)
o o\ Tp I ( o\ _( _op
wiam(oif) 37 (w0g)- [ 57) 8o i3)

expanding the full variations and using (2.58) results in

An [£~A£+HA§) é[g 6ag+1;16§]=
Ty A aET- T1T A &’—) aBT_
:Aé I;/Iélz—16§+[g-A¥) éI§6§+A§ Igé[n 6¥)+(n AE] é(’_’ 0

Substituting (2.58), (2.59) and the contracted form of (2.66) in (2.57) gives
the second variation of the normal gap

~

dp' o’
Adgy =—n- [ 5 A¢ +A£ 65)—A§TP~I(S§+
- (2.67)
ap’\ _ dp
+gn[A§TI;I +1_1.A—CE ]é[_ £+I;I(S§]

The same form has been obtained in [Laursen 92].

execution of the program, this expression is simplifie
that the gap is negligibly small g, = 0. It provides a

<9pT af_JT ]
AE+ A7 &8

Adgn =1 [ 3 JE

Often, to accelerate the
d based on the assumption
simpler expression

AET Hoc (2.68)

~ ~

To derive the second variation of the surface parameter A6 £ one computes
the dot product of (2.56) with the surface basis v-vector; only the term

underlined twice in (2.56) vanishes:

Ip
0_£ 5

ap’

¢

Ip
<

a T

&+ 57 A— 65+A5

¢

~

dp

8;_) 823
I 9

op

dp

- 6gn£ -An + Agn£ ~51_1+gn£ - Adn
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@ Remark 2.5 on simplified form of s-structures.

As one can see, the boxed term in Eq. (2.69) is quite strange from the point of view of
Linear Algebra, since the product of non-consistent matrices and vectors is forbidden.
Formally in Linear Algebra one can choose between two possibilities:

dp T 9%

dé

~ = ~

)
|l

Here, contrary to the rules of Linear Algebra, this product will imply the third-order
t-scalar 2 X 2 X 2

82;_) QBT X ; 9;_) 072;_) , o)
—_ = e an _—— = e *
aéZ 3§ =) aé aéz =

This non-consistency appears due to the fact that reduced s-structures, which are used
here for simplicity, do not allow to pass to higher order s-structures.

The apparatus developed for full s-structures (see Appendix A) is consistent and
rigorous, but notions are more complicated. So in this chapter the reduced form
of s-structures is employed and it will be simply supposed that operations (x) are
permitted.

Let us consider the last term in (2.69)

dp __
ag Ao

it can be expressed by taking the second variation of the expression

. _op dp
_~g:0:>A6(—_~g)=O®A(5 -1_1+—_-61_1)=0<:>
d

on+—=-Abn=0& . (2.70)

The variations of the normal vector have to be avoided, so they are replaced
by (2.65) which yields

i 26 s % (2 2) 2% (%) o
5 “Aon=-Ao==-n+ PR n- EJr P n- 7% | (2.71)

The next two terms in Eq. (2.69) contain variations of the normal vector have
also to be replaced

dp _[ap ] dp _dp

—=.n=0=5 (2.72)

<



2.2 Interaction between contacting surfaces

Substituting (2.71), (2.72) in (2.69) and replacing its fourth term by the first
fundamental metric matrix gives

dp Ip’ dp I’ (9p %
0—£ 6£ A£+£ A% o& +A§ 85 36265+AA6£
_dp _dp __9p
_5gnﬂ'A£_Agnﬂ'6£_gn A5£ ‘nit (2.73)

L T () 9 Tp (%
gn 85 aé _-g —_— E-

Expanding the boxed term and carrying that

%
A(S;_) =0= Aé% =0
gives
152 ’P P ‘939 azp

~ ~

the last term contains the second fundamental matrix H; remember that

83;_J
&3

3

Qe

substituting Eq. (2.74) in (2.73) allows to group terms containing the second
variation of the surface parameter

IR

73 73

dp Ip % % . %
-n- [ —=06gn + 6= Agn] —Qnn 5a—§_2A§+ é_ 0f | —gnA & g-a—é_g 0&

8p op’ ap’ %
(@nH — A)AOE = =7 -[05= AE + A5 08 [+AET % 32 o0&

e ¢ 082~
term 1
—T —T
_dp Ip dp 8p Ip _dp
S R e
term 2 term 3

(2.75)
The last step is to expand the full derivatives in the marked terms on the right
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hand

dp dp 3p g dp %
teem 1:m- ( 85 =—=0gn + 685 Agn) = 85 ==0gn + aéAéég” + 685 Agn + 8526& Agn| =

dp p
=n- ( 856gﬂ+685Ag"]+ H(AS0gn + 05 Agn)

ap 3p dp ap P _dp)' dp
term 2: g, |0 85 85 [ A&é) gn|6 85 +8_§25£ (é—é) [E'AE"’ HA
term 3: expands as the term 2.
(2.76)

These terms inserted in expression (2.74) give the ultimate expression for the
second order variation of the surface parameter

dp ( op" ap’ dp p
ASE = (g H - A) 5== A& N 5& [+AgT o —

ZZD>

ag 0& o& 85 852

ZZCD

dp dp
-n- [ 5 —=6gn + 635 Agn] (AEOgn + 0& Agn)—

‘92P azp o’
—gny{éa—é_zAé +Aa—§;6§ —gnAéT(n-a—ES)6§+
dp o’ dp
+gn[5£+a—§265] 8§ é(g A£+I§A§)+
dp I T dp
+gH(A£+£A5J i é[ﬂ.ég+§6§]}

(2.77)
Grouping terms with 6g, and Ag, gives a shorter expression

[ % ap’ ap’ dp Ip
ASE = (guH — A)” {622 Ar 4 AL o |+ o8 —
&=l - 4) 7% g +Ags Of et % 92 &

~

P P | 7%
Jo=5A¢ +A?6§ — g |- —= [oe+

(2.78)
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2.2 Interaction between contacting surfaces

This expression coincides with one originally obtained in [Laursen 92]. Remark
that this expression contains a third derivative of the master surface vector
p, which imposes a more strict conditions on the smoothness of the master.
However, the approximation of this variation for small gaps g, ~ 0, leading to
a simpler form, does not contain this derivative

i} Ip op
ASE = A 6gn(nA +HA£)+Agn[ 6—+H55]

~ ¢ g
2.79
dp ( op" ap’ dp p @79)
62 Ar+ a2 5 |-neT| 2. 2E]s
B R R i RS Frb et

Shadow projection case: infinitely remote emitter

It is much easier to compute the second order variations in case of the shadow
projection. Variation of Eq. (2.33) gives

0 = Abp + Adgse,
expanding the full variations yields

apT apT 9P dp’
Abgee = 5¥ A& - AE o —AET 3_526‘5 ‘g ASE (2.80)

the dot product with vector e gives

( dp’ ap’ I o’

Aogs = —e-|05= AE+A== 06 +AET—=08 |—e == ASE,  (2.81)

3 9 S0 T 85
where the last term can be determined by the dot product of (2.80) with v-vector
S

~

dp’ dp’ dp" I
S |ME="g 5¥ Af -5 Age 0F - AgTs %255

using notation P from (2.36) one has the expression for the second variation
of the surface parameter

%® [ 9®"] 5ap A N Tég FAET r 9P —5¢ (2.82)
& 23 9&r = '

- en

where the operator in square brackets is discussed in Remark 2.6. Substituting
(2.82) in (2.81) gives

Abgs = % % r- 32
gs = —|e—|€- aé aé :_E'ﬂ
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Chapter 2. Geometry in contact mechanics

where the expression in square brackets is the same as in Eq. (2.44), so the
second variation of the shadow gap can be rewritten as

n apT dpT 9P
ASgs = — o 55 A& +A£ o +AET 8_6265 . (2.84)

Shadow projection case: close emitter

In this case we take the variation of expression (2.50)

ap’ apT 9 dp T
— AE+A—= A — — A A Ae+A Aode .
0= 685 £+ 5% OE+AE %265 +a<s 0 & +Adgse+0gsAe+Agsde+gsAde
(2.85)
The dot product with vector e and account of the following equality de - e = 0
gives
ap T op" 9P op’
AOgs = A A— AET— - A WAV 2.
0gs = 85 &+ S 0 + A& 85265 e 9§ 6¢& —gse-Ade, (2.86)
where, due to the orthogonality of a unit vector to its variation and according
to (2.48) and (2.49) the last term becomes

e-Ade =—be-Ae = — (2.87)

The dot product of (2.85) with v-vector s allows to evaluate the second variation

of the surface parameter

3pT_1 ap Ip %
MdE=-|s o A&+ A 55+ AsT B

ag 9 ~ 08
_ B (2.88)
apT ! ap’ !
- gg g‘(égsA€+Ags6€)_gs gg g-A(Sg.
Let us consider the right part of the last term using (2.48) and (2.49)
or
s-Aoe=-s-A|[l-e®e)-—|=
= - = [(: - —) dse]
or, 1
—s-|lAe®@e+e® Ae +(I-e®e)-orA—|= (2.89)
¢ [(aeoecone) e i-eod iag
= d%gg-(Ag@g-éys +6gs®g-A1’s)
in a similar manner, it is easy to show that
or,
s-0e=—-s-— (2.90)
TG

59



2.2 Interaction between contacting surfaces

Substituting (2.89) and (2.90) in (2.88) and carrying (2.37) gives

% e®n| aP a_T 82P
- (2.91)
1
_ d_s’e(Ags(S;_'s +6gsAr_s) 52 (Ar ®e-or, +or,®e- Ar )}
se
Assuming small gaps gs ~ 0 results in a shorter expression
AbE = % - 282 8p A Aa—Ta acBs
é__ag'=_g-1_1 85 A 53525_
- - (2.92)
1
- (Agségs + 6gSAZS)}
Substituting (2.91) and (2.87) in (2.86) gives
AOgs = 6ap A Aa T(S A azpé 8;_) % I con
gs = — % 5+£5+ éa_ézé §£®£ :_E‘E .
o’ o’ 9P 1
5£ A&+ AE 0& + A€ 8—5265 - d—e(Agsét_’s + Og:Ar, ) +
+ 2 (Ar,@e-or +or,@e- Ar)| + S or, - s")(s - Ar,),
(2.93)

where the expression in braces can be rewritten as

o’ ‘9P feen)_, n _ n s
£ P F en| T we e f %8
consequently (2.93) transforms into
AS = 6ap A A8 T(S A &zpé §T®§ AgsOr + 0gsA
8s = — ne % <+ E ¢ + éa—ézé— i '(gsl’s+ Ss l’s)"‘

+ 5—§§T (g' Aree-or +s-or;®e- AZS)) + d—zs(érs +s")(s - Ar,)
se se

(2.94)
Assuming small gaps gs = 0 results in a shorter expression
n aﬁ_’T op ! 92P ®§
Abgs = e 505 AE + Aaé 6 +AET (9_5255 . d_sg - (Agsdr, + 5g.Ar,)
(2.95)
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Chapter 2. Geometry in contact mechanics

In the case of an infinitely remote emitter (ds, — o0) we get the same expressions
as in the previous section both for surface parameter (2.43) and the shadow

gap (2.46).

@ Remark 2.6 on 2D case.

In order to get all variations for two dimensional geometries, one has to replace simply
all quantities by their two dimensional homologues:

8”;_) 8”;_)
£, aén _)85"' ;:1,
PR W U % 1%
- A=—=.= - — —-H=n-— —_— - ——=
= dE 9 RTA = 92 or AL

2.3 Numerical validation

The aim of this section is to carry out a numerical validation of the expressions
obtained in the previous section. This validation allows us to estimate the
errors that we introduce in the incremental solution by approximating the
tirst and the second variations by analytical expressions obtained within the
assumption of infinitely small perturbations of the contact geometry. The
analytical expressions obtained with and without the assumption of small
gaps (gn = 0) are compared.

The numerical validation technique can be summarized as follows: for a
randomly generated bi-quadratic master surface in 3D p(¢) and a slave point
at a random position r, perturbations 7'(¢ ) and p” are applied respectively:

/

pop+m, ror+p

The direction of the perturbation is arbitrary and its value is given in fraction
of the master segment dimension (maximal length)

I (&)l = &p dim(p), lIp'Il = &, dim(p).
The initial normal gap g, between the slave node and its projection is

prescribed, its value is also expressed in fraction of the master segment
dimension

n = &g dim(;_)).
Applied perturbations 7 and p result in change of all geometrical quantities:
§n = 8w & > &
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2.3 Numerical validation

The real variation of these quantities are evaluated as the difference between
the perturbed state quantities and the initial ones

6gn:g1’1_gn, 6§:£'_§

~

At the same time, these variations can be estimated according to analytical
formulae (2.24) and (2.31) as functions of the initial geometry and its
perturbation

"gn = 0"gnlp, 1, W, p"), O"E =8"E(p, 1,1, p")

the reduced expression for variations, i.e. without terms containing g, will
be noted with the r index 6'¢, 6'¢ = 6°¢. Note that initial gap g, remains

nonzero, it simply does not enter in the expressions for variations. To evaluate
the second variations, another perturbation is imposed to the initial geometry
p,r. The value of this perturbation is the same ¢, but direction is different

p— p//’ r— ZN-
The corresponding real change in geometrical quantities is denoted with A

Agn=gy—8&, AEL=¢&"-¢.

~

To evaluate the second variations, the geometry should be perturbed once
again. The perturbation is fully determined by two previous perturbations

74

pop+r+n’, ror+p +p”.

The corresponding change in geometrical quantities will be

Dgn:g,n//_gnz Dézé/”_é

~

From these three perturbed states, the real second variations of geometrical
quantities can be deduced as

Aégn:Dgn_égn_Agn, AéézDé_éé_Aé.
These variations can be estimated by full analytical expressions
Ay = A" gu(p, 1, p' ", p"),,  AS'E = AS°E(p,r,m,p’, 1, p").

and approximated expressions Ad'gy,  Ad'E which do not contain terms
with the normal gap. It remains to compare the full and truncated analytical
estimations with the real variations computed for a given negative initial
normal gap ¢, = —¢gdim(p) and the given values of the perturbation
Izl = &, dim(p), llpll = ¢ dirr_l(p). The aim is to demonstrate that when the

perturbation of the geometry ¢p tends to zero, the analytical expression for
the variations tend to the real variations evaluated numerically. Another aim
is to show the difference between the truncated expressions (without terms
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Chapter 2. Geometry in contact mechanics

containing g,) and the accurate ones derived in the previous section. For each
value of the initial gap g, to get statistically meaningfull data the variations of
geometrical quantities have been evaluated 50 000 times.

The relative error between the real first variation of the normal gap 6g, and
its analytical estimation is depicted in Fig. 2.12 for different perturbation values
&p = 10%, 1%, 0.1%, 0.01%, 0.001%, 0.0001%, 0.00001%. Each plot corresponds
to a given value of the initial normal gap ¢, = 0.01%, 0.1%, 1%.

Se, — &
w 100%.

n

F(g) |

Here and further the left plots depict the general trend and the scatter of
the data, whereas the right figures depict the probability density function
(not normalized and shifted in vertical direction order to distinguish points
corresponding to different perturbations), i.e. number of occurrences for the
given precision of the expression. The data distribution is centered at zero, that
is why the absolute value is analyzed.

In Fig. 2.13 the relative error between the variation of the surface parameter
6 and its analytical estimation 6" £ are presented

e -we]

Er(é) = WlOO/O

as well as the relative error of the analytical estimation obtained with
approximation of the zero gap g, = 0 denoted as “truncated”. As previously,
different perturbation values and initial normal gaps are used.

The relative error for the second variation of the normal gap Adg, is
presented in Fig. 2.14

AOgn — NO* gy

100%.
g, 00

Er(gn) = ’

and for the second variation of the surface parameter A6 is presented in
Fig.2.15
a0 - a0

————— 100%.
IASEN

Er(¢) =
The analysis of plots 2.12-2.15 shows that the relative error for accurate
expressions tends to zero with decreasing perturbation, whereas the error for
truncated expressions does not. Note that for second order variations the
inverse tendency is observed (increase of error with decreasing perturbation)
for very small perturbations, this fact is explained by reaching the limits of the
numerical precision.

The obtained results demonstrate that the scatter of the relative error
(plots on the left hand) is very large, it is due to possible close to zero
values of variations. It is worth noting that the relative error of the first
and the second variation of the normal gap have a peak at a certain value
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2.4 Discretized geometry

and decay exponentially to zero for higher relative errors. The value of the
peak error for the accurate analytical expression decreases with decreasing
perturbation, which is not the case for the truncated one. The relative error of
the surface parameter variations have a quite large “plateau” rapidly decaying
for larger values of errors. This plateau approaches zero error with decreasing
perturbation in case of accurate estimation of variations and remains within the
same error range for truncated expression. The figures also clearly demonstrate
that the accurate results are not affected by the value of the normal gap and
always converge to the real value for decreasing perturbation, whereas the
truncated expressions are highly affected by the value of the normal gap. Even
for relatively small value of the gap g, = 1%, the average relative error of
the first and second variation of the surface parameter remains at values of
10% and 100% respectively independently on the value of perturbation. The
numerical validation, which we use, may be helpful for verification of any
complexity expressions, for example, in case of three-dimensional smoothing
of the master surface.

2.4 Discretized geometry

2.4.1 Shape functions and finite elements

The finite element method approximates the real geometry by a so-called
finite element mesh. Such a mesh consists of nodes, which are connected to
form elements, which are coupled together into a structure. So we deal with
coordinates of nodes x and their displacements. What about the description
of material points which are situated somewhere inside the elements? Their
positions are determined by an interpolation of the nodal positions by means
of so-called shape functions

¢i(&), i=i,N

where N is the number on nodes which determine the geometry of the given
element and ¢ is a vector (v-scalar) of normalized parameters (¢; € [-1;1]),
which determine the coordinate in the “parent space” of internal points r

N
r=Y oiE), (2.96)
=1

where x. are nodal coordinates. Shape functions must verify the following
equality

$i(E ) = bij.
The coordinate of the j-th node in the local frame ¢ j must verify

Structural finite elements can be classified by the order of shape functions,
which depends on the number of nodes which form the element:

o linear elements - any internal point is approximated by means of the nodal
coordinates and linear shape functions (shape function depends linearly
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Figure 2.12: Comparison of the real variation of the normal gap and its
analytical estimation for different perturbations and initial values of the gap
gn given in percent of the master segment size.

on each parameter &), i.e.

WO P
o6 T T T

1

e quadratic elements - any internal point is approximated by nodal
coordinates and quadratic shape functions (shape function has second
order dependence on each parameter &), i.e.

*P(&) . 93¢(§)_0'
&2 > o3

1 1
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Figure 2.13: Comparison of the real variation of the surface parameter and
its analytical estimations (full and truncated) for different perturbations and
initial values of the gap g, given in percent of the master segment size.

o higher order elements will not be considered here.

1D, 2D and 3D elements are available, they may contain different number of
nodes, for example, 2D triangle linear element, 3D tetrahedron linear element,
3D prismatic quadratic element, etc. In the following subsections, we will
consider an abstract 3D element, which contacting surface is formed by N nodes
with the corresponding order of approximation. A more detailed presentation
of the Finite Element formalism will be given in Section 5.3.
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Figure 2.14: Comparison of the real second variation of the normal gap and
its analytical estimations (full and truncated) for different perturbations and
initial values of the gap g, given in percent of the master segment size.

24.2 Geometry of contact elements

To describe the contact geometry, let us create an abstract element which
consists of one slave node x,(t) and several master nodes attached to one
structural element gi(t), i=1,...,N with a surface spanned on them. The latter
is determined by position of nodes and the shape functions of the element.
Such an element with some special properties will be called contact element. As
in the previous sections the master surface is parametrized by & 4. Vector of

4the dimension of the surface is equal to the space dimension minus one, master is a curve
in 2D and is a surface in 3D case.
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Figure 2.15: Comparison of the real second variation of the surface parameter
and its analytical estimations (full and truncated) for different perturbations
and initial values of the gap g, given in percent of the master segment size.

every point on this surface can be expressed through the nodal positions and
shape functions

N N
pP= Z Pi(&)x; = Z $i(&1, E2)x;. (2.97)
i=1 i=1

The last equality is valid for 3D geometries, where the master surface can be
parametrized by two parameters &; and &;, which, as previously, we assemble
in the v-scalar & = [&, &1

Let us derive all the quantities we need to express the first and second
order variations in the frame of the contact element. First, we introduce some
notations.
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.[}_{

] —isan array (v-vector in s-structure notations) containing nodal
dimXN+1

coordinate vectors of the contact element
T
X ~ [X]=[x0)] = [x®), 1,0, ., 0] 5
e [D] .., —isanarray (v-scalar in s-structure notations) containing zero in

the first position and shape functions of the master surface

T
;

¢ ~ [®]=[()] =]0, ¢1(8), .., DN ()]

° [CD:] — is an array (v-scalar in s-structure notations) of derivatives
IXN+1

of the shape functions by the surface parameter &; with zero in the first
position

, L[99 Ipi(g) ()] T
?i ~ [@l]:[a—gl}:[o, aél PR agl } :[0/ qbl,i,-.., qu,i] ;

¢ And so on for the higher order derivations

" 7 aZ(D(é) T

Py ~ [(Di]'] REZE [O' Prij s e (PN,z'j] ,
1" 17 83CD(§) T
?ijk ~ [(Dz]k] = —aél&é]aék = [0, qbl,l'jk PR ¢N,ijk] .

Now we have to express all the kinematic quantities and their variations
from Section 2.2 in a form adapted for the finite element formalism.

e Slave node coordinate vector

=r,(t) = x,() = | [So]" [ X]

where [So]n+1 is nothing but a selection vector for the slave node
component

[Sol=1[1, 0, ..., 0]

e Projection point on the master surface

N
T
= p(t, &) = i(E0x; = (D) | XM =|[@]" |X
p|=pl < Zi:1¢~"[~”] |X]

[

5=
>~]

2

where 7t in & denotes that the surface parameter corresponds to the
projection point;
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2.4 Discretized geometry

e Local surface basis at the projection point
T

[xo] = |[o] [x]|= ¢/"x;

ap(t, £)

P ID(¢)
9L | I

i

&

&

e Unit normal to the master surface at the projection point

i) Il ([q)i ]T [)_(]) X ([CDQ]T [?_(])

[n]=n(t, &) = Ha,_,iilgn) y a;_)if,zén) - H([q)ﬂT [}_(]) X ([qy]T [X])H ,

23 d&o

further the n notation will be used.

Now the variations of the kinematic quantities can be derived in a finite
element format. Let us start with the first order variation of the normal gap

. From (2.24) using the introduced notation we get

0gn = n - (01, — Op) =

Ogn = 1 (6 [)_(]O —[®]"5 [X]) - ([SO]T _ [‘D]T)E 5 [}_(] (2.98)
or in a component form
n 1 [ox,
~gun] oz,

The first order variation of the surface parameter |6 & | can be expressed
from (2.31)

0&i = (A H):! % or. — Op) + 53’—) 2.100)
i=(A -8 H); agj(zs P) + &n 2g, " 2.
If we denote C = (A — g, H) ™ we get
T T a[_) r
5& = Cij | (ISo]" - [@] )8_5+g” [‘I’j] n|-o[X] (2.101)
j
or in component form
Ip 1T
9GEj ox,

ap
—— + . 5x
0&i = Cij ‘951¢1 ‘ 8ntpuj ) :—1

=[vel-o[x]) (2.102)

o 0xy
|~ 95 PN+ &nltPN |
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Chapter 2. Geometry in contact mechanics

PP
where the basis vectors 5= may be either inserted explicitly in this expression
]

or expressed through the shape functions

2 o' [x]

The second order variation of the normal gap can be easily
expressed by rewriting (2.67)

p dp
Abgn =—n- 552 A - A5=5; =0¢i(Hi - §nHi A" Hyf) A +
term 1 term 2
(2.103)
dp i dp
+ gn [n 6351')A (AB_EJ E)
term 3

To express A& and 6 & we use (2.102). The other terms are replaced by their
discretized homologues

sogu == [X] {n[of] @ Vel + (vl 0 [0f] n)-A[x]

term 1

T
O[] (s v e T A

term 2

+6 [)_(]T : {gnAif;l [o]® [CD;.]Tg} -A[X],

term 3

Grouping the terms leads to the final expression for the second variation of the
normal gap

pogu =0[X]" - {-n[ef] o Vel - Vel o[@/] n
— (Hyj ~ guHaA"H,,j) [VE] © [VE]T + guAln [0 o [@)] 1_1} -Ax] =

= 5[x] - [VVau] - A[x]

(2.105)
where [V¢;] should be substituted according to Eq. 2.102.

71



2.4 Discretized geometry

The second order variation of the surface parameter| A6 & |is derived from

its continuous form (2.78).

dp dp dp 82p
AdE; = =Cjj 8_51 85kA5k+A 75, 55k+55k85 9E A&m
| term 1
%p ’p 83p
S| O g Ak T A g ok T Ot G g g, e

term 2

dp dp ’p dp
+ | —0gn0; + gnA" == d0== + ——=—0& } [{ A== - n + Hi, A&
/ dEm | 9E;  9Ei0E & ~

(2.106)

term 3
L dp dp 82p dp
+ | —Agudkj + GnA" — A== + —— O0=— n+ Hys0&s ¢ |-
& kj 8 aém 85] ag]aél g aék n ks g
term 4

Werecall that Cj; = (A —¢, H )i‘jl. Now we replace all the continuous quantities
by their discretized analogues term by term. Term 1.

d

ol v ofa] - pla] v o
82
. agk—aﬂém (o[x]"- 1veu) (veu - A[x]){ =
0 ) 0 92
~s[x]"- {[@']Tgmvsklﬂ[vgkl 50 ']T+{a§ agk;&m)[vcm@[vsmf} Alx]
(2.107)
Term 2.
gofo[x] - nfoy] vea™ - afx] +o[x]" vea [o5] u- a[x]
83
+6P_(]T'[V<fk](ﬂ'Wﬁ][vém]T'A[}—q}:
J (2.108)

= o[x] {gu [0y e Ve + gV uloy]’

83;_) .
901 e g aE, |VE 8 Vel T+ -A[X]
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Chapter 2. Geometry in contact mechanics

. Ip *p r
[—[Vgn] 5[ X] 8 + guAt™ e {[cp'] 5[x]+ agjaél[%’] 5|x ]}]@

o{[af] A[x] n+ Huve T a[x]) =
B (‘5 [x]' - 1val %') ([q’;i]Tﬂ CA[X] + HlVE] - A [;_(])

(obl" 2 Lol et - [x] - v )

P
*(5[}—(]T'[V‘f’])(g”Akmaéi'aéjga)([qy] n A[X]+ Ve A[x]) =

o,
6[?_<]T-{—6kj Vgl ® (n]0f] "+ Fulve) + g [o] -E @ (u[0f] + FitveT")
2] 9%
(222 ol et i
(2.109)

Term 4 is nothing but the term 3 with A replaced by 0 and vice versa

d
alx]" {—%- Vgl ® (n[0f] + Flve) + g™ [o7] -E @ (u[0f] + Htve.l")
P*p

Ip
*g”Akm[aé_m aé]aél][ 1o (n [q’ilT*HkS[V‘fs]T)}'é |x] =

9
o e ot ) o 2 o
dp Ip )
+g”Akm[ﬁ'aéjaél ([ @] + Hilved) o [Vél]T}'A[X]
(2.110)

The final expression for the second order variation of the surface parameter
is the sum of the obtained terms (2.107)-(2.110) multiplied by t-scalar C with
minus sign



2.5 Enrichment of contact geometry

d d
A55i=6[2_<]T-{ ~Cjj [[ q ag ®[V&l" + Vel @ a; o]’

dp  Pp Pp
+ _ e = n [
08 050, S 9EIEDE

~gu|@y|novad" - guVed @n[@y]
~[Vga]® (g ] + H]-S[Vés]T) ~ ([ n + HylvE]) © [Veul"

] [VE]® [VER]T

J dp
+ gn AR ([qn'] 88 (g[cp,’(]T+Hks[vgs]T)+(r_z[q>,;] + His[V&]) ® e o] )

Em
. dp P’p o
re (aém aéjaa)(wé’]@( [of] +Hutve)«

+(n]@y] + Hulved) @ [val)]} - A[x] =
=o[x]" - (vved ax]

(2.111)
where expressions [Vg,] and [V&;] should be substituted according to (2.99) and
(2.102) respectively. All derivatives of the projection vector may be directly
substituted in this expression explicitly (as evaluated constant vectors) or
expressed through the shape functions and nodal values

ap e 82[_) T 83’_) m T
9_5_1‘ £ - [q)i] [X]’ Fzé] . = [CI)Z.].] [X]r DL . = [q)ijk] [}_(]

T
~

The resulting matrices (2.105), (2.111) which connect 6 [)_(], A [}_(] with A6 ¢
and Adg, are symmetric.

2.5 Enrichment of contact geometry

In the second half of the 90s several approaches based on enriching
of the element interpolation functions have been proposed for different
problems [Heyliger 89], [Babuska 95].

r(t,0) = ¢TOx) — 1,0 = (67O + ¥I©)a00),

where r, denotes the enriched vector and ¢, — the enriching function. The

entire class of enriched or extended finite element methods got the name
XFEM (extended finite element method) [Moés 99] or GFEM (generalized finite
element method) or PUM (partition of unity method) [Melenk 96]. The method
is used for modeling of dislocations, solidification, two-fluid flows, cracks and
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Chapter 2. Geometry in contact mechanics

cohesive cracks, the last two examples are based on enriching by Heaviside
step function

$(0) = gHC - o).

~~Idea 2.2 On enrichment of contact geometry.

Inspired from the XFEM, we propose an enrichment method for the contact problems.
The method consists in enriching the master surface (Fig. 2.16) with an arbitrary
enriching function h,

p — |pe=pthn| & p&)=p(E)+h(E, Om(E), (2.112)

where the enriching function h.(<, ©) may depend on the surface parameter & and
in general may also depend on the local stress-strain state and its history, which can
be used, for example, to account for geometry change due to wear, dislocation escape,
etc. This dependence is taken into account by means of @ variables, which may also
include time or loading cycle. Such an enrichment allows to roughly account for
submesh features of the contact geometry without an excessive remeshing. The change
of the surface geometry due to a complex physics of deformation process can be taken
into account within the enriching function as a phenomenological model.

To keep the formulation consistent, let us impose two conditions on the
enriching function 1.(¢, @)

® (S, 0) € CZ(é)ﬂCl(Q), ie. he(E, @) is a C?-smooth function by

surface parameter and C!-smooth by 6;

e in order to avoid self-intersection of the enriched surface, we require that
the value of enriching function remains smaller than the minimal local

curvature radius of the surface |h.(&)| < min { 1/xi(&) }
< ; <

If the enriching function depends only on the surface parameter (i.e. it
does not change in time and does not depend on deformation state) or if the
enriching function changes very slowly, then all the variations of the kinematic
quantities remain the same (see sections 2.2.5 and 2.2.6) if one replaces all
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2.5 Enrichment of contact geometry

Figure 2.16: Enriched geometry p, of the master surface p.

quantities related to the master surface by enriched quantities e,:

a.|p > pe|: Pe=pthen

8&, z?;_)g

b.[n — ge‘: ne = Zf)i gf)f
B

T

- - PE
C. 6;_) — 6‘2@ : 5Ee—5[_3e 85 6§

~

d. [6p — 0pe|: Op.=0p+hebn

op ap.|  9pe aP &h ‘h dn
Sl o = =
© |ag T R T

f 328 az_e . 82_3 _ ap 811 ah T ahg aﬂT I’l 822 azhe
@ T g 92 Top T Takae Thag M
dpe Ipe
B8 T Relt ReTora
h H 4 He He: e’ —
X B X = Q&2

(2.113)

Let us consider in detail some of these quantities. The unit normal to the
enriched surface can be obtained by substituting (2.113.e) in (2.113.b). Then
the numerator takes the form

Ipe 8pe o, 82] [31_’ ohe . In

— +n—+h,— +h 2.114
05, (98 o5 T 23g Tae (@114)

X|=— +n=—=+h,—|,
& 2852 98,
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where, according to (2.63)°

on _dp B DS R PO P L1ag
—=-HA—, where HA = = —==- — =

€ TRRa SRS T T o o

~ ~ Vo ~ Vol ~ T &

~ ~ 2232
(2.115)
Expanding (2.114) and carrying (2.115) gives

P on, Y (%  on, Ip
— - = S T —1|=
96, T og e ylé’é) (362 M EPT:

o ap+8p>< Ohe hagxaET + xgp&he h xaET ohe
= — _— —_— n—— e e n en — [
e " 96 T om Mg oe T ar XA 9508 T 9e L%k

8p dp dp’ oh, ) dp dp’
= —_— — T = _=
~heyige X g thex g Yigg Hhevige X g L
(2.116)

where the cross product of the basis v-vectors can be expressed through a
special antisymmetric t-scalar J:

0 1
l = [_1 0:| ’ lT = —l, LLT = %/ LL = —’\l/ (2117)
07;_) 8;_) A
% " oc =], (2.118)

where 7i denotes not normalized vector normal to the initial master surface.
Some terms of (2.116) can be simplified in the following manner

dp Idp T dp Jdp

= X =— VT —= X =— = h,# = hatr[H A 2.11
h&élxaé ZZ+th8§X852 het (y22 + y11) = hette[HH AT (2.119)

(yuyz —ynya) =adet{HA]  (2.120)

|
o
X
I
=2
N
Il
|
=2
-
R—
ZY
II
|

From (2.116), (2.119) and (2.120), the cross product of the basis v-vectors of the
enriched surface becomes

e ope o i
—Xx—=a(1-htrf[HA]+h detfH A])+

e[ 2220 o) ip( Ay )
352351 &1 9&; = 8§ Z2951 Zlaéz.
2.121)

Shere it is more convenient to use the components of s-structures
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2.5 Enrichment of contact geometry

The last two brackets in (2.120) can be transformed using ] t-scalar

% oh, % om % n,

05,08 0&10& _E %E

V{ (2.122)
— - Y1=—=—-HA]—=, =HA
22851 Zlagz = zi & as )/T ES
2

Now it is necessary to express the cross product of the normal vector with
the basis v-vector. This cross product lies in the tangent plane to the master
surface, moreover

d I dp o
EX&_cE_l :m&_cf_z ar1d11><8—£_2 :a28_£_1'
which can be rewritten as o
dp dp
The right dot product of this expression with the covariant basis v-vector gives

dp\ dp’ dp odp’
[xdg) % =eb = [33E Jome = e-lel-ny
consequently
Ip dp " Tp
gxgzﬁii and gxg :ﬁg LT' (2.123)

Substituting (2.122) and (2.123) in the last two terms of (2.121) gives

["E oh, 9P ahe) 9£T( oh, Bhe)
n X — el =

= __ _=_° X — _ _ =
08,08, 98, 0%, Je \L%0& ~ L'ag
— (2.124)
I ( on oh dp oh
= — —= ¢ _ AT = = _ Try A 1\ %%
B¢ (zaf; Miél@) oe G-l BLDo

Finally, from (2.121) and (2.124) (replacement of the contravariant basis by the
covariant) we get the following expression for the numerator of the unit normal
vector to the enriched master surface

dpe  Ipe o, "
—x—=(1-htr[HA]+h>det{fHA]) i-fims (I1-h,J7

Note that the t-scalar J T

QT

AL=(r

e
Qx>

l)T is symmetric.
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Chapter 2. Geometry in contact mechanics

Now we can write the expression for the normal to the enriched surface

at+ fTAP
where (2.126)
a=1-hetr[H A]+h” det[d A]
oh, "

It follows naturally from this expression that an adequate enriched geometry
(without singularities and self-intersections) is retained if and only if

‘;—Ze@o, a>0and I -hJTHATJ >0.

The last two conditions® imply that
det(I —h, HA)=1—-htr[HA]+h? detfHA]>0,

which is equivalent to the requirement that 4, < min {Kil, Klz}, where x1 and «»
are local curvatures of the surface and consequently are the solutions of the

following equation (see, e.g. [Konyukhov 08])
k? —xtr[HA]+det{ HA]=0

To compute the explicit forms for two fundamental surface t-scalars (A
and H) of the enriched surface; starting from (2.113.g) and using (2.113.e) we
get

de e’ (dp  on, om) (% anT  on”
BT =(¥*ﬂ¥*’%]' se tra Mo )T
e I T o om”  on on”
_ ohe Oe =2 a2 2 _ 2.127
é+8§ % +2hea§ % +h, 5 7 ( )
T
—A+ D o nlHAH,
= aé 9§ X A
SO
T
A€:A+%% -2h,H +h,*HAH (2.128)

®It is easy to show that: det(I —h,JTH AJ) =det(l - H A).

L
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2.5 Enrichment of contact geometry

To derive the second fundamental surface t-scalar, we make use of the equations
obtained for the enriched normal vector (2.126) and (2.113.f)

ap
# e 8'%)

QT
Aa)
Il
E

Po owon" hon” P Ph
_ 9P, Inon' ohon® . Pn  Phe|_
o v pTAp (9€ 9L T oLor o Tz

2
B 2h, T&;_) 8,3
R e A A

(2.129)

where the last term can be expressed in the following way (in order to exclude
the derivative of the normal vector)

0 0= o (%2 O@aze +a;_) on’ 0e

_— . — — | —=-nl|= —n —— .= =

T P PR T

& o 823 +8;_) aﬂT 0e 838 +282£ 9£T+83T i 0
| —" P — = —n . = — L —= =
Jge |92 %o o 0c3 "2 9 T o2
8;_)T P 83E I 8_T )

Ta aET gt a SR

(2.130)

Substituting (2.130) in (2.129) gives the final expression for the second
fundamental tensor of the enriched surface

~ 2 dp I
H.= ! aH-ah,HAH + 8%;8 r_= =-
= 0(2+ﬁTAﬁ ~ TR 0& Naé 8%
T
o L om P Ip Ip I
Tyl _pgT=.Z22¢ - T_—= . T_=. =
Y B 05 9& J¢ HL-hp 93 n+ 2hef g2 J& 2
(2.131)

As one can see, the third derivative of vector p appears, which requires that

p(&) € C3(§ ). This condition is satisfied for classic shape functions (linear,
quadratic) of the FEM within master faces, but not on their edges.

The form of the expressions of the geometrical variations does not
change. The master quantities have to be simply replaced by their enriched
homologues, and the variations of the geometrical quantities are expressed by
means of the basic variations of the master and slave vectors

) Pe d ZBE

6g$ll 5’%, A(Sg;, A(Sé — 61_‘5, 6Eg, 65, 68_52
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However from the point of view of the Finite Element Method all variations
in the right part except or, are not basic; some efforts have to be undertaken
to convert them in a suitable form for the Finite Element Method. We start
from the variation of the projection vector on the enriched surface, according
to (2.113.d) and (2.65)

T
Ope = 6p + heon = | 6p. = Op — h, (g . 6—_) A 8__ . (2.132)

op.
The variation of the covariant basis v-vector 6£ does not stand alone in

expressions of variations, only its dot product with the normal n, or the basis v-

Ip.
vector 5z of the enriched surface appears, since both of them can be expressed

P
through the normal # and the basis v-vector i of the original master surface

(see (2.113.e) and (2.126))

op
n =an+ Q;i
N 2.133
— =bin+br—,
aé pin z2é
where
_aT
o . p
a = ;8 =
a2+ BTAB 2+ BTAP
T
a=1-ht[HA]+h2dettHAT p = 3_%; (1-h]THA])A (2.134)
oh, -
hl—g, Qz—é—hgl—gé

ap
Let us derive the expression for the dot product of the basis vectors n and i

with variations of the enriched quantities

LN PN A N 5aET+ 52 (2135
E 8§ _1_1 aé Eaé e 3§ _11 aé 1_1 aé es ( )
where according to (2.63) and (2.65) the last term is
on’ on’ dp) dp ' . '
vigp - ~-[wog) 45 5 Wb --wdleoy



2.5 Enrichment of contact geometry

Finally, we get

P % -
n-6— :1_1-(5g (L-nHA) (2.137)

The dot product of the covariant basis v-vector with the first variation of its
enriched homologue gives

% o (0" onT  on'\ 9o ' dponT I o
E-(S% :g- 0= +0on—— +h66¥ :gég —n %95 +he=—= 85 85 ,

(2 138)
where the last term can be derived from

o ( o on’ Pp dp"\ _dp Pp dp dp’
5@(2@)20@¥6£ =-n 852+1’l 6(95 é — 4= Igé

2.
Substituting the last expression in (2.138) yields a nonsymmetric T-scalar 6 Q #
©Q)"

dp dp.’ dp Ip P on,T 9
-— ===-0== © —hen- 60—+
) N S N - og2
- 2.140
8ET _dp 823 dp &ET B ( )
+he E(SE ég &—Nz'i'heé—é'% Igé :62

The same procedure has to be carried out with the variation of the
Pe p .

PR and g . 69—%.

~

derivatives of the basis v-vector. Let us compute n - 6—

According to (2.113.f)

Ipe 99 on o, 9 Pz 2
o= =n-|o== + n ohe" | Oheson’ o2 4 ot
oo T | o 95 de 9L Ik 982 T 0&?
~ (2.141)
B 681_) onoh,T  oh on’ — 6&22
T2 M ag o Togag MR Vo
carrying eq.(2.136)
58238 - 582’—) HA [0 8| 2" _ O 5(9’—)T HA 4+ o 602
B0%2 TR 2 TR R\M 00 )oe Toe | e R R T Vo
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where the last term is quite long. First, we evaluate the following expression

68 on = @682 8ET+82 682T+6 azﬂ+ 6822—0@
ge \"oe )T T % ae Tar Car TR o2 TR %02 T
5822_ on on' On _on' 5 ’n
s T e Tae Y TR o
~———
term 1 term 2 term 3
(2.143)

Replacing g—g in terms 1 and 2 in (2.143) and carrying of (2.139) yields

term 1: oo du__om 82THA—
erm 1: aé (9§ = aé Bé zz—
= 6828HA aET Aa,_) 8ZEHA % 6aETH2A2
_E'ﬁzz_ﬂ % zzgzz_ggzz

5 on 632T HAa_ 68ET (2.144)
B O S
_H'ﬁzz_ﬂ.g zzgzz_zzggzz

The variation of the normal 0n in the third term in (2.143) has to be replaced
by a combination of the basis vectors

5,1.@:_[,1.58_’—)T]Aa_’—).82_ﬂ (2.145)
= 9 T 08 | RIE 9
where the last product can be derived from
2 (9 I Pn dp. P Ip'
a_g[g.ﬂ]:0®£.a_§;:_ﬂ.£+28—é_2-g I;Ié (2.146)

Substituting (2.144), (2.145) and (2.146) in (2.143) and consequently in (2.142)
gives, after grouping some terms, the final expression

T
dp I _dp dp'
+heag-6aé §2é2+h3§11§6£-£ HA+
o' dp. Fp dp' _ dp Ip
+he(n-6£ Jé —g-£+2f i HA+ ia—zgé)
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2.5 Enrichment of contact geometry

The dot product of the basis v-vector with the variation of its second
derivative can be expressed as

dp 682;_)e o 682g L 52non  he 5an h P Phe

oc o2 Toc Y02 s e "ok o dg2 T Ig?

9 6823 L2 omonT 9P dh on' P 6822 522 P,
T0L 92 0L dLor T Jg Jf dE or 9 ag EEN

(2.148)

Now we can derive all the variations for the enriched geometry. Although
all needed expressions have been just derived without approximation of small
gap, in order to keep the text more compact, below we present the variations of
the enriched geometrical quantities only within the assumption of small gap.
According to (2.24) the variation of the normal gap (2.24) using (2.132) is

08y = 1 - (01, — Ope) — | 0g), = 1e - (6r —6p +he [n o=— (2.149)

The approximated variation of the surface parameter (2.32) for the enriched
surface is

ot = A (or—op) = 06 = Aele [or. —op+hfn-0E) &2
£ = BegpOn=0p) o= Bege-or, g whe|woo5e | Ao
(2.150)
The approximated second variation of the normal gap (2.67) is
ape Ipe " .
ASgy = -1, - 85 AE + AE o0& |- A& H.OE, (2.151)
Replacing of n, by (2.133) and carrying (2.137) and (2.140), we get
dpe” 8p 8EeT
AOgy = —|ain - 685 + g2£ 6£ AE-
- " (2.152)

Aa,_)eT Ta;_) AB;_JET
[emagg oo 0a

ap’ ap’
AOgn = —ain (6£ boA& +A£ b26¢ | - ag[éQAé +A95§]_A§T1j66§ ,
(2.153)
where ay, gg b can be found in (2.134) and 6Q AQ in (2.140).
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The expression for the second variation of the surface parameter for the
enriched surface can be obtained from (2.79)

ASE = A, )50 Aaﬂg HAE |+ Agt 58’—)8 H,5
é_ze Sn | Be aé+ze§+gnﬂe' aé—'_zeé_

~ ~

dpe 8p€ ape T 8Pe oy Pe
- = AE+A— O |-A 0
I ag AT ¢ 9 982 <

(2.154)

IP.
As previously, we replace n, and % by (2.133),(2.134) and group terms, next
we substitute (2.137), (2.140) and geNt

. ap ap
ASE = ée 3122(‘5814A&§ + AghHo 35J n+ Ige(égﬁAé +Ag26§)_
—AET %-az—e]éé +[0Q1 arAg, + [AQ]Tazég - (2.155)
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T
p
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where aj, QZT, b1 and b, have been taken from (2.134) and 69,AC~2, from

(2.140).

Now it remains to define the enriching functions h.(<) for the master
surfaces and substitute them into (2.113) and consequently in the expressions
for the variations. During this operation, one has to take into account that
the projection procedure has to be changed (see Fig. 2.17). Briefly the new
Newton’s procedure used for the definition of the projection point has the
same form as (2.8), but obviously all quantities related to the master should be
replaced by their enriched homologues

32[_)e -1 8,(_)g
A = ée—(Zs—[_)e)'a—éz '[(Zs_ﬂe)'g} (2.156)

The shadow projection procedures undergo the same modifications and are
not presented here.
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2.5 Enrichment of contact geometry

Figure 2.17: Projection procedure for enriched geometry.

% Remark 2.7 on enriched geometry.

As already mentioned, the enriching function h, has to be rather smooth C? and its
value |h,| must remain smaller than the minimal local curvature radius. Moreover, if
one uses the normal projection, it is necessary to keep in mind that Newton’s method
allows to determine only one projection point (closest to the starting point). So in case
of enrichment of the master surface with a nonlinear function he( & ), Newton's method
may be insufficient to find the projection point (see Fig. a), a more advanced technique
should be used, for example, a dissection method combined with Newton's method.
Contrary to the normal projection, the shadow projection is unique if there is no “self-
shadow” from the master surface on its own, so one has to pay attention to avoid
shadows due to the enrichment (see Fig. b).
In order to preserve the continuity of the discretized master surface, enriching functions
have to be zero at edges of each segment &, € I = he(E,) = 0 (see Fig. ¢). It has to be
mentioned that there is a possibility of intersection of enriched geometries of adjacent
master segments, it has to be also avoided (see Fig. d).

multiple projection self-shadows

discontinuity intersection

Issues related to the enriching geometry: a — multiple normal projection within one
segment (Newton’s method is not sufficient to find the closest point); b — possible
presence of self-shadows on the master surface; c — discontinuity of enriched master
surface; d — self intersection of enriched master surface.
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Chapter 2. Geometry in contact mechanics

2,51 Example of enrichment

Below we derive the expressions needed for implementation of a frictionless
contact for the case of a linear 2D element enriched by a function k(&) (Fig. 2.18),
where £ is a segment parameter & € [0; 1].

-‘-“‘»," ”%.,....." o
P, p(&) P,

Figure 2.18: Example of linear master segments enriched by cosine wave.

Master segments are assumed to be linear; if one introduces the following
notation

1
t= 7(82 - [—)1)’
where [ = sz -l then
Ip
p&)=p +<lt; P It;
P)
K x a_g (2.157)
n=— = =k Xt
—_— p —_— -
E

The unit normal vector n, defined in such a way, points outward the solid if
the unit vector k point outward the page (to us) and at the same time if master
nodes in Fig. 2.18 are enumerated from left to right. The enriched master
geometry is defined by

pulE) = p(O) + (O,

d
and consequently, as % =0

IP.
Ipe oh, kx—o= In- %
= Olte - = c _ _— E —
5" It + 852 = n 7P — (2.158)
52 P+ 3¢
in notations which have been introduced in the previous section
Ipe oh,
% = b1ﬂ+ bZIE/ b1 = a—g, b2 =1 (2159)
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2.5 Enrichment of contact geometry

According to (2.149) we get the first variation of the normal gap to the enriched
surface

In — Ze he % aP
5" ‘—‘9‘5‘2 (or, - dp) — ——= _ %k (2.160)
he 9he
VE+ 5 INE+ 5
In a ready-to-implement form, if p = p(t)¢;(&)
T
T 0 5
dh, r
1 oh, heJg oo —
o = —m (h_c -5t ) l ¢>1] - —n % 1% (@16D)
2
12 9 (PZ e 6B2
From (2.150) adapted to the 2D case, the first variation of the surface parameter
is 5
oh, he P
It + —n-0== 2.162
o0& = (t € ) (o1, — 6;_))+121_1 685 (2.162)

The second variation of the normal gap (2.153) adapted to 2D case for linear
elements has the following form

z op dp P
— (%AcﬂA 565J ————(0QAL+AQSE)~ALHLOE,
B+ % Iy + %%

where from (2.140)

AOg;, = —

dp  dp 9Pah
= . 0——-mn-

85 & — 85 0&
and from (2.131) we get the expression for H,
12
H, =
oh.2
2+ 5¢

And finally the expression for the second variation of the normal gap for the
enriched surface takes the following form

I dp dp lah
AOg = ———— O0—=AE+ A=—=06¢ 5—955
8 P ahe [ 85 aé ] 24 ﬁZ
&

ah,
dp 8p dp dp dp dp
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(2.163)
after grouping terms
a Ih,
A6 = {'9_ _lz}ﬂ_xlt 688A5+A8 o0& |- éah 2 o6&
&n = 2, o 2 JE JE 9E 7|
9L
(2.164)
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Chapter 2. Geometry in contact mechanics

To get the ready-to-implement expression one needs to use (2.162) for 6& and
AE

Concluding remarks

The enrichment of the contact geometry by an arbitrary function permits:

1. to take into account a complicated geometry within one contact element;

2. to account for a change of the local geometry due to loading conditions.

As mentioned, if the enrichment is chosen to be localized within NTS contact
elements, the choice of the enrichment function is limited: its value must be zero
at the edges of the master segments. It implies a strong connection between the
discretization and the enrichment. A possible application of this approach is
the modeling of periodic structures using a regular mesh, Fig. 2.19. Enrichment
of thin-walled or beam structure geometries by a constant enriching function
seems to be meaningfull, since the predominant deformation of such structures
does not affect the geometry of the surface (Fig. 2.19,a-b). Moreover, the
enrichment technique is the only way to account for the surface topology
for shell and beam elements. A possible applications is a modeling of contact
with grid structures, micro contact with fiber, etc. An anisotropic friction can
be simulated implicitly by a special enrichment of the master surface Fig. 2.20,
a-b.

AN

N\
N\ (\ \
A — —

~N

Figure 2.19: Enriched geometry of the master finite element mesh: a-b —
periodic thin-walled structure, c-d — mesh of a screw with 4 turns, represented
by enrichment of 16 segments with a screw function p, of the master surface p.

If one couples the enrichment technique with a global smoothing procedure
(Fig. 2.20, c-d) (for discussion of the latter, see, for example, [Pietrzak 97],
[Wriggers 01], [Krstulovi¢-Opara 02]), the mentioned shortcoming of the
enrichment approach vanishes. Since the master surface is globally smooth,
it is not anymore required that the enriching function is zero along the edges
of the master segments/faces. However, it becomes a real challenge to obtain
the needed variations of the geometrical quantities for the resulting enriched
surface. On the other hand, this coupling makes possible to simulate properly
the phenomenon of wear and to enrich the master geometry independently on
the mesh.
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— smoothing curve - enriching curve

Figure 2.20: a-b —an example of enrichment for simulating anisotropic friction;
c-d — enrichment coupled with smoothing procedure.
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Chapter 3

Contact detection

B B Résumé de Chapitre 3 «Détection du contact»

Ce chapitre présente les techniques de détection locale du contact. Cette phase de
I'algorithme numérique est responsable de la construction des éléments de contact,
qui sont chargés de transférer les efforts d'un corps a l'autre au travers de l'interface
discrétisée. Issus de I'application du principe des travaux virtuels, les éléments de
contact contribuent avec les éléments structuraux a former le vecteur résidu et la
matrice tangente. La phase de détection est importante, car une opération incorrecte i
ce niveau conduit a une solution fausse.

Dans le cas d’une discrétisation simple (Neeud-a-Neeud) la procédure de détection
est évidente, elle consiste en la détection des paires des nceuds les plus proches. Comme
cette discrétisation est applicable seulement dans le cas des petites déformations et des
petits glissement, la détection ne doit étre exécutée qu'une seule fois. Si on considere le
cas des grandes déformations et des grands glissements (par exemple, la discrétisation
Neeuds-a-Segment), la détection doit étre répétée tres souvent, puisque la topologie de
l'interface de contact change tout le temps. Pour les problémes de contact qui possedent
un grand nombre de nceuds a l'interface, la rapidité de détection devient un critere tres
important pour I'efficacité de I'algorithme : la détection peut en effet prendre autant de
temps de calcul que la phase de résolution.

Dans ce chapitre, on présente donc les concepts permettant la détection du contact en
calcul par éléments finis implicite. Les notions de base (distance maximale de détection,
méthode «bucket sort», détection «tous-a-tous») sont introduites. On propose d utiliser
des «boites» découpant le maillage pendant la phase préliminaire afin de réduire la
zone de détection. On développe également une méthode pour résoudre le probléme des
«zones aveugles» et des «nceuds fuyants». En conclusion, les algorithmes de détection
classiques basés sur le concept du nceud le plus proche sont critiqués, et quelques
contre-exemples sont présentés et discutés en détail.
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On propose une technique de détection basée sur la méthode «bucket sort» et sur
la définition rigoureuse du point le plus proche (donnée dans Chapitre 2. Les valeurs
optimales des parametres de la méthode (distance de détection maximale et taille des
mailles de détection) sont déduits de fagon heuristique sur la base des nombreux essais
numériques. On discute également une approche basée sur des éléments de contact a
faces multiples ; les questions de détection liées a cette approche sont résolues.

La performance de la méthode de détection proposée est vérifiée sur les deux tests: un
calcul de contact pneu-asphalte (plus que 300 000 nceuds sur les surfaces de contact) et
un calcul de contact entre deux surfaces rugueuses (plus que 2 000 000 nceuds sur les
surfaces de contact). Pour certaines configurations, le gain en performance par rapport
a la méthode «tous-a-tous» peut atteindre 160 000 (4 secondes contre une semaine).

On discute en détail 'adaptation de I'algorithme considéré aux problemes pour
lesquels la discrétisation «esclave-maitre» est inconnue a priori. La derniére question
abordée est celle de la détection dans le cadre de calcul parallele. Deux approches
(SDMR/MDMR - Détection Singuliere/Multiple, Résolution Multiple) sont proposées.
On montre pour chacune les détails de I'implémentation dans un code, et également
un test de scalabilité.

Locating the contact points between two surfaces is an important step in
the numerical treatment of contact problems. Moreover, this is one of the
major computational costs of contact algorithms both in explicit and implicit
computations. Fast and accurate detection of contact is not an easy task and
has to be considered in detail. Here we present several classical approaches
and propose some improvements. We will mainly focus on the so-called local
contact detection in case of Node-to-Surface (NTS) discretization for implicit
Finite Element Analysis. However, some general remarks are also valid for
explicit codes.

First, some notions are introduced, different types and strategies of contact
detection are explained. Then simple algorithms and a more elaborated one
are discussed in detail both in case of known a priori and unknown master-
slave (e.g. self-contact) discretizations. Further some comments are given on
parallelization of the discussed algorithms and several examples of contact
detection in large contact problems are presented.

3.1 Introduction

Roughly, two steps can be distinguished in the contact algorithm: contact
detection and resolution. Resolution implies that penetration between
contacting solids has to be eliminated by applying repulsive forces to
penetrating elements. Consequently the detection phase must determine
which elements of the discretized solids are going to penetrate. It is worth
mentioning the key difference between contact detection in explicit and implicit
resolutions:
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Chapter 3. Contact detection

e explicit — it is necessary to detect elements that have already penetrated
and further apply contact forces;

e implicit — possible penetration has to be known at the beginning of each
resolution step in order to include additional degrees of freedom! in the
problem and to change the residual vector and the stiffness matrix.

In the Finite Element Analysis, contact can occur between discretized
deformable bodies or between one discretized deformable body and an
analytically defined rigid surface (curve). The penetration can be described in
different ways (see Fig. 3.1). The definition of the penetration often introduces
an asymmetry in the contact problem and the contacting surfaces have to
be treated differently at least locally in space and time. This procedure is
strongly connected with the asymmetric geometrical description of contact
and the discretization of the contact interface, i.e. contact detection relates to
the discretization method, i.e. symmetric discretizations (segment-to-segment
type) should use symmetric detection and vice versa. We restrict ourself to
node-to-segment discretization, so it is natural to define the penetration as
penetration of nodes of one discretized solid (slave) under the segments of the
second discretized solid (master) or under an analytical surface. Following we
will use these classical notions of master and slave for surfaces and for their
components (slave nodes of the slave surface, and master segments and master
nodes of the master surface).

& b. c. d. v
- g | 4

e. . . f. .E.i g. L . h. *x
) . e . . <
L

Figure 3.1: Various definitions of the penetration. Symmetric: a — segment
intersection; b — volume intersection. Asymmetric: ¢,d — segment in volume;
e,f —node in volume; g,h — node under surface.

Two contact search phases should be distinguished [Wriggers 06]: spatial
search and contact detection. The first notion is used for searching between
separate solids coming into contact, i.e. rather between separate geometries
than discretizations. Contact spatial search methods are of big importance in
multibody systems and discrete element methods where interaction between
more or less identical particles such as crashed stone, sand, snow is considered

Isupplementary degrees of freedom appear in Lagrange multiplier method and the coupled
augmented Lagrangian method.
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to analyze mud flows, opencast mines, avalanches, etc. It is worth mentioning
that previously the particular attention of the scientific community has been
paid mostly to this phase of contact search, as local discretization of solids
often remained rather moderate and even the simplest all-to-all approach often
appeared to be rather efficient and fast enough technique, especially in case of
small slip when only one execution of the detection procedure is required.

However, in large deformation and large sliding problems the contact
detection was one of the major computational costs, because the contact
geometry changes significantly through computation and detection is required
almost at each time step. The number of time steps depends on the
resolution framework (implicit, explicit) and on the nonlinearity of the
problem. Naturally, since the number of time steps is significantly higher
in case of explicit calculations the contact detection has been first considered
in detail in the framework of explicit codes [Benson 90]. Many simple and
efficient techniques have been proposed. They were inspired from hidden line
algorithm from computer graphics and based on the bucket sort method. The
recent advances in parallel computing make possible extremely large implicit
and explicit contact simulations between very finely meshed solids and so
it imposes even more severe requirements to the time needed for contact
detection. The contact detection algorithms are connected with the contact
discretization method and the parallel framework. However, there are not
so many publications concerning that phase of the contact algorithm and
frequently in moderate size engineering applications the basic ideas of the
bucket sort, proposed 20 years ago, is used. Some more recent techniques can
be found in [Oldenburg 94], [Bruneel 02], [Fujun 01]. It is worth mentioning
that the recently developed mortar based methods require a specific symmetric
detection; a method based on the bounding volume trees has been proposed
by B. Yang and T.A. Laursen [Yang 08a], [ Yang 08b].

The goal of the detection phase in implicit analysis consists in creating
“contact elements” — abstract (not structural) elements, which include (in case
of a node-to-segment discretization) a slave node and several master nodes
united by a master surface segment?; normally this master segment should be
the closest master element and the slave node has a normal projection on it.
The simplest and straightforward method is the all-to-all detection: all slave
nodes are projected on all master segments and if for the current slave node
one or several projections exist, the closest master segment is chosen. The
growth rate of the method is O(N; X N;,), where N5 and N,, are the numbers
of slave nodes and master segments respectively. If the master and slave
discretization is unknown a priori, the same problem will require four times
more time to achieve detection. If one considers a master surface formed by
quadrilateral segments®, then the determination of the projection requires the

%in case of Lagrange multiplier or coupled augmented Lagrangian methods, contact elements
contain also some additional degrees of freedom (Lagrange multipliers) — one in case of
frictionless contact and 2 or 3 in frictional case in 2D and 3D respectively. To keep track of
stick-slip-stick behavior it is sometimes necessary to store also an internal history variable.

3second order master surface in 2D, or any master surface in 3D except that surface formed
from triangles requires an iterative process to determine the projection point.
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solution of a nonlinear equation and takes several iterations, however often
only one iteration is required to realize that there is no projection.

The first generally accepted simplification of the detection is to start from
the detection of the closest node instead of the closest segment. Although the
growth rate remains the same O(N; X N;;), where N,, now denotes the number
of master nodes, the time needed to achieve such a detection is significantly
smaller. After detection of the closest master node, the slave node is projected
on the master segments adjacent to the determined master node. For each
slave node, the closest master segment is then established if it exists. Many
sorting algorithms from spatial search can be used for local detection in this
framework, based on the search of the closest node.

So there are two strategies: closest-node-and-adjacent-segment and closest-
segment. However, both of them are time-consuming and not robust
(especially the strategy based on the closest node detection, see remark below).
Although detection methods based on the closest node strategy have been
used for many years, these methods can not be easily improved to perform a
correct contact detection in all cases. That is why we will not base the detection
procedure on this strategy. The rigorous formulation of the closest point given
in the previous chapter will be exploited.

Let us imagine a set of spatially distributed compact objects (nodes,
segments). The problem is to detect for a given object the closest one from
this set. Human vision accomplishes this task easily by analyzing just a few
objects. It does not need any analysis of the whole set of objects while the
simple detection algorithm does, because it is “blind” and needs to “touch”
all the objects one by one and compare distances between them (e.g., between
their centers of mass). The techniques which have been worked out for contact
detection are aimed at reducing the quantity of points to “touch”: bucket sort
[Benson 90], [Fujun 00], the heap sort, the Octree method [Williams 99] and
others.

Another improvement to reduce the detection time in the master-slave
approach consists in considering only those parts of the contact surfaces which
are situated in a limited zone (bounding box), where contact can occur in the
current solution step. This zone can be confined to a bounding box that will
be updated during the computation. It is proposed to determine this detection
bounding box as an intersection of bounding boxes spanned on master and
slave surfaces. Another improvement, proposed in [Benson 90], consists in
a smart update of the closest element : an expensive detection procedure is
carried out only in the first time step (for each slave node the closest master
element (node, segment) is detected). For the following computational steps,
slaves nodes are checked for proximity only with master elements neighboring
to the previously determined. However, this method is not very general and
sometimes fails. These improvements are not applicable for contact detection
in case of unknown a priori master-segment discretization.

As already mentioned, the main difference in detection in explicit and
implicit simulations is that for the second case it is necessary to predict possible
contact occurrence and to establish contact elements before penetration occurs.
This implies that slave nodes approaching master surfaces have to be detected
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at a certain distance, the maximal detection distance (MDD), which is an
important parameter of the detection procedure. It is good to know that the
meaning of the MDD for closest-node and closest-segment based procedures
is quite different and will be discussed later.

Further we give a detailed description, analysis and validation of different
contact detection techniques. We start from the development of a robust
all-to-all detection technique, which is acceptable for a moderate number of
nodes in contact. Two strategies are considered based on the closest node and
the rigorous closest point definition. Multi-face contact elements, inspired
from [Heegaard 93] and [Barboteu 02] are introduced. Some important
remarks will be given on the closest node based detection and on the
relation between the maximal detection distance and the mesh size. Further,
the bucket sort method is considered in details, the optimal bucket size
is deduced and validated numerically. An extension of the considered
methods to contact in case of unknown a priori master-slave discretization
is discussed. Another contribution of this chapter is an extension of the
bucket detection method to parallel framework inspired from the so-called
Linked Cell Method widely used in molecular dynamic simulations for short-
range interactions [Griebel 07]. Some tests of contact detection for very large
problems are also presented.

To conclude this introduction, it is worth mentioning that there is a strong
correlation between robustness, accuracy of contact detection and the CPU
time. This dependence is not always inversely proportional. Sometimes one
can sacrifice robustness to keep things simple, a good example is the “closest
node” strategy complemented with bucket sort [Benson 90] - a quite simple
and rather robust strategy for quadrilateral meshes. However, to preserve both
accuracy of the contact detection and simplicity of the algorithm, we propose
a new robust and fast detection algorithm based on the rigorous formulation
of the closest point and on the bucket sort.

3.2 All-to-all detection

All-to-all algorithms are easy and fast to implement but long to execute.
Their growth rate is O(Ns X Ny;). Their straightforward implementation is
not acceptable for large applications, however some simple improvements
mentioned above can significantly improve their performance.

3.2.1 Preliminary phase

First of all, the key parameter for the contact detection — maximal detection
distance (MDD) dmax — has to be introduced. In case of node-to-segment
detection, dmax determines the following: if a slave node is closer to the master
surface than dmax, then it is supposed that this node can come in contact
during the following time step, otherwise not. If one considers a node-to-
node detection technique, then the meaning of the maximal detection distance
is different. If the distance between a slave r; node and a master node r;
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dij = dist(r;, Zj)4 is smaller than the maximal detection distance, then the
corresponding slave node r; and one of the master surfaces containing the
mentioned node r ; as its vertex are considered to be potentially in contact
during the following time step, otherwise not. This difference naturally results
in a limitation on the minimal value of the dma.x for the closest node based
detection: MDD has to be greater than one half of the maximal distance between
master nodes attached to one segment
1 i=Ny, j=Ni,-1,k=Ni, .
dmax > 5 . l.zlax_. dlSt(Z}rZi)/ (31)
i=1, j=1, k=j+1

where N, is a total number of master segments, N,i1 is a total number of master
nodes attached to the i-th master segment, 1_‘§ is a coordinate of the j-th node of

the i-th master segment. If the condition (3.1) is not fulfilled, then some slave
nodes coming in contact with the master surface can be lost (see Fig. 3.2)°. The
value of dmax can be determined automatically according to the discretization
of the master or self-contact surface and to the maximal displacement of nodes
on contact interface during one time step. The MDD should be kept as small as
possible in order to accelerate the detection procedure and to avoid the creation
of non necessary contact elements. For simplicity, it is proposed to keep the
MDD unique for the entire contact area. In contrast to closest node based
detection, the MDD for the closest point based procedure has no connection
with the master surface discretization and can be chosen for all-to-all procedure
only according to the maximal displacement of contact nodes. So the following
discussions on the optimal choice of the MDD relate to the all-to-all closest node
based detection and to all detection strategies in the framework of the bucket
sort, which will be considered later.

For a reasonable number of time steps, in a geometrically or physically
nonlinear problem, the maximal detection distance can be determined as the
dimension of the largest master segment

dmax = max’ | -7 (3.2)
i=1, j=1,k=j+1 /

Such an estimation is reasonable in case of a regular discretization of the
master surface. On the other hand if the distribution of the master nodes
is very heterogeneous, i.e. fine surface mesh in one contact region and rough
in another, the value of dmax appears to be highly overestimated for certain
regions. This fact decreases the efficiency of the method, but in general for
an adequate finite element mesh the increase of the detection time is not so
high. The influence of the maximal detection distance on detection time will
be discussed later. The possibility of performing an automatic choice of the

MDD is of a big practical importance.
In the case of linearly elastic material and frictionless contact, the geometry
can change significantly during one time step. So the analysis of the

*Here the dist(r,, r ].) denotes Euclidean metric in the global reference frame dist(r;, g].) =lr,-r jl.
"Here and further for the sake of simplicity and clarity, almost all figures represent two
dimensional cases but can be easily extended to three dimensions.
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A slave nodes e master nodes

master surface @ detection zone

Figure 3.2: Maximal detection distance dmax for closest node base detection
strategies: on the left, not correct; on the right, correct choice.

discretization can only provide a lower bound for dmax and that is why its value
should be augmented manually or automatically according to the deformation
and/or displacement rate, for example in the following way

i=Ny, j=Ni-1,k=Ni, . . N,
dmax = Max{  max ¥ — rl; 2max|Ar| ¢, (3.3)
i=1, j=1,k=j+1 = =1

where N, is a total number of slave and master nodes and Ar; is the
displacement of the i-th node. The factor 2 takes care of possible opposite
translations of master and slave nodes. In case of remeshing or sufficiently large
deformations of the master, the detection parameter dpax should be recomputed
at each remeshing or at each N-th time step.

To accelerate the procedure before carrying out any detection, the spatial
area where contact can take place during the following time step can be limited.
It has to contain as few master and slave nodes as possible but obviously it has
to include all the nodes potentially coming in contact during the next step. If
needed this area has to be frequently updated. We propose to confine this area
by a parallelepiped bounding box defined in the global reference frame.

The determination of the bounding box differs for known a priori and
unknown master-slave discretizations. In case of unknown master-slave, the
bounding box should include all possible contacting surfaces. But frequently
the discretization is known a priori even if contact occurs within one body (self-
contact). In this case the construction of an optimal bounding box allows to
exclude from consideration some nodes which cannot come in contact during
the next time step (Fig. 3.3) and consequently it results in an acceleration of the
detection procedure. It is worth mentioning that the most general case, where
any slave node can potentially come in contact with any master segment during
the loading is considered in the discussion. Often, this is not the case and for
each slave node the set of possible master segments is limited and partly
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predefined. But to take this limitation into account, the detection technique
should be tuned for each particular case, which is impractical.

1
rm

: extended bounding | [extended bounding detection

i boxofslave box of master bounding box

- \ C
\ 4 .slave'zv/ vz maste?\'

Figure 3.3: Determination of the bounding box for the contact detection
procedure in case of a known master-slave discretization.

First of all the dimensions of master and slave surfaces are estimated. It is
proposed to construct two independent bounding boxes Bs : {r!, 2} and B, :
{rl ,#2} containing all slave and master nodes respectively, where r! and r* are
the vectors in the global reference frame of two opposite corners determining
the bounding boxes. Note that each bounding box confining master and slave
nodes includes also a node free margin zone, the size of which is the maximal
detection distance at each side:

1.1 Ny 2. 2 Np

r Ty = r]lgllp{g{x,ylz}'Zi}—dmaxg{x/y,z}, o Ty = I{L%X{E{x,y,z}'fi}+dma><€{x,y,z}'

(3.4)
where Nj is a number and r; is a vector of nodes to be included in the
bounding box and ¢, , ., are unit vectors in the global reference frame. The
margin of +dmayx is introduced to avoid any loss of possible contact elements.
Some improvements can be introduced in order to reduce the time needed
for the construction of the bounding box. The user can precise that one or
several contact surfaces are rigid and do not move, then permanent bounding
boxes can be assigned to these surfaces and there is no need to update them.
Another possible feature is the prediction by the user that the deformation and
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3.2 All-to-all detection

displacement of a contact surface is connected to the displacement of certain
nodes. It allows to avoid the verification of all nodes in (3.4). Since the nodal
coordinates are stored in memory in the global reference frame, it is much
faster to work directly with these coordinates, so no rotation to the bounding
boxes must be applied. The resulting bounding box B : {r!,r?} is taken as
the intersection of the master and slave bounding boxes B = B™ (| B°. The
practice shows that a further contraction of the bounding box does not reduce
significantly the detection time. The construction of the bounding box and the
verification of the presence of nodes and segments inside the bounding box
requires about 2(N; + N;,;) operations.

3.2.2 Detection phase

In order to accelerate the detection procedure, one can detect first for each slave
node the closest master node (if there are master nodes closer than MDD). It is
then enough to find the projection of the slave node on the master segments
having this master node as a vertex. The case when only one projection is found
is trivial. It remains to create the corresponding contact element spanned on
the slave node and the master surface possessing this projection. If several
projections are found, the closest one is retained to create a contact element.
The case when no projection is found has to be considered in details. There are
two possibilities:

1. the slave node is situated in a “blind spot” of the discretized master
surface;

2. the slave node does not come in contact but just passes by close to an
edge of the master surface.

Let us remind the reader some facts from the previous chapter. Since the
finite element method requires only continuity of the discretization (TC € CO)

the contacting surface may be not smooth (FC ¢ Cl). Each master segment
has its “normal projection” zone (Fig. 3.4), each point in this zone has at least
one normal projection onto the master surface. But often in the junction zone
of the master segments (at common edges and nodes) the intersections of the
“normal projection” zones do not fill the surrounding space entirely. Some gaps
are left, in form of prisms and pyramids in 3D or of sectors in 2D. This problem
exists not only for linear but for any order master elements. As it has been
discussed in the previous chapter, the rigorous definition of the closest point
does not possess such a problem: if there is no normal projection on the master
segments, the closest point is situated on the edges or on the closest master
nodes or it does not exist. However, if one confines to “normal projection”
as usual for the NTS discretization, it is necessary to find the closest master
segment to establish the contact element. For the sake of generality we will
consider the case when only normal projection on master segments is checked,
which naturally yields to blind spots.

Three types of blind spots can be distinguished: internal, external or blind
spot due to boundary conditions (see Fig. 3.4). If a slave node in a blind spot
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Figure 3.4: Examples of blind spots: external, internal and due to the symmetry
boundary conditions.

is overlooked, different consequences depending on the type of blind spot are
possible.

e External blind spot. Slave nodes situated in this kind of spot are not
detected before they penetrate under the master surface. After such a
penetration, it can be detected during the next time step and brought
back onto the surface, but the solution has been already slightly changed.
In certain cases especially in force driven problems such a penetration
can lead to a failure of the solution algorithm.

e Internal blind spot. Contact is predicted correctly, but if a slave node
penetrates just a little under the master surface and appears in its internal
blind spot, this node will be lost for the contact detection at least during
the next time step. Such little penetrations take place if the penalty
method for contact resolution is used or just due to the limited precision
of the iterative solution.

¢ Blind spot due to boundary conditions. This type of blind spot is situated
at the boundary and can be either internal or external. It appears due
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3.2 All-to-all detection

to the presence of symmetric or periodic boundary conditions on the
master surface, for example the basic Hertz contact problem with an
axisymmetric 2D finite element mesh.

In explicit formulation the internal blind spots are the most dangerous, for
implicit — external blind spots.
There are different possibilities to avoid the loss of contact in blind spots:

e Artificial smoothing of master surface for large sliding contact problems
[Pietrzak 99], [Wriggers 01], [Krstulovi¢-Opara 02] etc. There are no more
gaps in “projection” zones except gaps due to symmetry, i.e. there are
almost no more blind spots and the problem of passing by nodes does not
exist. However, most of these methods have some inherent drawbacks,
e.g. the deformation obtained close to the edge of the active contact zone
may be erroneous.

e Master segments can be extended in all directions to cover gaps in the
normal projection zone.

e A “proximal volume” can be constructed by an extrusion of the master
surface in the normal direction and in the opposite one which fills both
projection zones and blind spots. If a slave node is situated in this volume
then it is considered as node in contact and the master surface is further
detected. “Passing by” nodes can be easily detected as they donot appear
in the “proximal volume”.

The first group of methods in general is too “expensive” if one uses them only
for the detection purpose. The methods are not applicable for arbitrary meshes.
The second group is good and reliable for linear elements. The third method
is also quite time consuming.

We use here a rather rough but quite simple and robust treatment of blind
spots. If a detected slave node has no projection and is not a passing by
node, then the corresponding contact element is constructed with the closest
(see [Zavarise 09b]) or randomly chosen master surface attached to the closest
master node. For sufficiently small time steps, such an approach is quite
reliable. It remains only to determine if the node is passing by or not. One
possible technique is represented in Figure 3.5.

First of all, in the preliminary phase, the boundary master nodes
surrounding the master contact surface have to be marked. Let us assume
that for one of such marked nodes r, , the closest slave node r, has been found.
If it has no projection onto the master segments attached to the marked master
node, two alternatives are possible: either the slave node is situated in a blind
spot, or it passes by the master surface. To choose between these two cases, one
has to verify if the slave node is located in one of the blind spots attached to
the master node, or to check if the slave node is in the local “proximal” volume
of the master surface. The second verification seems to be more simple and
natural. Note that such a verification is slightly different for locally convex and
concave master surface boundaries. The convexity can be known as nodes of
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master surface
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master boundary
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Figure 3.5: Detection of passing by nodes. a —master surface and its boundary;
b — zoom on the geometry close to the passing by node; ¢ — convex master
boundary; d — concave master boundary.

each master segment are ordered. The condition of convexity is
(T = Tp) X (0 — 1) - (11, +115) 20, (3.5)

where n; and n, are respectively the average normals to the master segments
possessing the edges {r, ,r, .} and {r, ,r ,}. The criterion of the slave node
being in the proximal volume is then

If this condition is fulfilled, the slave node is taken into account and the contact
element is established with the closest master segment. For the concave surface
AND in Eq. (3.5) should be replaced by OR.

As one can see, considering only normal projections on master segments
results in difficulties in detection of slave nodes in blind spots and in case of
passing by nodes. However, these difficulties are small compared to the main
drawback of the contact detection based on the closest node, such a detection is
not robust and may fail for nonregular meshes (see Fig. 3.6 and Remark 3.1). So
we propose not to start the detection procedure from searching for the closest
master node for each slave. According to the rigorous definition, the closest
point can be either on the master segments or master edges or master nodes, so
for the purpose of robustness it is recommended to search directly the closest
point, i.e. to check the projection on all master segments, all master edges
except edges surrounding the master contact zone and all master nodes. It
allows to avoid problems associated with blind spots and passing by nodes. It
increases significantly the robustness of the detection as well.
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Figure 3.6: Examples of failure of the contact detection algorithm based on the
closest node: a — flat triangular mesh of master surface; b — colors correspond
to the proximity zones of the master nodes; ¢,d — if a slave node is situated in a
red region, it has its projection on the master segment which is not attached to
its closest master node; e — on this particular mesh configuration, the fraction
of “bad” zones is over 15%.

@ Remark 3.1 on the contact detection based on the closest node.
The detection based on the closest node takes place in two stages:

1. for each slave node, the closest master node is determined;

2. if the master node is close enough, then one supposes that the “normal projection”
of the slave node onto the master surface is located on one of the master segments
that have the master node as one of their vertices; the projection point is then
calculated.
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As mentioned in [Benson 90], the fundamental assumption of such an algorithm (the
normal projection of the slave node is situated on master segments adjacent to the
closest master node) is not always correct. The slave node can penetrate a master
segment which is not attached to its closest master node. To demonstrate it the authors
give an example of highly distorted quadrilateral surface mesh. However, to keep the
detection algorithm fast, they accept the risk. There are several arguments in defense
of their choice: they are very experienced users, they used reqular quadrilateral mesh
and a two pass™ penalty method. These facts reduce the risk almost to zero.

However, for the general case and one pass resolution algorithms, the situation is more
dramatic and the risk to overlook penetrations is high, especially for the triangular
surface mesh of the master. Even a flat and quite reqular surface mesh consisting
of triangles may have many zones where slave nodes can penetrate under master
segments which are not attached to the closest master nodes (see the figures below and
Fig. 3.6). For non-flat meshes, the risk to miss or to create incorrect contact element
is significantly higher. That is why we recommend to avoid contact detection methods
based on the closest master node.

closest master
segment

e .
Fig. 3D examples of failure of a detection algorithm based on the closest node search:
a flat distorted quadrilateral and triangular master meshes, triangle denotes a slave
node for which closest master point is not situated on the master segments having the

. closest master node as its vertex.
D D

A

P'é S C

. N A

P e

p o
C
A

2D 3D

Fig. 2D case: the slave node S has its closest point on the master segment CD not
attached to the closest node B; 3D case: the closest point to the slave node S is situated
on the segment ACD not attached to the closest node B.

* one node can be both master and slave during one increment.
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3.3 Bucket sort detection

3.3 Bucketsortdetection based on the rigorous definition
of the closest point

Bucket sort based on the closest node has been proposed by Benson and
Hallquist [Benson 90] for DYNA3D ([Benson 07]). It has been slightly
improved in [Fujun 00] and recently revisited with some improvements and
several comments concerning parallelization in [ Yastrebov 11a]. Here we adapt
the bucket approach to account for the rigorous definition of the closest point
from the previous section. Many details of the algorithm based on the closest
node [Yastrebov 11a] remain unchanged. Nevertheless, the detection of the
closest point requires now about 2-3 times more verifications and several times
more floating point operations: the slave pointis checked against master nodes,
edges and elements. On the other hand it, is not necessary to check for passing
by nodes and blind spots.

Before discussing particular details, let us derive a short description of the
bucket sort detection method. As previously, two phases can be distinguished.
In the preliminary phase, the optimal size of the bucket is evaluated, then
a potential contact area is determined and split in buckets (cells) by an
enumerated regular grid. That allows to reduce locally the area of the closest
pointsearch. Finally all slave and master components (nodes, edges, segments)
situated in the detection area are distributed in the cells of the grid. In the
detection phase, for each slave node, we check for the closest master component
in the current cell. If needed, we check one or several neighboring cells for
possible proximal master components. Contact element is finally created in a
special manner.

3.3.1 Preliminary phase

First of all the maximal detection distance dmax is chosen equal to the maximal
size of the biggest segment of the master surface (N, operations). The
spatial bounding box is then determined as the intersection of the master
and slave bounding boxes exactly as described in the previous section (N;; + N;
operations). An internal grid should be constructed in a proper way: it should
be regular and the cell size w should be optimum, that is not too large in
order to keep the number of slave and master nodes in the cell as small as
possible. On the other hand, if one limits the operations to checking only one
neighboring layer of cells (9 cells in 2D and 27 in 3D), it can be shown that the
cell side must be greater than w > V2d,ax for linear elements in order not to
overlook segments like AB for slave node S in Fig. 3.7. For quadratic elements
the limitation depends on the maximal curvature of the master segments, but
the rough estimation w > V2d,..x seems to be reliable. If the size of the cell
is smaller, more than one layer of neighboring cells has to be checked. It
complicates significantly the coding of the algorithm and moreover the growth
rate of the maximal number of cells to be checked N, is cubical

dmx
if w= na ,n>1= N, =3+ 2n)° (3.7)
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Figure 3.7: Example of 9 buckets (cells) and master-slave solids, triangles -
slave nodes, circles - master nodes. Distance between slave node S and master
segment AB (which is not included in the right bottom bucket) is higher than
MDD if cell side w > V2dmax: there is no risk to overlook possible contact.

The smaller the cell size, the higher the total number of cells and
consequently the smaller the number of contact nodes per cell. On the
other hand, the small cell size increases the need to carry out the detection
in neighboring cells. It can be shown analytically by means of probability
methods that for even distribution of master and slave elements both in 2D
and 3D cases the minimal detection time is unique and corresponds to the
minimal possible cell size. Such a simple analysis predicts a quadratic growth
of the detection time in 2D case and cubic in 3D. However, in real simulations,
the distribution of the contact elements is not even and so some numerical tests
have been performed in order to investigate the dependence of the detection
CPU time t on the cell size w.

3.3.2 Numerical tests

For the purpose of the optimal cell size definition, several artificial finite
element meshes have been considered. Slave and master surfaces consist of
about 10200 nodes each. Three sets have been considered: proximal meshes
with homogeneous (Fig. 3.8, left top) and heterogeneous (Fig. 3.8, left bottom)
node distributions and a convex mesh with a heterogeneous node distribution
(Fig. 3.8, right). Each set is represented by five different realizations of curved
surfaces. By homogeneous node distribution, we mean that the maximal
segment dimension does not exceed 200% of the minimal one. In heterogeneous
case, this difference reaches 700%.

In Figure 3.9, the dependence of the average detection CPU time and the
average number of investigated neighboring cells on the normalized cell size
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b. c.

Figure 3.8: Example of finite element meshes used to determine the optimal cell
size: proximal meshes with homogeneous (a) and heterogeneous (b) spatial
node distribution and convex meshes (c).

w/dmax is represented for different sets. As expected, the detection time for
convex meshes is smaller because of the smaller associated bounding boxes.
Different discretizations (256x256, 512x512) have been tested. In all the cases,
the same dependence takes place. According to the analytical estimation and
to the test results, the optimal grid size is the minimal one and equal to the
maximal detection distance amplified by V2

W= V2 (3.8)

For such a choice, each grid cell contains the minimal number of elements,
but on the other hand it is necessary to carry out the detection procedure in
many neighboring cells: in average 12-16 cells from 26 surrounding cells in 3D
(Fig. 3.9).

This investigation allows to determine automatically the optimal maximal
detection distance and the size of the detection cell depending on the
discretization of the master surface. It makes the algorithm user friendly and
in most cases accelerates the computation. However, sometimes it is necessary
to keep the maximal detection distance significantly smaller than the biggest
master element. Such a situation arises in complex self-contact problems with
unknown a priori master-slave discretization. In this case, the detection cell
size is kept equal to the dimension of the largest master element d multiplied
by V2 and the MDD is set smaller than d.

When the maximal detection distance is determined and the bounding box
is constructed, the internal grid has to be established in the bounding box
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Figure 3.9: The dependence of the detection time and the average number of
neighboring cell investigated during the detection on the normalized cell size.

and further all slave nodes situated in the bounding box as well as all master
components (nodes, edges and segments) have to be distributed in the cells of
the grid. Since the optimal cell size wmin = V2d,1ax, the number of cells in each
dimension of the grid is defined as

N lryzc,y,z - r;,y,zl ( )
xyz = maxy|—————|; 1;, 3.9
\/Edmax

where [x] stands for the integer part of x. Such a choice of cell numbers provides
the size of the cell Ax, Ay and Az not smaller than wmi, at least in case of N > 1
7925 vz ralc Y,z
Alx,y,z} = —2—"" > V2dpay. (3.10)
NX,y,Z

Each cell of the grid has to be enumerated, the unique integer number N €
[0; Nx X N, X N; — 1] is given to each cell with spatial “coordinates” iy, i, and
i, where iy, € [0; Ny, — 1]

N = iy + iyNy + -NxN. (3.11)

Now the growth rate of the method can be estimated roughly as O ( Nljf\,]\y]}"\lz)

If the average number of master and slave nodes per cell is supposed to be
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constant® 0= Nﬁc, where N. = N;NyN; and N is an average number of master

and slave nodes, then the growth rate of the method can be rewritten as O(N).
However, in practice the distribution of nodes is not even and the growth rate
is higher. Consequently the clustering of nodes and the nonregularity of the
mesh influences significantly the performance of the method.

Slave nodes and master components situated in the bounding box have to
be distributed in the cells. For this purpose several arrays A° and A}, A}', Al
are created corresponding to slave nodes, master nodes, edges and segments
respectively. These arrays contain identification numbers (IDs) of components
which are contained in each cell: IDs of slave and master nodes, and edge
segments. Another possibility is to construct only one array for master
components which will include only master nodes, since edges and segments
can be derived from this information; but in this case it is necessary to avoid
identical verifications. For example, element A°[, j] keeps the ID of the j-th
slave node in the i-th cell of the grid, i € [0; N,NyN, — 1], j € [0; Nf], Nf being
the number of slave nodes in the i-th cell. In average, the number of integer
(32 bits) elements in an array does not exceed the number of contact nodes
and so even for extremely large problems it makes just a minor contribution
in memory requirement. However, the arrays can be replaced by linked-list
storages as in [Fujun 00].

For each node with coordinates r : {ry, 1, 7.} inside the bounding box, the
corresponding cell number is easily determined as

VX_T}C

1
Neell = [ Ax

1
ry—ry rz_rz
N ——= | NN, 3.12
Ay l x+| Az ] xNy ( )

+

master segments and edges are supposed to be in the cell if at least one of their
nodes is in the cell. So contrary to nodes, master segments and edges can be
associated with several different cells.

3.3.3 Detection phase

All steps described previously represent the preliminary part of the detection
algorithm which demands in general 7 to 10 percent of the total detection
time. The next steps of the algorithm correspond to the detection of the closest
point and the construction of contact elements. For each grid cell ¢; and for
each slave node gf.j in this cell, i.e. for each node with ID A®[i, j] we look for
the closest point on the master components associated with the current cell,
i.e. the closest component among Aj/[i], A)'[i], A'[i] if they are not empty. Let
us suppose that among all master components in the cell the distance to the
closest point is d?]' < dmax- It is obvious that the master components situated
in neighboring cells (maximum 8 cells in 2D, 26 in 3D) have to be checked
as well. Not all the cells are considered, but only those which boundaries
are sufficiently close to the slave node. The criterion of the proximity is the
following: if any boundary of the current cell (face, edge or vertex) is closer

the number of master nodes per cell can be considered constant as cell size is proportional
to the maximal distance between master nodes.
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than the closest master node found previously, i.e. closer than d?, then the

detection procedure has to be carried out in all neighboring cells attached to
the boundary one by one (Fig. 3.10).
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Figure 3.10: Detection of the closest master point: a — two meshes of slave and
master solids; corresponding bounding boxes, their intersection and detection
grid; the slave node (triangle) in the current cell is checked for proximity against
all master components in the current and neighboring cells (in dark gray); b —
zoom on the local detection region.

For example, let us consider a vertex of the i-th cell gf. For instance, after
checking all master components in the current cell, we find that the closest
component is remote at df]. from the slave. Then if the considered slave node is
closer to the vertex than this distance, i.e. re: |gf]. -1l < dfj, then all the master
components in one of the neighboring cells attached to the vertex r{ have to
be considered and consequently dfj has to be decreased or left unchanged if
no closer master components is found in these cells. And so on for other cells
attached to this corner. In general the same procedure has to be performed
for all 8 vertices, 12 edges and 6 faces of the i-th cell. To get a more optimal
algorithm, itis better if such an investigation of neighboring cells starts from the
closest faces, further edges and finish the verification with vertices if needed.
Note that each verified cell may decrease the d;; and consequently can decrease
the number of cells to be checked. In such a manner all possibly proximal
slave and master nodes are detected cell by cell. The average number of
verified neighboring cells for different meshes is represented in Figure 3.9.
This number decreases with increasing normalized grid size 1/ V2w /dmax but
as the optimal ratio w/dmax = V2 the average number of verified neighboring
cells remains quite high, typically 12-16 cells.

3.3.4 Multi-face contact elements

In this manner each slave node in the bounding box is checked and for some
of them the closest master component has been found. Now let us discuss
how to create NTS contact elements. Barboteu and Alart in [Barboteu 02]
proposed to use multi-face NTS contact elements. Even earlier, it has been
proposed by Heegaard and Curnier for large-slip contact [Heegaard 93]. This
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idea is particularly interesting for accelerating the overall computation time,
moreover in some cases it renders a more accurate algorithm. It consists in
creating contact elements made of one slave node and several master segments,
in order

e to avoid frequent updating of the contact elements;

e to treat large sliding (over more than one master segment) during one
increment;

e to avoid random choice between two equally close master segments;
e to create a NTS element even when no normal projection has been found.

If the master-slave discretization is not too dense, then NTS contact elements
can contain one slave node and all possible master segments, as done in
[Alart 04]. Consequently, the values in the global stiffness matrix must
be updated, but not its structure, which decreases significantly the total
computational time. However, multi-face contact element should be used
carefully due to the risk of infinite loop, if a slave node finds itself in a concave
region of the master surface.

If a master component has been detected close enough to a given slave
node, several segments attached to this master component are included in the
contact element (see Fig. 3.11). If a slave node has the closest

e point on a master segment: the current master segment and several
neighboring segments are included in contact element;

e point on a master edge: the master segments adjacent to this edge are
included in contact;

e master node: the master segments having this node as one of their vertex
are included in contact.

Figure 3.11: Examples of multi-face contact elements in 2D and 3D, dashed
lines connect nodes of multi-face contact elements: triangles - slave nodes;
circles - master nodes.

Master segments, nodes and edges in such an element can be either active
(slave node passes over segment, edge or node) or passive. Only active
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components introduce nonzero values to the residual vector and stiffness
matrix.

3.3.5 Improvements

As proposed in [Benson 90], then used in [Pietrzak 97] and many others, in
case of a known master-slave discretization, all slave and master components
should be included in the detection procedure only once. Further contact
elements which have been already created can be updated in a more efficient
manner. If the slave node still has a projection on a master component included
in its contact element, this element will not be removed. If not, the detection
is performed only in a close vicinity of the former contact element and a new
element is created. By close vicinity we mean master components neighboring
to the former contact element. Normally it can be rather easily found as the
mesh topology is known. If a slave node has no associated contact element
on the previous time step, it should be included in the detection procedure.
Obviously, the slave bounding box is computed only for such inactive slave
nodes, and the master bounding box is still based on all master components.
This technique appears to be quite efficient and accelerates significantly the
detection phase and the matrix reconstruction.

Another technique consists in increasing the number of buckets, but since
this number is connected to the discretization of the master surface, the minimal
dimension of buckets is strictly limited. However, there is a way to solve this
issue: several artificial nodes can be set on each master segment, which results
in an automatic decrease of the limit on the MDD and consequently the number
of buckets increases. Two examples are given in Figure 3.12.

a. m . /\ Je .
Figure 3.12: Examples of artificial nodes on the master surface: a — original

master mesh, b — one supplementary node per segment; c — 9 supplementary
nodes per segment.

3.4 Validation and performance
The preliminary validation of the proposed detection method based on the
bucket sort is easy to carry out on simple meshes. Normally a visual analysis

of the constructed contact elements is sufficient. A more secure validation
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consists in comparing with the rigorous all-to-all detection which is trivial to
implement.

To demonstrate the performance of the implemented detection, we consider
a tire-road contact problem. Its simulation can be helpful for example for
the improvement of tread patterns (stick increase and noise reduction). We
are particularly interested in this problem because contact elements change
intensively at each time step and consequently a fast detection procedure
is highly desirable, moreover many problems in tire-road contact require
transient analysis, i.e. a very large number of computational time steps.

A finely and regularly meshed tire wheel is translated over an artificially
rough road surface’ and its FE mesh is deformed manually accordingly to
the road roughness, then the contact detection procedure is used. The finite
element mesh of the tire (Fig. 3.13) consists of about 550000 nodes with a
contact zone of about 105000 nodes. The finite element mesh approximating
the road roughness (Fig. 3.14) consists of about 400 000 nodes, the half of them
being included in the master contact zone. Established contact elements are
shown in Figure 3.14 for different tire-road dispositions and imprint deep. It
can be noted that the choice of the bounding box as an intersection of master
and slave bounding boxes reduces significantly the number of contact nodes
to be considered. The bounding box of the road is kept constant, whereas the
bounding box of the tire is updated at each step. The contact detection time
at each time step in average is just 1.5-2 seconds on a laptop, i.e. the contact
detection time can be neglected in comparison to the system resolution time.
The analysis of the detection time shows that the estimation of the maximal
detection distance takes about 30% of the time, preliminary stage takes about
20% and the detection procedure requires just 50% of the time.

Another example is an artificial contact between two rough surfaces, each
consisting of 2% contact nodes. Rendered surfaces corresponding to the meshes
are represented in Figure 3.15. Such a kind of problems requires a longer
time for contact detection since the bounding box includes all or almost all
contact nodes and there are as many slave nodes as master ones. If one uses
the all-to-all method based on the closest node, the reliable estimation of the
reference detection time T ¢ exceeds 180 hours (almost 8 days) and 240 distance
verifications are needed. The proposed grid detection method requires much
less time than the all-to-all method. The time strongly depends on the geometry
and discretization, consequently on the constructed bounding box and the
number of contact components located in it, for example, for close enough
rough surfaces (Fig. 3.15) the detection time is much higher than for convex
surfaces and it is almost negligible if both surfaces are not far from each other
but not close enough to come in contact. The results are summarized in Table
3.3. Let us note that in both presented computations the quadrilateral master
segments are supposed to remain flat for the considered methods.

"The finite element mesh of the road has been generated by a composition of trigonometrical
functions.
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Figure 3.13: A part of the tire finite element mesh (full mesh contains 550 000
nodes, 105000 slave nodes).

Figure 3.14: Tire-road contact problem: general view, three tire-road
dispositions and corresponding contact elements on the bottom of the tire
for different imprint configurations.

3.5 Case of unknown master-slave discretizations

There are mechanical problems for which the determination of master and slave
surfaces presents a big challenge or may be impossible. Among such problems
there are multi body systems, problems with complicated geometries (for
example highly porous media like metal foams), large deformation problems
with non regular discretization and self-contact problems.

This class of contact problems needs a particular contact detection
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3.5 Case of unknown master-slave discretizations

Table 3.3: Detection of contact between rough surfaces (> 2 millions of master
and slave nodes)

Geometry Nodes in Contact Detection Gain,
bounding elements time, s Tref /CPU
box time

Two close surfaces 2100000 75300 2280 >300

Two convex sur- 340000 15800 72 >10500

faces

Two close but not 50000 0 4 >160000

contacting surfaces

* Tref = 180 hours

220

Figure 3.15: Rendered surfaces of two finite element meshes (each contains
contact nodes).

procedure. In the past the bucket sort has been successfully applied
to contact detection and it is widely known as single surface contact
algorithm [Benson 90]. Here a more accurate adaptation of the previously
derived formulation for problem with unknown a priori master-slave
discretization is proposed. A particular attention is paid to self-contact
problems. Some examples will be given in Chapter 6. Such an adaptation
demands considerable modifications in all stages of the grid detection
procedure. The growth rate of the method is the same as for the case of
known a priori master-slave discretization. The method is straightforward
and adapted for NTS discretization. In case of a mortar-based formulation, the
reader is referred to the recently developed technique proposed in [Yang 08a].

A self-contact is more probable for thin or oblong solids, for which one
or two dimensions are much smaller than others, so often shell elements are
used to simulate self-contact. But there is a challenge which is illustrated
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Chapter 3. Contact detection

in Figure 3.16. For a thin solid with one or two sided contact zones, it is
complicated to detect the contact with the reverse side (circles in Fig. 3.16)
even if in addition to node positions their normal vectors and corresponding
surfaces are taken into account. Precisely, an ordinary detection algorithm
would suppose that the circles are penetrating under the surface marked with
another circle of the same color, consequently associated contact components
have to be included in contact. A possible solution is to determine a maximal
detection distance smaller than the double minimal thickness of the contacting
structure, however very small time steps have to be made. A better solution
has been proposed in [Benson 90], where the authors introduce an additional
history variable to keep track of the side from which the contact surface has
been penetrated. This approach allows the MDD to overpass the thickness of
the structure. Remark that this problem is more severe if both surfaces can
contact each other.

AN

A
A
.'.
by
e A
[ ]

Y
\J

v
A

Figure 3.16: Usual case of self-contact in a thin-walled structure: example
demonstrates the inherent problem of self-contact detection: triangles mark
correctly detected contact; circles mark zones that can be recognized as active
contact zones.

Let us enumerate the features of the implementation of the detection
method in case of unknown a priori master-slave discretization. The main
modification is that not only nodes, edges and segments have to be considered
but also associated normals to determine potentially contacting elements.

1. The bounding box has to include all contact components; it can be chosen
constant, if we know a priori a sufficiently small area, from where the
contact nodes do not escape.

2. Normals have to be assigned to each contact node and contact edge at
the beginning of each time step.
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3.5 Case of unknown master-slave discretizations

3. Only one array A° is created and filled with contact components. The
process is the same as in case of simple contact.

4. Since we cannot distinguish master and slave, the detection of the closest
point has to be carried out for each contact node — future slave node
against all contact components in the cell. To be sure that contact
components can contact and are not attached to a common element, the
normals associated with the slave node and the closest master component
should point towards each other n; - n ;<0 Obviously some neighboring

cells have to be verified as in case of simple contact.

5. Nodes for which a close enough contact component has been determined
should be marked as slaves and should not be included as slave node for
another contact element.

Details for self-contact detection based on the closest node are quite similar
and are discussed in [Benson 90] and [Yastrebov 11a]. Being adapted for
the case of an unknown master-surface, the detection procedure has been
verified on the challenging artificial problem of the self-contact within a
snail operculum structure containing over 130000 nodes on the surface, all
nodes with attached segments are included in contact (see Fig. 3.17). The
detection time is higher than for the contact of the same order with an known
a priori master-slave discretization, because the preliminary stage requires
the assignation of normals to every node and edge. Moreover, as the main
detection stage requires significantly more verifications of distance and normal
than in master-slave conception. In practice the difference in detection time
between known a priori and unknown master-slave depends significantly on
the geometry and its evolution. For example, for the snail operculum problem
for the known master-slave the detection time (= 11 sec) is only 4 times faster
than for unknown a priori master-slave (x 45 seconds).
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Figure 3.17: Finite element mesh used to test the detection procedure for self-

contact problems.

@ Remark 3.2 on the definition of the normal vector for contact nodes.

Normal at node n can be defined in different ways:

e qveraged vector of the averaged normals of the adjacent segments

n= n;,

1
o i=1,N

where N is the number of adjacent segments and n; is the associated average
normal of segment i, normals in the middle of segments or normals in the point

where the needed node is situated (Fig.a).
e quverage between weighted average normals of adjacent segments (Fig.b)

= % Z ﬂiAi/

i=1,N

IR

where A; is area (length) of the i-th adjacent segment, and A is the total area

(length) of segments A = Y, A;, and n; is the average normal of the i-th
i=1,N

segment.

o If the surface is smooth, then the associated normal is unique (Fig.c).
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n,
n,

a. c.
Fig. Different possibilities to define the normal at nodefedge: a — average between
normals of adjacent segments in the node; b — average weighted normal; for smoothed

surfaces (e.g. with Bézier curve, c) the definition of normal is explicit and unique

In conclusion we confirm that the bucket sort method based on a rigorous
definition of the closest point can be extended to the case of unknown a
priori master-slave discretizations. The required detection time is significantly
higher but of the same order of magnitude as the time needed for simple
contact detection for the same problem. The availability of such a powerful
method for self-contact detection extends significantly the capacities of the
finite element analysis of contact problems. Some numerical examples will be
given in Chapter 6.

3.6 Parallel contact detection

3.6.1 General presentation

The sequential treatment of the problems presented above (tire-road, curved
contact surfaces, operculum structure) requires either too long computational
time or may be just impossible due to the large amount of memory needed.
The use of the parallelization paradigm is then a good way out. Many
parallelization techniques are available nowadays, the class of non-overlapping
domain decomposition or also called iterative substructuring method, is
successfully and widely used in computational mechanics ([Farhat 94],
[Toselli 05], [Gosselet 06]). It implies a splitting of an entire finite element mesh
into subdomains which intersect only at their interfaces. Each subdomain is
treated by one or several associated processors, and the global solution is
obtained by enforcing displacement continuity and the balance of reactions
across subdomains. The use of these techniques with affordable and powerful
parallel computers allows to solve very large mechanical problems in a
reasonable time. In general the resolution step cannot start before the detection
procedure has been finished, so the last one is very important for the efficiency
of the parallel computations [Brown 00]. It should not present a bottleneck in
the whole process and, if possible, it has to use all the available capacities of
parallel computers.

The key point for the contact detection procedure in parallel treatment
is the fact that the finite element mesh and possibly the contact surface are
divided into some parts associated with different processors and that, in
the case of distributed memory, it is not entirely available on a particular
processor. Since in principle we need the entire contact surface(s) to perform
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Chapter 3. Contact detection

the detection procedure, this repartition implies data exchanges between
subdomains containing different parts of this surface(s). The amount of data
transfer should be kept minimal. This will be our goal in the framework of the
contact detection based on the bounding box conception and the bucket sort.

Two strategies for the parallel treatment of contact problems are proposed
and analyzed : Single processor Detection, Multiple processor Resolution
(SDMR) and Multiple Detection, Multiple Resolution (MDMR). As it is
straightforward from the notations, SDMR carries out the contact detection
on a single processor whereas MDMR uses all the available resources for
the detection procedure. The last implies a parallelization of the detection
procedure which will be discussed in details and tested.

3.6.2 Single Detection, Multiple Resolution approach

Let us consider the SDMR approach. The main idea is that all necessary
information is collected by one processor which carries out the contact detection
in the way explained above and distributes consequently the created contact
elements among all concerned subdomains. This method can be efficiently
applied to any contact problem and is relatively easy to implement. On the
other hand, this method does not use efficiently all available resources, i.e.,
except one, all the processors are idle and inactive during the main detection
phase; however all the processors possessing a contact surface are active during
the preliminary stage.

At first, the bounding box for the contact detection has to be defined. This
task is easily performed in parallel. Each subdomain i € [1; N°] possessing a
part of contacting surfaces examines it and derives the corresponding bounding
1 mu2 s,2 i

boxes ’”1_’11, °r;, "r7, °r: and the maximal dimension of the master segment dy,,,.
After data transfer, the global maximal detection distance dmax = max{dimx}
i=1,N¢

and the master and slave bounding boxes are determined

(o

. N¢
— mll’l{m’sl’l } _ dmaX/ m,s,2 — maX{m’ST’Z-Z{

m,s,1 r
i1 ilx,y,z) {xy,2} i=1

"yl + dmax.  (3.13)

x,y,z}}

Finally the resulting bounding box {r!, 2} is constructed as the intersection of
master and slave bounding boxes, exactly as in the sequential procedure. The
data transfer involves at most 3N operations but the load is not uniformly
distributed between processors, because not all of them contain the contact
surface and, for those containing a contact zone, the size of the surface may be
quite different. Anyway, this operation is quite fast even for huge meshes.
The next step consists in the union of all the necessary parts of the contact
surface in one processor-detector. First, the information about the global
bounding box is distributed among the subdomains possessing the contact
surface, each of them counts the number of master and slave nodes located in
the bounding box, further the subdomain with the maximal number of master
and slave nodes is chosen as detector. Another possibility would be that this
choice is made in agreement with the processor network topology, to accelerate
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3.6 Parallel contact detection

the data transfer on the next detection step. At this stage, the data exchange
between subdomains remains negligible.

It remains to transfer all master components and slave nodes from the
bounding box (global IDs, hosting subdomain ID, coordinates, etc) to the
subdomain-detector, to carry out the detection as described in Section 3.3 and
to attribute the constructed contact elements to the relevant subdomains. If
a contact element is made of a slave node and master nodes from different
subdomains, the interface between them has to be created or updated.
Duplicated slave nodes have to be formed as well. This step is the most
expensive in the terms of data exchange. The technical part of this operation is
also quite complicated, because in general it is not possible to exchange directly
mesh quantities: nodes, segments, edges. So, the developer has to design an
appropriate class structure for geometrical objects, which does not contain any
global pointers on the finite element mesh, elements, etc.

3.6.3 Multiple Detection, Multiple Resolution approach

Proc I Proc II Proc 11
] | i % .
i A ¥
3 4 al A A Al X i I W o el
T <:| b2 I |:> S h
4 A I
w
Proc1

Figure 3.18: Example of cells partition between two processors: each processor
gets one half of the total number of cells (with slave nodes and master
components — represented by triangles and connected circles respectively)
as well as one boundary layer from another half which contain only master
segments.

In MDMR the preliminary part of a bounding box construction is exactly
the same as in SDMR approach. The key difference between MDMR and SDMR
appears in the next step. Instead of transferring all necessary information to
the detector, the information is distributed between all subdomains in a special
way. As shown above, the grid is constructed in such a way that, for each slave
node, only one surrounding layer of neighboring cells has to be checked to
find the closest point on the master surface. If self-contact is excluded, we do
not care about slave nodes in neighboring cells. That is why the bounding box
with associated buckets can be divided into N non-overlapping parts, each of
them consisting of an integer number of buckets. Each part is then extended
in all directions (not exceeding the bounding box) by one cell overlapping
layer; the extended part is filled only with master components. An example
involving two subdomains is presented in Fig. 3.18. It shows the internal cells
(non-overlapping with other parts, light yellow color) including both master
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Table 3.5: Split of detection buckets for parallel detection (MDMR)

Number of

subdomains split in 2D split in 3D

16

WWWW

components and slave nodes and external cells (shared with neighboring parts,
light blue color) including only master segments. Each part is associated with
a processor. The nodes and surfaces located in the part (global IDs, hosting
subdomain ID, coordinates, etc.) are collected from different subdomains
and transferred to the relevant one. The detection can then be carried out
independently, i.e. in parallel for each part. No more data exchange is
needed, so that the performance and scalability of the MDMR approach are
significantly improved. The advantage of the method is that the total number of
operations per processor during the main phase of detection does not increase
for a given fraction of contacting nodes per number of processors. It is worth
mentioning, that during the main detection phase, the number of operations is
not homogeneously distributed between processors: there is still a need for a
special algorithm to perform a smart split of the detection buckets which would
take into account the distribution of contact elements into buckets. Actually
we use a simple split taking into account that the number of subdomains is
even and that the number of buckets is much smaller than the number of
subdomains (see Table 3.5). Since in many applications the contact interface
is concentrated in a thin flat zone, the 3D bounding box is not split along its
smallest side.

The same parallel procedure can be used for self-contact problems. The
tirst difference is that master and slave nodes are not distinguished and hence
all contact components have to be included in the overlapping cells. The
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second difference in treating contact components in internal and external
(overlapping) cells is that nodes from the latter cannot be assigned as slave
nodes. The described method is very similar to the parallelization of the
Linked Cell Method widely used in molecular dynamic simulations for short-
range interactions [Griebel 07].

Figure 3.19: Example of the finite element mesh split by the METIS
graph partitioning software [Karypis 95],[Karypis 98] into 16 sub-domains for
parallel computations, different colors correspond to different subdomains.
Remark that only 4 of 16 subdomains have components on the contact surface.

3.6.4 Scalability test

In Figure 3.19, the finite element mesh of a rough surface is presented.
Subdomains are highlighted by different colors. The scalability test for
MDMR approach has been performed between two such meshes containing
over 560000 nodes and over 66000 contact nodes each. The results
obtained for slightly different surface roughness is represented in Figure 3.20.
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“Heterogeneous distribution” of active contact zones means that the parts
of bounding box associated with different processors possess a significantly
different number of potential contact elements. In the considered case
some of subdomains may not have contact elements at all. “Homogeneous
distribution” means that this number is similar for different parts (+ ~ 5%).
The gain for a given number of processors is defined as the ratio between
the reference CPU time for a single processor to the CPU time of the slowest
processor. The average gain is calculated as the ratio of the reference CPU time
for a single processor to the average CPU time of all processors. The difference
between linear gain and the average gain highlights the time devoted to data
exchange between subdomains. The pronounced difference between the gain
for heterogeneous and homogeneous active contact zones distributions can be
explained by the following observation. If there is no master component in the
cell of the slave node and in neighboring cells, the time needed to conclude it
is very small. On contrary, if the considered cells are not empty and contain
several master components, it takes a much longer time to carry out the closest
point detection. Even in these conditions the gain is quite high and its rate does
not decrease with increasing number of detecting processors (for a reasonable
ratio of contact nodes to number of processors).

The SDMR and MDMR approaches can be efficiently applied to parallel
contact treatment. The second approach requires a larger amount of
programming but its performance allows to neglect the detection time for
large and extremely large contact problems.

10

— Linear gain
—i— Heterogeneous distribution
g =B Homogeneous distribution

=@- Average gain

CPU time gain

Number of processors

Figure 3.20: Time gain for the parallel contact detection procedure (average
gain depicts the gain averaged by processors” CPU time)..
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3.7 Conclusion

A very fast local detection method has been elaborated on the base of the bucket
method and a rigorous definition of the closest point. Sequential and parallel
implementations of the method have been discussed in details for known a
priori and unknown master-slave discretizations. Many previously proposed
detection techniques starting from the historical article of Benson and Hallquist
[Benson 90] are based on the closest node detection. Here we demonstrate that
such an approach is not robust. However, the bucket technique can be easily
generalized with a rigorous definition of the closest point.

The strong connections between the finite element mesh of the master
surface, the maximal detection distance and the optimal dimension of the
detection cells are established. The analytical estimation and numerous tests
demonstrate that the optimal cell size is equal to the maximal detection distance
multiplied by the square root of 2, and that the maximal detection distance can
be chosen arbitrary. A reasonable choice for the MDD is the dimension of
the biggest master segment if contact geometry changes relatively slowly. A
particular attention has been paid to the bounding box construction and to the
optimal choice of the neighboring cells to be verified. Techniques based on
the closest node strategy and related challenges (“passing by node” and blind
spot analysis) have been also discussed. An efficient implementation of the
approach on distributed memory parallel computers has been also examined.

The method is very flexible but it is not well adapted for very heterogeneous
distributions of the master segment dimensions or for very different mesh
densities of the master and slave surfaces. Contrary to the closest node strategy;,
the dimension of the biggest master segment is not connected with the maximal
detection distance but only with cell size. If the master surface has at least one
segment which dimension is 10-100 times larger than the dimension of an
average segment, the detection time can be rather high, but always less than
in all-to-all approach.

The validation of the method has been performed on different contact
problems in sequential and parallel cases: contact between rough surfaces with
different geometries, tire-road contact, self-contact of a snail operculum and
on the extremely large contact problem between two rough meshes including
more than 1000000 segments on the master surface against 1000000 slave
nodes. For the latter problem, the detection time changes significantly for
different geometries from several seconds to 30-40 minutes in comparison to
almost 8 days needed for the all-to-all detection technique.

Two parallel strategies for contact detection have been proposed and
elaborated: Single Detection Multiple Resolution (SDMR) and Multiple
Detection Multiple Resolution (MDMR). The last one implies the parallelization
of the full detection cycle; it can be parallelized in a quite efficient manner,
however, for a simple split of the detection zone, the gain depends significantly
on the homogeneity of the distribution of the contact elements.
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Chapter 4

Formulation of contact problems
and resolution methods

B B Résumé de Chapitre 4 «Formulation du probleme de
contact et méthodes de résolution»

Dans ce chapitre, on introduit les notations de base et on dérive les équations
pour les différentes classes de problemes de contact. On considere d’abord le contact
d’un corps déformable avec un plan rigide. Les conditions de Hertz-Signorini-Moreau
pour le contact normal et les conditions de contact avec frottement sont présentées.
Ce cas simple permet de bien appréhender la spécificité de ces conditions et de les
interpréter comme une combinaison de conditions aux limites partielles de Dirichlet et
de Neumann. Cette interprétation débouche naturellement sur la méthode de résolution
de contact dite «<PDN» (Partial Dirichlet-Neumann), ou méthode du statut. Dans la
premiere partie de ce chapitre, on décrit également un grand nombre de lois de frottement
différentes.

La deuxiéme partie est consacrée au contact d'un corps déformable avec une surface
rigide de géométrie arbitraire. La notion de séparation normale et son asymétrie
sont rappelées. L'interprétation des conditions de contact normal et de contact avec
frottement est aussi fournie.

Les équations générales du contact sont formulées en troisieme partie. On utilise
pour cela une approche qui met en ceuvre des inégalités variationnelles. On discute de
ses limitations sur quelques cas spécifiques. En raison de ces limitations, notamment
pour les problemes de grands glissements et grandes déformation, on se focalise sur les
méthodes pour lesquelles on suppose que la zone de contact est connue. Dans ce cadre,
on présente en détail trois méthodes classiques : la méthode de pénalisation (linéaire
et non-linéaire), la méthode des multiplicateurs de Lagrange (avec des stratégies de
«active set» différentes) et la méthode du Lagrangien augmenté. Les formes faibles
pour le contact sans et avec frottement sont données pour les trois méthodes. Leurs
performances sont étudiées, et les détails de I implémentation numérique sont discutés
sur un probléme simple ne comportant qu’'un degré de liberté.
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4.1 Unilateral contact with a rigid plane

In this chapter we give the main notions and derive the governing equations
for different classes of contact problems. We start from a simple description
of contact between a deformable solid and a rigid plane. Based on this simple
problem, Hertz-Signorini-Moreau (non-penetration-non-adhesion) conditions
are derived and the frictional contact problem is formulated. An interpretation
of contact conditions is given using partial boundary conditions of Dirichlet
and Neumann type. Next, Signorini’s problem is formulated - contact between
a deformable solid and an arbitrary rigid smooth surface with and without
friction. This section is followed by a general multi-body contact problem
is formulated using variational inequality. Due to the complexity of this
formulation for large deformation/large sliding cases, for numerical purpose
the contact problem is often formulated as a variational equality for a known
contact zone. To derive the variational equality, either penalty or Lagrange
multipliers methods are used, which are discussed also in this chapter. A
widely used augmented Lagrangian method is also considered. A simple
nonlinear contact problem is resolved by all this methods, demonstrating
advantages and revealing drawbacks of each of them.

4.1 Unilateral contact with a rigid plane

We wish to describe the motion of a deformable body coming in contact with
arigid plane (Fig. 4.1). The points of the body are described by vector X in the
reference configuration Q° and by vector x(X, t) in the actual configuration Q
at time . The motion is described relatively to a fixed spatial frame defined
by orthonormal basis vectors {ey, ey, e;}. Let us suppose that the motion of the
body is restricted to the upper half-space z > 0 from the rigid plane z = 0. Then
the following condition on displacements is imposed

h=xv=0| (4.1)

where g, is anormal gap (see Chapter 2 and the next section for a more detailed
definition of the gap), v = e, is a unit vector normal to the plane and pointing
to an acceptable area of motion z > 0, i.e. the points of the body at all time
instants cannot penetrate under this plane z < 0. If the displacement of a point
is defined as

, (4.2)

where X - v = ¢0 is a constant initial gap determined for all material points. If
the body retain its integrity as well as if its deformation are consistent, the non-
penetration condition (4.1), (4.2) are applied only to surface points (), precisely
to the so-called potential contact zone denoted I'; in the actual configuration. T’
can be splitted into two nonintersecting sets: active T, (points are in contact)
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and inactive I \ T, (points are not in contact) contact zones. The active contact
zone in the actual configuration is defined by the following equality

x €T, ifand only if x-v =0 (4.3)

consequently in the reference configuration the contact zone can be easily
determined as

Xer? ifandonlyif X -v=-u

V. (4.4)

As follows from the definition of the active contact zone, T, is an unknown a
priori part of the potential contact zone: I'. C T'. € dQ. To prevent the body

10 /,/'11"0 Reference
€ f , :configuration

Actual
configuration

Figure 4.1: Reference and actual configuration of a deformable body in contact
with a rigid plane.

from penetrating the plane, a contact pressure arises in the contact zone. If
we confine ourself to the description of non-adhesive contact, then the contact
pressure should be non-positive (zero in inactive and negative in active contact
zones).

In the actual configuration, the stress state is described by the Cauchy stress
tensor ¢ and in the reference configuration by the first Piola-Kirchhoff stress
tensor P, which are connected in the following way

P=Jg-EF7, (4.5)

129



4.1 Unilateral contact with a rigid plane

where F is the nonsymmetric deformation gradient tensor

J is the determinant of the deformation gradient (Jacobian), that should be
positive in order to prevent self-penetration of points of the body

J=detE>0

As detE > 0, its finite inverse exists

X
-1 — -1
== Fl.F=1

The Cauchy stress vector at the surface of the body is

og=n:

IS

J

where n is the outward normal at the surface of the solid in the actual
configuration. In the active contact zone this normal is opposite to the normal
of the rigid plane n = —v, so the contact pressure ¢, in the actual configuration
can be written as

Oop=0"R=V"

lis}

.Z_

0

In the reference configuration, the normal to the surface is n”, so the contact

pressure can be written in terms of the first Piola-Kirchhoff stress

aﬂzl_’-nozgo-P-nO.

Applying the relations between the normal vectors, n = F~1 - n® or n® = 1:-"T ‘n

and using Eq. (4.5) allows to rewrite the previous equaliti_es as

oy=Jn-FE-g-n=Jy-F-0-v.

The tangential component of the stress vector is
6=(L-n®n)-0c=0-oun (4.6)

It should be zero for frictionless contact o; = 0.
Finally, for non-adhesive frictionless contact, we require that

or %<0 atTy. @?)

In general, we suppose that if a point is not in contact, then ¢, = 0, meanwhile
on < 0in contact. This leads to the non-penetration-non-adhesion condition

ws

However, we have to keep in mind that this is a simplification. When contact is
considered in a gas/liquid environment, this simplification is acceptable only if
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Chapter 4. Formulation of contact problems and resolution methods

the pressure of the environment is negligible in comparison to arising contact
pressures. Another limitation is that this equality is limited to nonadhesive
contact. The set of conditions (4.1), (4.7) and (4.8) are called Hertz-Signorini-
Morea or Karush-Kuhn-Tucker conditions, complemented by a non-friction
condition g; = 0:

‘&ZO,%SO,G@%ZQ @:0\ (4.9)

These contact conditions together with the relevant boundary conditions
complement the static local balance of momentum and angular momentum
(c=g")

(4.10)

gl’l 2 0, an S 0, Ongn = 0, gt = 0 at FC/

where f, is a vector of volume forces, gy is a prescribed traction (Neumann
boundary conditions) and u is a prescribed displacement (Dirichlet boundary
conditions). That is the starting point for the following investigation. First, we
propose to discuss in details the Hertz-Signorini-Moreau conditions imposed
on the contact zone.

4.1.1 Interpretation of contact conditions

~rIdea 4.1 Replacement of contact conditions by Dirichlet-like
boundary conditions.

Often the contact conditions are interpreted as a special type of Neumann boundary
conditions (penalty, Lagrange multiplier methods) as a function of displacement, the
problem being to find which contact pressure has to be applied in order to fulfill
non-penetration contact condition. However, the problem can be inverse: in stead of
prescribing the pressure at the contact zone, one can impose directly the displacement
according to the contact constraint, i.e. apply Dirichlet-like boundary conditions
depending on stress-state.

The unilateral contact conditions of non-penetration-non-adhesion can be
splitted into two parts: for active and inactive contact zones

g:=0,0,<0 atT, (a)

_ (4.11)
gn>0,0,=0 atl':\IT. (b)

=20, 0,0, 0,9.=0 atl"c(:){

The condition (4.11,a) can be interpreted in the following way. According
to (4.2) and to the definition of the active contact zone (4.4), the first term
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4.1 Unilateral contact with a rigid plane

corresponds to

gn=0ov u=-g =g, (4.12)

the boxed term gathers the partial Dirichlet boundary condition. The condition
(4.11,b) is equivalent to the free boundary outside the active contact zone.
Finally, the Hertz-Signorini-Moreau conditions for the case of contact between
a deformable body and a rigid plane writes as

U, = —gg atT. , where X € T.ifo,<0 (4.13)

The contact conditions have been replaced by the partial Dirichlet boundary
conditions on the unknown active contact zone 1_"5, which is determined
by negative contact pressure. The nonlinearity of the problem consists in
determining the active contact zone.

Note that only one component u, of the displacement vector u is prescribed,
and that the other components i, u, are not specified. Thisis easily interpreted
in the Finite Element Method, where the displacement vector in 3D is splitted
in 3 degrees of freedom, each of them being prescribed independently. Note
that Cartesian, cylindrical or spherical basis in 3D allows to replace easily the
contact with a rigid plane, cylinder or sphere respectively by simple conditions
analogous to (4.13). Moreover, the limits of the possible contact zone can be
restricted in the following way

U, = —gg at T, Nf(x) >0 ,wherex € T.ifo, <0/, (4.14)

where f(x) : R®> > R is an arbitrary function, f(x) = 0 determines the edge
of the plane. All forementioned extensions provide us with a rather simple
and multipurpose approach to the sub-class of contact problems. Intuitively, it
is easier to prescribe a given displacement than an unknown contact pressure
distribution on unknown active contact zones. In the first case, the active
contact zone is simply determined by the sign of the contact pressure, in the
second case by a zero value of the normal gap.

Another straightforward extension of this interpretation provides a solution
for simple adhesion. For this purpose, an active contact zone should be
determined according, for example, to

I';:0, <a, max {(—o,),
telto ¢

where n[1ax] (—0y) is the maximal reached contact pressure at the current
telto,t

material point; ty is the time moment when this point came in contact; a, > 0

is the normal adhesion coefficient and (e) denotes the Macaulay brackets

(x) = max (0, x). If a point looses the contact, then its history variable should be

set to zero (mtax (=0n) = 0). The following expression describes the adhesive

contact with a rigid plane

U, = —gg atT, N f(x) >0 ,wherex € T.:0, <ay, rr[1ax] (=0, (4.15)
tefto,t

132



Chapter 4. Formulation of contact problems and resolution methods

Up to now we discussed the cases when the normal to the rigid plane
(cylindrical or spherical surface) is parallel to one of the basis vectors in the
chosen reference frame. The situation changes drastically for the Finite Element
Method if the latter is not the case. Generalization of the presented approach
for arbitrary rigid surface would lead to classic Signorini’s problem and will
be discussed in the next section. Before that, the frictional conditions will
be formulated for the case of the contact with a rigid plane and will be also
interpreted similarly to frictionless conditions.

4.1.2 Friction

We return to the description of the motion of a deformable body in contact
with a rigid plane. Friction on the contact interface can be introduced in the
general form

Qt :gt(anlén/gt/t/---)r (416)

where g; is the tangential stress vector at the interface, according to (4.6)
o=(L-n®n)-g;

0y is the contact pressure rate, g; is the relative sliding velocity and ¢ is the
time. For the time being, we restrict ourself to the classical non-associated
Coulomb’s friction law. Further some non-classical friction laws will be briefly
discussed.

In the simplest case, the friction law states that the tangential resistance of
the contact interface depends on the contact pressure and that the direction of
the tangential stress vector is given by the sliding direction

ot = 0(0n, S), (4.17)

where s is a unit vector in the contact plane, which determines the direction of
sliding:

ifllgll > 0;

s={1gI (4.18)

0, iffgl=0.

So in frictional case when a body comes in contact with a rigid plane, a stress
vector arises which contains not only the contact pressure but also the shear
stress vector due to friction

0 = oun + 01(0, 01, 8).

At the same time, the relative motion of the point along the rigid plane is
confined by the frictional shear force in the way that the point remains at
the initial contact location if the shear stress vector is smaller than the critical
frictional stress of, which in Coulomb’s friction law is proportional to the
contact pressure, so the point does not move if

ol < llggll = plonl |, (4.19)
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4.1 Unilateral contact with a rigid plane

where the coefficient of proportionality p is the coefficient of friction. According
to the third Newton’s law in equilibrium state, the reaction should be equal by
value and opposite by direction to the action, i.e. the stress vector integrated
over a small surface of the body gdA should be equal by modulus and opposite
to the force vector at the rigid plane F°. The resistance of the contact interface
in the tangential direction is limited, for instance in Coulomb’s friction law the
limitis p|o,|. Up to this limita motionless! equilibrium state is preserved o:dA+
F = 0,llo¢ll < plonl, the maximal permitted tangential stress in equilibrium
straight motion is limited by o; = ulo,| providing the following equality

0t — pilonls = 0.

This equality is valid only in case of slip, but can be generalized to stick case if
we multiply it by the norm of the sliding velocity |||

gtllor — plonlge = 0. (4.20)

Conditions (4.19) and (4.20) can be complemented by an additional condition
distinguishing stick and slip states

llsll | o — plonls I = 0.

Union of all forementioned conditions forms the set of conditions for
Coulomb’s non-associated friction

ol < lol, Ngdlle: — lonlge =0, sl | Igillos — lowlge || =0.]  @21)

These conditions connecting 0,, o; and s can be represented graphically
(Fig. 4.2) in a general form. In 2D case the sliding velocity and frictional
stress can be represented as

8t =8&t, 0r=0it,

where t is a unit tangential vector orthogonal to the normal vector v, i.e.
v-t=0, t” = 1; in this case the graphical representation of the frictional
conditions can be extended as shown in Fig. 4.3. The graphical representation
of frictional conditions in 3D case can be found in Fig.4.4. The following notions
have been introduced

§t = lIgills = gnty + gnty, o1 = lloills = ont; +ont,,

where t,,t, are orthonormal vectors in the contact plane. The cone in axes
lon, or, 0,} in Fig.4.4 is called the Coulomb’s cone, an open set determined by

C(op) = "051 + atzz < plogl.

by motionless here we mean that there is no relative motion between sticking points in the
interface, in space their motions are not limited.
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Chapter 4. Formulation of contact problems and resolution methods

l|lo¢||A

oyl

>
0 gl

Figure 4.2: Graphical representation of Coulomb’s frictional conditions (4.21):
the point corresponding to a given state can be situated either on the blue line
—stick state (||g|l = 0, |lo¢l| < ploxl) or on the red line —slip state (||g:I| > 0, || =

plonl).

Iip Ot A
Hlowl N ployl
- arctan(u) _
0 8t On 0 On
-piloy] - -l

Figure 4.3: Graphical representation of Coulomb’s frictional conditions for
2D contact problem: left — relation between the tangential velocity and the
tangential stress, blue line (¢; = 0, |o;| < ulonl) represents stick state, red line
(lotl = plonl) - slip state; right — relation between the contact pressure and the
contact tangential stress: blue color (|o¢| < plo,|) denotes stick state, its closure
in red (|o¢| = ploy|) represents slip state.

Any stress-state fulfilling frictional conditions corresponds to a unique point
either in the interior of the cone

o: € C(on)

or on its closure
Ot € aC(Un)-

The zone of positive contact pressure is excluded by the non-adhesion condition
(see Hertz-Signorini-Moreau conditions, (4.9)), however, for the sake of
consistency the cone can be extended to the area of positive contact pressure
as represented in Fig. 4.3 and Fig. 4.4 by a dashed red line. Moreover, such
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4.1 Unilateral contact with a rigid plane

an extension is consistent with the description of adhesive contact. So the
extended frictional conditions become

ol < p(=0w),  ligillas = =0 =0, lisl | lgelle: — (=03 || =0,
(.22)

where (o) denotes the Macaulay brackets.

gl A

I
N

-

VERY,

01

Figure 4.4: Graphical representation of Coulomb’s frictional conditions for 3D
contact problem: left — relation between the norm of the tangential velocity
and the components of the tangential stress vector: the admissible points are
situated either in the blue circle (||g:|| = 0, llo/l < ploxl) — stick state or on
the surface of the semi-infinite cyliﬁder (1l = 0, lot| = ploul) marked with
red color — slip state; right — relation between the contact pressure and the
components of the contact tangential stress vector: in blue - interior of the
Coulomb’s cone (|lo¢]|l < ployl) — stick state, the surface of the cone in red
(llo¢ll = plonl) represents the slip state.

Let us consider the case when a point slides on the plane under a constant
contact pressure o, (Fig. 4.5): we plot its path in three spaces: stress, velocity
and displacement. Along the [0 — 1) path, the frictional stress remains inside
the circle

o: € C(Un)

that is the section of Coulomb’s cone for a given contact pressure, so no relative
sliding occurs which corresponds to stick. At point 1, the frictional stress
reaches its limit — the boundary of the circle g; € dC(0,) and stays on it until
point 3 is reached. Consequently, the relative sliding velocity follows the path
[1 -2 - 3] in the velocity space in such a way that the vector of frictional stress
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Chapter 4. Formulation of contact problems and resolution methods

Table 4.3: Analogies between friction and plasticity

Friction Plasticity
Stick state elastic deformation
Slip state plastic flow

Coulomb’s cone dC(a,,)
Maximal frictional stress ||o¢|| = plo|

yield surface
yield strength

and the tangential velocity are collinear at every moment (see, for example, the
point 2), this state corresponds to slip. The relative displacement Agt is simply
the integral of the velocity vector over the sliding time, as seen in Fig. 4.5
the point moves from the stick point 1 to another stick point 3 by the curved
trajectory 1 — 2 — 3. At point 3, the relative velocity returns to zero, as in stress
space the point dives again inside the circle. Any motion in the interior of
Coulomb’s cone does not result in relative tangential displacements and any
relative sliding implies that the point is situated at the surface of Coulomb’s
cone in stress space. In general, contrary to this example, the normal pressure
changes during sliding and consequently the limits of the stick zone in stress
space change.

Ag t2

O,
g

01

Figure 4.5: Graphical representation of frictional motion in stress, velocity and
displacement spaces: path 0 — 1 corresponds to stick, path 1 —2 — 3 — to slip,
path 3 — 0 again to stick.

The derived formulation of friction is quite similar to the formulation of
plastic flow [Curnier 84] (see Tab. 4.3). Note that the flow rule is non-associated
since there is no irreversible slip in the normal direction and the principle of
maximum dissipation is inapplicable except in the case of a prescribed constant
contact pressure 0, = const. So the model is somehow similar to the Drucker-
Prager yield criterion for pressure dependent plasticity [de Saxce 98]. A more
consistent analogy between associated/non-associated plasticity and friction is
given in [Michalowski 78].

4.1.3 Interpretation of frictional conditions
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4.1 Unilateral contact with a rigid plane

~~Idea 4.2 Replacement of frictional contact conditions by Dirichlet-
Neumann boundary conditions.

In case of unilateral contact with a rigid plane, Hertz-Signorini-Moreau conditions
can be replaced by prescribing partial Dirichlet boundary conditions on the unknown a
priori active contact zone T.. To take the frictional resistance into account, depending
on the stress state, either Dirichlet-like conditions have to be complemented to ordinary
Dirichlet conditions (stick state) or partial Neumann boundary conditions have to be
applied in the contact plane (frictional slip state).

Let us split the active contact zone T into a slip I and a stick I'* zone (in
reference configuration I':* and T'2° respectively), such that T? UT% = T, and
I'? NT% = 0. Then the frictional conditions can be rewritten as

§n=0,8=0,0, <0, llogll < ployl, inthestick zoneI? (a)

gn =0, 0, <0, g — ployls =0, in the slip zone I'; (b)

gn>0,0,=0,0:=0, in the inactive contact zone I', \1_"C (c)
(4.23)

Obviously, the first condition (4.23,a) for a motionless rigid plane can be
replaced by an ordinary Dirichlet boundary condition

u=-gw+(I-vev) (x(t)-X), ifXel, (4.24)

the time t* denotes the moment when the material point switches to stick
state either from slip state or from non-contact state; the state of the point is
determined by the stress, if it is in the Coulomb’s cone (stick):

I'?: 04 € C(oy),0n <0.

The boundary condition (4.24) is not transparent and it is preferable to prescribe
directly the position of the point in the actual configuration, which corresponds
to prescribing the boundary conditions in the actual configuration at time t > #°,
then Eq. (4.24) can be rewritten simply as

x(t) = x(t%), if x(t) € T, (4.25)

The interpretation is simple: if a point switches to a stick state it glues to the
position at which this switch has occurred and cannot move before another
switch to any other state happens.

The boundary conditions in the slip zone I’. (4.23,b) correspond to the
partial Dirichlet boundary conditions for the z component of the displacement
(in general, component orthogonal to the rigid surface) and to the partial
Neumann boundary conditions in the contact plane 0XY (in general, tangential
plane), in the actual configuration, written as

Ot

x; =0, O = Hlanlm/ if E(t) € FZ (4-26)
t
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Chapter 4. Formulation of contact problems and resolution methods

where the slip region is determined according to the stress state on the surface
of Coulomb’s cone g; € dC(0,), i-e. |loll = ployl.

Without any loss of generality points are allowed to come in contact only
through the stick state and escape from the contact by any state, this can be
summarized as follows

{re\T)
fe\Tf - 10 - | [{rc\fc}
Cc I-‘E

This assumption allows us to correctly prescribe the Neumann boundary
condition for the slip state. Suppose that a material point X touches the
plane at x(f) and changes its state from non-contact to stick. According to
Eq. (4.24), the point glues to the plane and reaction stresses appear: a contact
pressure 0, < 0 and a tangential stress o;. Two cases are possible (Fig. 4.6):
the tangential reaction is either in the Coulomb’s cone ¢; € C(0,) U dC(0,) or
outside of the cone. For the latter (Fig.4.6,c), the point switches to the slip state
and a Neumann boundary condition should be applied (Fig.4.7) that is a shear
stress vector in the direction of the reaction stress vector and with the norm
equal to the maximal allowed frictional stress
Ot
o = ol (4.27)

Tangential displacement should be set free Vi, u,; nonzero slip will occur
naturally.

Tangential Dirichlet boundary Tangential
reaction conditions reaction
Ot Up A 02 Ot

H'Gn Hlaﬂ

Figure 4.6: Dirichlet boundary conditions for the stick state (b): a — tangential
reaction is in Coulomb’s cone o; € C(0,) U dC(0,); ¢ — tangential reaction is out
of the Coulomb’s cone ag; ¢ C(g,) U dC(0,), stick state should be switched to
slip (Fig.4.7).

The inactive contact zone I':\T; (4.23,c) remains free of boundary conditions.
The source of nonlinearity comes from the presence of unknown stick I't € I';
and slip T% € T, zones (Tt UT: = T,). As we assumed that points always
pass through the stick state, this nonlinear problem can be splitted into two
iteratively repeated problems:
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4.1 Unilateral contact with a rigid plane

Neumann boundary Resulting slip
conditions
U A
0 U 1

Figure 4.7: Neumann boundary conditions for the slip state: left — applied
external force density in the direction of the tangential reaction appeared in the
stick state (Fig.4.6,c) with norm equal to the radius of Coulomb’s cone po,l;
right — resulting tangential slip.

e determination of the active contact zone fc ;
e determination of the slip zone I': = T, \ T'?.

Finally we get the following set of boundary conditions which replace
frictional conditions formulated in (4.21):

{z = x(t*), ifx € T?
(4.28)

O . "
x; =0, of = yla,ﬁm, ifxel?

This formulation is simple and its implementation is straightforward in a finite
element code, if a dynamical update of the boundary conditions is allowed. As
previously discussed, this method is applicable for a rigid surface determined
by a constant value of one of the coordinates in the current reference frame

C; = const,

for example, it can be a sphere in spherical coordinates r = const, a cylinder in
polar coordinates p = const, or a plane in Cartesian coordinates x = const, y =
const or z = const. Obviously, any region of such surfaces can be chosen. The
extension of such an approach for an arbitrary rigid surface will be discussed
later.

4.1.4 Non-classical friction and adhesion laws

In this section we discuss arbitrary non-associated friction laws written as
C(Gn,gt,gt, e )

All the expressions given below are valid for arbitrary contact between
deformable solids. However, the case of contact with a motionless rigid plane
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Chapter 4. Formulation of contact problems and resolution methods

suggests a consistent framework for straightforward interpretation of these
laws within the Dirichlet-Neumann boundary conditions and allows to avoid
some details nonrelevant for their presentation (relativity of motion, nonplanar
sliding paths, deformation of both contacting surfaces, etc.).

The first extension we consider is a non-associated anisotropic friction, the
slip surface for a given contact pressure can be represented by a super ellipse
as proposed in [Mroz 94]

. on : Ot1 !
C‘u”(Un,gt) 140: € Cta if |—| +|—]| < |Gn|p
Hi t2

A more general form of the anisotropic friction condition can be written as
CHe(an, o) : {or € C¥ if gl < p(@)lol]

where 0 < ¢ < 2mis an angle in polar coordinates on the 0XY plane starting for
example from the OX axis. Such definitions of friction are possible only if the
anisotropy arises from the rigid plane, otherwise it is not possible to define the
anisotropic slip surface according to the fixed reference frame since the rotation
of the deformable body will change the axes of the super ellipse. In general
case, the anisotropy function becomes (¢ — ¢), where ¢, ¢ € [0,27) are angles
of orientations of the rigid plane and of the element of deformable surface with
respect to the global reference frame. For references see [Michalowski 78],
[Hjiaj 04b], [Hjiaj 04a] and others.

Following the same process as in (4.15), an isotropic adhesion can be
introduced

cAi (on, max (—an)) : {gt e Chi if llo¢ll < p{—on) + a; max <—on>}

telto,t] teltot]

where n[lax] (—0y) is the absolute value of the maximal contact pressure at the
teltot

current material point, ¢ is the moment when this point comes in contact; a; > 0

is the tangential adhesion coefficient. If adhesion is assumed to be anisotropic

(in tangential plane) (see, for example, [Chen 07]) then the expression for the

slip surface takes the following form

CAa (on,gt, max (—an>) : {Qt € CY if |lgfll < u(=0y) + ay() max <—0n>},
te[to, 1] telto,t]

where a;(¢) > 0 is the adhesion coefficient depending on the angle ¢ (see
Fig. 4.8,b) (as above, in general case, the angle ¢ should be replaced by
difference ¢ — ¢). Finally, the anisotropic friction can be coupled with an
anisotropic adhesion, however this formulation is very complex and is given
only for the sake of generality:

CHha (an 0, max <—on>) : {Qt € CHa i |loyll < p(P)(—0n) + ar(h) trerlltw;] <—an>},

te[to ]
where the friction coefficient is assumed to depend on the angle ¢ (in general,

¢ =)
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4.1 Unilateral contact with a rigid plane

In Figure 4.8 several realizations of the discussed non-classical friction laws
are illustrated. In Fig. 4.8,a slip surface and its section are presented for friction

with isotropic adhesion for a given rr[1ax] (—0on) = const. Other examples are
te[to,t

given only for a single section of the slip surface: anisotropic adhesion and
anisotropic friction presented in Figures 4.8,b,c respectively, the slip surface
is given by the super ellipse with p = 2. A combination of both anisotropic
friction and adhesion is presented in Fig. 4.8,d; an example of highly anisotropic
friction is given in Fig. 4.8,e. Note that

o for adhesive friction, even for certain tensile contact pressure, the contact
interface resists to tangential sliding;

e transition from stick to slip occurs at the outer boundary of the slip

surface, so for a given max (—o,) = const there is no difference between
te[to,t]

the blue area (due to friction) and the green one (due to adhesion).

Another important extension of the frictional rule comes from metal
forming applications. The tangential and normal resistances of the contact
interface are proportional to the real contact area [Rabinowicz 65], however,
this is true only for moderate contact pressures: if the real area approaches
the apparent contact area, the tangential resistance also approaches its limit,
whereas the normal resistance keeps on increasing up to the limits determined
by the compressive properties of the material. It results in deviation of the
linear relation between the normal contact pressure and tangential resistance.
Metal forming or metal processing with rigid tools imply very high pressures
in the contact interface, that is why in such analyzes the tangential resistance
of the interface has to be limited by a certain value independent of the normal
pressure. A very simple model introducing a limit for the tangential resistance
is Coulomb-Orowan friction law (Fig. 4.9,a),

”Qt” = min {‘u'|071|/ Gc} . (4.29)

However, this purely phenomenological law does not reflect the fact
that according to experiments [Bay 87] the tangential resistance saturates
gradually. Another significant drawback relates to the non-smoothness of
this model, which affects the convergence of numerical computations. A more
sophisticated micro-mechanical based model has been proposed by Bay et al.
in 1987 [Bay 87], where authors related the tangential resistance and the real
contact area fraction A, /A,

llodl = f 111:(76/ (4.30)
where 0 < f < 1 is a “friction factor”, A, and A, are the real and apparent
contact areas respectively and o, is the constant shear yield strength (Fig. 4.9,b).
For moderate pressures the real contact area is proportional to the contact
pressure with the constant of proportionality o A, = alo,|, it results in a linear
relation between slip surface and contact pressure as in Coulomb’s law for

small pressures
fao,
llo:ll = |oal.

Aq
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For higher pressures, when almost all the gaps in the contact interface are
closed at all scales, the relation between the real contact area and the contact
pressure becomes nonlinear and the fraction approaches gradually its limit

A JA — 1
So this law gives the following relation

llo:ll = %Ar(lanl) — fo..
a
This micro-mechanical model gives a qualitative explanation based on the real
contact area growth, however, many other factors which also influence the
tangential resistance of the contact interface have not been taken into account
(interlocking asperities, their elasto-plastic deformation and fracture, intense
plastic deformation of near surface metal layers, adhesion of newly created
uncontaminated material surfaces and wear particles [Suh 81], [Suh 86]). Other
models can be found in [Stupkiewicz 01] and [Wriggers 06].

An important drawback of the discussed friction models is that they do
not take into account the influence of the history of relative slip, which has
been clearly demonstrated by the well-known tests due to Courtney-Pratt
and Eisner (1957) [Courtney-Pratt 57]. Following these experiments, more
sophisticated models based on friction-plasticity analogy have been proposed,
see e.g. [Anand 93] and many others. Another important point is that real
contactarea is time dependent due to viscous properties of solids it implies time
dependence of the frictional resistance and as a consequence, its dependence on
the velocity of sliding. Moreover, the temperature dependence of the sliding
may be crucial for some applications. Since the frictional sliding is always
related to the energy dissipation due to conversion of kinetic and potential
energy in heat, the local temperature of the sliding point may be strongly
affected by the locally dissipated energy or in other words by the total slip
and its velocity. That is why sometimes it is important to take into account a
phenomenological dependence of the friction on these quantities or explicitly
on the temperature. For a general discussion on friction, adhesion and physics
of contact the reader is referred to [Bowden 50], [Rabinowicz 65], [Popov 10]
and many others. Discussion of different contact and friction models and their
implementations in a finite element framework can be found in [Wriggers 06].
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4.1 Unilateral contact with a rigid plane

- dy max (—o,)
» t€[to,t]

te[to,t]

() max (=a,)

......
pes -

B(9)o

a4,(¢) max (—c
...... t((P) relto t] < n>

Figure 4.8: Examples of non-classical friction laws: a — adhesive friction, b —
anisotropic adhesion in friction, ¢ — anisotropic friction slip surface of elliptic
shape, d — anisotropic friction combined with anisotropic adhesion, e — highly
anisotropic friction slip surface.
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On

]

a. b.

Figure 4.9: Graphical representation of friction laws for high contact pressures
a — Coulomb-Orowan model, b — from Bay et al. [Bay 87].
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4.2 Unilateral contact with an arbitrary rigid surface

4.2 Unilateral contact with an arbitrary rigid surface

In the previous section the treatment of frictionless and frictional problems of
a deformable body with a rigid plane was discussed. A simple technique
replacing the classical contact conditions by partial Dirichlet-Neumann’s
boundary conditions on unknown a priori parts of body’s surface has been
elaborated in order to demonstrate the analogy between contact and ordinary
boundary conditions. Now let us generalize the formulation of the contact
problem for the case of an arbitrary rigid surface: frictionless (Signorini’s
problem) and frictional formulation are considered. A non-selfintersecting,
motionless and smooth rigid surface S is described by a vector

r(C) €S,
where C is a v-scalar of surface coordinates (see Appendix A.6). Each point

. . . . ar .
of the surface has two basis vectors forming v-vectors in covariant 5= and in

. . or
contravariant coordinates ﬁ

or
8c

|.3J|

or or’

= A, =—=._=
~ I

2 4

Q>

=1
7 C NI
¢ ‘ &

where A, is a first fundamental surface matrix (t-scalar in s-structure notations),

Ag = é; its inverse - first fundamental contravariant surface t-scalar. For

details see Chapter 2. The surface coordinates are chosen in the way that the
external unit normal to the surface is determined by

or _ or
e GG
| x|

Initially, the deformable body is situated entirely on one side of the rigid surface
and is not allowed to penetrate on the other side.

The surface of the body dQ can be described in exactly the same manner.
Each point of the surface in the actual configuration is characterized by vector

p(t, &) € 0Q,

where & is a v-scalar of surface coordinates. The corresponding pair of
&P
covariant basis vectors 5C are enumerated to get the outward unit normal

~

as

ag 83
n= 351 952
]
p T’
The first fundamental covariant surface matrix (t-scalar) is A, = 3 I and

its contravariant form is given by A, = ég‘l.
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Chapter 4. Formulation of contact problems and resolution methods

4.2.1 Non-penetration condition

The contact between a point p € I'. € dQ and a the rigid surface in the point r
implies two equalities if both surfaces are smooth in the vicinity of the contact
point
()-r=0 (1)
P (4.31)
nt)+v=0 (2
If at least for one of the surfaces the normal cannot be uniquely determined,
then only the first equality holds (4.31.1). For the sake of simplicity here and
afterwards, we will suppose that the contacting surfaces are locally smooth.
Then the nonpenetration condition can be reformulated in two equivalent
forms
(p(t +061) — p(t)) - n(t) < 0
(p(t+0ot)—p(t)-v>0

which imply that in the “near future” (t + 6t, where 6t is infinitely small), the
point p either remains on the surface or moves outward the rigid surface or

parallel to it. To get a more compact form, one can divide the inequalities (4.31)
by 6t, take the limit and get the formulation in terms of velocities

p(t)-n(t) <0
pt)-v=0

(4.32)

(4.33)

Note all given formulations are valid only for the active contact area.

Gap function

The inequalities derived above are valid only for the contact state and are local
in time. A more consistent description requires a scalar gap function g(p, S)
for each point of the deformable surface p. This function is positive if the
point p is not in contact, is zero if the point is in contact and is negative if the
point penetrates. The gap can be defined relatively to the points of the body
surface g(p € JQ,S) or to the points of the rigid surface g(r € S,9Q). The
two descriptions are not identical (due to asymmetry of gap definition) but
equivalent, however, the first one seems to be more natural. In this case we
require for non-penetration that

g(p,S) = 0. (4.34)
Some realizations of the gap function have been presented in Chapter 2:

o the classical normal gap

8n(p,5) = (p—1)-v(®),

where r € S is the point on the rigid surface closest to the point p and v

- the normal at point r. This definition implies that the rigid surface is
smooth;
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4.2 Unilateral contact with an arbitrary rigid surface

e the closest point gap can be defined as the distance to the closest point
with the relevant sign

8c(p,S) = Bllp —ll,

where § € {-1; 1} determines the sign of the gap; this definition does
not require smoothness of the surfaces and is more appropriate for the
description of discretized media, however, additional efforts have to be
undertaken to determine the sign of g. For example, an average normal
can be assigned, if in a small vicinity pg of the point r there are smooth
open sets Ci(, po), i = 1, N of points possessing a normal vector v’

v € Ci(r,po) C S, |l —1ll < po and Fv/,
then a normal can be assigned to the point r in the following way

1 1
V== 1'dA, where A; = dA.
- N Zl" Ai(po) f - (po) f

Ci(r,p0) Ci(r,po)

Other definitions of the normal are discussed in Chapter 3, Remark 3.2
“On normal definition for contact nodes”. Now the closest point gap g.
can be rewritten like the normal gap

8:(p,S) = (p— 1) #(Cilz, po)) |

On the other hand, if the contact occurs between a nonsmooth point
of one surface with a smooth point of another, due to requirement of
equality of normals (4.31),(2) one can easily assign the needed normal at
the nonsmooth point # = —n.

e theshadow gap g (discussed in Chapter 2) is the signed distance between
the point p and its “shadow projection” on the rigid surface S

85, S) =(p—1)-elp)}

where e is a unit vector pointing to the emitter of the light from the point

p.

Note that in general
SnF 8 F s * &n
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Chapter 4. Formulation of contact problems and resolution methods

@ Remark 4.1 on the asymmetry in gap definition.
According to (4.31), Eq. (4.32) can be rewritten as

(p(t +0t) = 1) -n(t) < 0

(pt+0t)~1)-v>0 (4.35)

the second line is equivalent to the definition of the normal gap g,. By analogy, one
could define the gap according to the first line of (4.35)

8P, S5)=(@-p)-n

However, this is not correct and leads to wrong results. Such a definition g.(p,S)
implies that r € S in (4.35) is the closest point to p € dQ. In general, the closest point
r € S for p does not coincide with the closest point p’ € Q) for the point r. The correct
symmetric definition for the gap with respect to the surface dQ has the following form

81,0 =(r~p)-n

Sometimes it is convenient to introduce a gap vector g(p, S):

e normal gap vector

gi(p,S)=p-1
where r € S € C! is the closest point to the point p; ||§n|| = |gul;
¢ closest point gap vector
8(p.S)=p-r,
where r € S € CU is the closest point to the point p; ||§C|| =1gcl;

e shadow gap vector
ES(B/ S) = B -1
where r = p — g;se is the shadow of the point p corresponding to the light

emitter situated in the direction e from the paint p; l1gsll = 195l

For an arbitrary smooth surface S and infinitely small gaps or for a locally flat
surface the following equality holds

§n=V®V gDV -gu=V-egs,

and
Si=V-egs (4.36)



4.2 Unilateral contact with an arbitrary rigid surface

Finally, the penetration is restricted by the following inequality formulated
for the points of the deformable surface p € JQ respectively to the rigid surface

S

(P, S) =0, pel.cdQ (4.37)

The set of points for which the gap function is equal to zero is nothing but the
active contact zone I',

g(;_) el S)=0.

4.2.2 Hertz-Signorini-Moreau’s contact conditions

As discussed previously, due to the restriction on penetration, a reaction stress
arises at contacting points p € I'.. For frictionless contact, the only nonzero
term is the normal stress

Op=n-0-n,
- (4.38)
=0 -n—oyn=0.
If contact holds and surfaces are smooth, according to (4.31,(2)) n = —v and
consequently
on=v-0-v<0,
- (4.39)
or=0-v—o.x=0,

we require a non-positive contact pressure (for non-adhesive contact) and
zero tangential stresses for frictionless contact. The complementary condition
(switch between non-contact and contact states) holds the same as in the
previous section. So the Hertz-Signorini-Moreau contact conditions for
frictionless contact become

820, 0,<0, g0, =0, 6;=0] (4.40)

The boundary value problem retains the same form as in the previous section:

(4.41)

u
20, 0,0, 0,8=0, 6;=0 atI,

Existence and uniqueness of the solution of this problem has been proven for
linear material and small deformations by Kikuchi and Oden [Kikuchi 88]. For
further numerical analysis, this problem has to be reformulated in a proper
way. It will be done later for the general case of two deformable bodies.
Before, an attempt to extend the approach considered in the previous section
will be undertaken. The ultimate aim is to replace classical contact conditions
by boundary conditions imposed on the active contact zone for an arbitrary
rigid surface S.
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Chapter 4. Formulation of contact problems and resolution methods

4.2.3 Interpretation of contact conditions

To replace the contact conditions by a special type of Dirichlet-Neumann’s
boundary conditions, we return first to Eq. (4.32)

(ot + 00 —p(t)) - v >0,
which can be rewritten if one puts p(t + 6t) = p(t) + ou(t)
ou(t)-v > 0. (4.42)

The small variation of the displacement ou may be splitted in an orthonormal
system of coordinates into three vectors

Oou = duqe; + duger + Ouzes.

In the active contact zone T, the inequality (4.42) converts into an equality,
which can be rewritten using the previously splitted form

Ouq cos(1) + duy cos(¢p2) + dus cos(¢pz) = 0,

where cos(¢;) = e; - v. Since the vectors e; are orthonormal, at least one of
the three cosine is nonzero. Without any loss of generality let us assume, that
cos(¢3) # 0, then we deduce directly

cos(¢1) _s cos(¢2)

Meos(s) P eos(da)’

According to the later equality, one of the three displacement components of

Sz = 0 (4.43)

the point p € T, depends on two other components. Another way to express

this relation consists in the following: if for v - e3 # 0 and its vicinity the rigid
surface can be locally presented as

reS: Ry =5s(Ry,Ry), (4.44)

where R; are the coordinates of the point r in the orthonormal coordinate
system. Then the fact that the point is in contact p € I'. implies that

p3 = s(p1, p2) © pa(to + 6t) = s(p1(to + 6t), pa(to + 6t)).

If one expands the last equality in Taylor’s series, keeps the first two terms and
subtracts p3(fg) from the left part and s(p1(to), p2(to) from the right part, then
for small 6t we get the relation between displacement components

61/!3 = a—:ébﬂ + —6u2, (4.45)
1

which is equivalent to the relation (4.43). If the considered rigid surface is flat
and orthogonal to the vector e,, the following equality holds

s(R1,Rp) = const = R3,
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4.2 Unilateral contact with an arbitrary rigid surface

then from (4.45) we get directly the boundary condition which we imposed in
the previous section

5113 =0.
A more general connection between displacements follows directly from (4.44):
if the point p is in contact, it lies on the surface S and its coordinates fulfill the
condition

p3 = s(p1, p2) © us(ty +t) = s (pi(to) + ui(to + t), p2(to) + ua(to + t)) — pa(to),

us =s(p1 + 1y, p2 +uz) — p3, ifp+ucl, (4.46)

This is the relation between the components of the displacement for a point
being in contact on the surface S : R3 = s(R1, Ry), where u; are the displacement
components with respect to the configuration at time t > ty, where t is the
moment when the point comes in contact and p; are the spatial coordinates
of this point at time fo. The active contact zone is determined by a negative
contact pressure and a zero tangential stress at point p

O‘nso e
{gt=0' onT..

The second condition is automatically fulfilled if the relations between the
components of the displacement are imposed in such a way that the point
slides freely along the tangential plane (4.45). The condition of negative contact
pressure has to be checked to determine the active contact zone.

4.2.4 Frictional conditions and their interpretation

In case of a contact with an arbitrary rigid surface the frictional conditions
derived in the previous section hold

ol < ol Igo: - ulolge =0, sl || Igillo: - ulowlge | =0 @47)

As previously, the sliding direction is defined as

8
I Tt if [|gl > 0;

0, ifllgdl=0.

Contrary to the case of a rigid plane, the local reference frame changes when
the point p slides over the surface S. Stick state implies that the point p € I't
retains its position on the surface and since the surface is motionless

p(t* +0ot) =p(t*), peTls,

where t° is the time when the point switches to stick state. The same statement
reformulated for displacements gives simply

u(t* +6t)=0, pel®?, (4.48)
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Chapter 4. Formulation of contact problems and resolution methods

where the stick zone I’ is determined from the stress vector g, which should
be situated in the interior of Coulomb’s cone

xe€TI?:0,<0, llodl < plonl. (4.49)

The stick condition can then be simply replaced by an ordinary Dirichlet
boundary condition.

The slip condition requires a slightly deeper analysis. For that, as
previously, we suppose that locally v - e3 # 0 and that a point coming in
contact switches first to the stick state, so that a reaction stress vector ¢ arises
and if

(L-n®n)-o=plo-nl & or > oyl

then this point switches to the slip state. It remains to suppress the
corresponding part of Dirichlet’s boundary conditions to let the point slip
along the rigid surface and to apply an external frictional surface force density
in the direction of sliding. Additional investigations are required to ensure the
consistency of the problem when Dirichlet-Neumann boundary conditions
are simultaneously prescribed. A simpler approach consists in defining
an independent local basis for each contact point respectively to the rigid
surface S. This provides a consistent set of boundary conditions as discussed
in Paragraph 4.1.3.

4.3 Contact between deformable solids

4.3.1 General formulation and variational inequality

Up to now we considered a relatively simple case when a deformable body
comes in contact with a rigid smooth surface. Here, the formulation will be
generalized for the case when the contact interface separates two deformable
bodies: it is not important if the contact occurs between parts of one body
(contact within a crack, self-contact) or between several separate bodies, the
number of separate contact zones does not change the problem neither. So
without any loss of generality we confine ourself to the formulation of the
problem when contact occurs at a single contact zone between two separate
deformable bodies Q! and Q2.

As previously, the vector X € Q¥ denotes the position of the material point
in the reference configuration and the vector x € Q) in the actual configuration.
To simplify the equations, we introduce the following notation

e the union of two bodies denotes two open sets () = QluQ?
e the union of their closures 9Q = dQ! U dQ?;
e the union of surfaces, where Neumann boundary conditions are applied

—11 2.
dQoTy =T Ul
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4.3 Contact between deformable solids

e the union of surfaces, where Dirichlet boundary conditions are applied

dQ>T, =T,ur?

e the potential contact surfaces of two bodies I'! ¢ dQ! and I'? ¢ 9Q?.

The static balance of momentum states that for each point x € () at any time
the volume is in equilibrium if and only if

V-o+fo=0 inQ, (4.50)

where ¢ is the Cauchy stress tensor and f is the volume force density. If (4.50)
is satisfied in each point of the volume Q then the integral of the dot product of
this equation with any arbitrary vector-function v (also called test-function or
virtual function) over the volume is zero, the converse statement is also true:

Vio+fo=0 inQ & Vv,f[v-g+fv]‘gd£)=0. (4.51)
Q

If we require that v € C!, then the first term in the right part of eq.(4.51) can be
integrated by parts. After using the Green’s formula, we get

fg-g-gdl"+f[fv~g—g--VQ]dQ:0, (4.52)
dQ Q
where n is an outward unit normal vector at JQ. There is no more terms

containing the derivative of the stress tensor. It implies that the requirement
on smoothness of the stress vector (g € CH(Q)) in the differential form (4.50),

has now been replaced by a weaker requirement of continuity (¢ € C%(QQ)). On

the other hand, according to (4.52) the test function must be smooth v € C}(Q).
Equation (4.52) is called the weak form of the equilibrium equation.

If the abstract test functions v € C!(Q) are replaced by arbitrary test
displacements (also called virtual displacements) u = 6(x — X) = 6x, then
the weak form (4.52) is nothing but the balance of virtual work

fﬂ'g'@dﬁf[fv~6z—g--6vy] dQ =0, (4.53)

2Q Q
The stress vector 1 - ¢ entering in the first term in (4.53) is not zero only in the

active contact zones (T} € I'}, T € T2), on the surface where the stress vector is
prescribed (I's) and on the surface where the displacement is prescribed (I, ).
By definition, since displacements are prescribed atI';, 6u = 0 at I'; so we get

fﬂ-g-éng:fg-g-épdf}+fg-g-égdfg+fgo-6gdff, (4.54)
dQ Tl T2 Iy

where oy is a prescribed traction (Neumann boundary conditions), n is a unit
surface normal at T}, v is a unit surface normal at T2, p=xat I'l and r=xat I2.
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Chapter 4. Formulation of contact problems and resolution methods

In equilibrium state it follows from the 3rd Newton’s law that
n-gdl} =-vy-gdl!

So the two integrals on the contact surfaces It and I'? can be replaced by one
integral over any of the two surfaces, we chose the surface Il

fﬂ~g~6pdf3+fz-g-6zdf%=fa~g-6<p—z>df3, (4.55)

I} 2 Il
where
_ 71
r—p=gT)

is a gap vector describing the position of the point r relatively to its projection
p- So if we want to determine the integrals in (4.55) both in contact and in

non-contact states, the vector p becomes a projection of the slave point r on

the master surface I}, i.e. p = p(t,7). The expression &(r — p) in the integral

implies that the relative motion of the independent point r(t + 6t) is considered
relatively to the other independent point p(t + 6t), which was the projection of the

point r(f) in the non-perturbed state at time .
In case of a shadow projection g; from an infinitely remote emitter (see for
details the previous section and Chapter 2) r = p + g;e and directly
apT
o(r —p) = 0gse + F o¢, (4.56)

where e is a unit vector pointing towards the emitter. In case of a normal gap,
gn, v = p + gnn and consequently

o'
O(r = p) = O0gutt + gnd1 + 5= OF, (4.57)

~

< mT . . . .
where 6n = 6n + % 6¢ is a full variation of the unit normal vector. It is worth

noting that 6¢ describes a perturbation of the local coordinate of projection of

the point 7 on the surface T} and not the displacement of the material point p.
The surface stress vector can be splitted into normal and tangential parts, the
latter can be expanded into two components in the contravariant surface basis

P
5

n-0=n0,+0;=no,+ g =— (4.58)

7)
Obviously, if the local contravariant basis S is not orthonormal, then

||Q't|| * '\,O-tzl + 0%2/
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4.3 Contact between deformable solids

where 0y, i = 1,2 are components of the v-scalar g;.
In the contact state, when points p = r, the local moment balance is
automatically fulfilled, as vectors o) = ¢-n = —g-v = —g,. When the two

points are distant, for a non-zero stress vector, we_require that the moment is
zero, which is equivalent to the following equality

(r-p)xo,=0 or (p—-r)xo,=0.

It requires that when two points are distant, the contact stress vector is collinear
with the gap vector
allg ifg#0 (459)

Substituting (4.56) and (4.58) into the last integral in (4.55) leads to the
expression for the contact contribution to the virtual work balance of the system
in case of a shadow projection from an infinitely remote emitter

f 5 dr} = 1% 5 i Ta drt =
n-g-op-rdle = fﬂawgt&é e+ 57 0| dle =
Tt - -

¢ It

— (4.60)
dp _
= _f 0n0gse - 1 + 0gs QtTi e+ QtT‘Sé dre,

Il

where the dot product of contravariant and covariant bases gives the unity
ap op’

tensor (t-scalar) %k " 1 and is omitted in the last term. This expression

will not be investigated further in the thesis and suggests further direction of

development.

To derive a similar contribution to the virtual work balance in case of the
normal projection g = gy, let us first consider the dot product of (4.57) with

(4.58)
% %’
noy, + gt% . 6gng+gn6g+a— 6§ =

<
o’ dp dp dp’
= 0,080 + 0 y-£ 6§+ gtT i-g O0gn + gtT ££ 6§+
:O :0 :l
T¥ < T
+ gn o+ G 55| 0n = 0nOgn + G; 08

=gn0-6n=0, since ol|n, if g,#0, see (4.59)

Substituting this expression into the last integral in (4.55) gives the expression
for the contact contribution to the virtual work in case of the normal projection
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f;_rg O(p —r)dTE = —f(anégn + gtTcSé ) dry, (4.62)

iy Il

Finally, the balance of virtual work (4.53) including contact contributions
(in case of the normal projection ) and Neumann boundary conditions from
(4.54) is

f o 6VudQ + f (0udgn + gl 68 ) dTt = f o0 - dudl + f fo-6udQ, (4.63)
Q Q

T! Ty

It can be shown that in actual configuration the second term the part related to
the normal contact contribution is negative. If the condition of non-penetration
holds, then point r either stays at the surface (sticks or slides over the tangential
plane 0g,, = 0) or moves out of the surface, which leads to inequality

O0gn =08y -n=0.

Since the contact pressure is non-positive g, < 0 we have 6g,0, < 0, which
becomes in integral form

f 0,0 dTe < 0. (4.64)
Il
Frictional sliding is associated with energy dissipation, i.e. the dot product
between force and displacement vectors is negative (Fig. 4.10), so naturally,
a point slides in the direction opposite to the imposed frictional force. More
generally, the angle between the frictional force and the sliding directions is
larger than 90 degrees, i.e.

It follows that the expression in the frictional part of the integral is positive
since
o.=1-vev)-

—T

Iis}

=—(I-n®n)-c=-o,

i.e.
gféé >0

The integral form of this statement is given below

f oToc Tt >0, (4.65)

I

The virtual work of frictional forces has the same sign as the virtual work of
internal forces and it is not conservative so all this energy dissipates, and cannot
be recovered. Since the direction of sliding and penetration and its relations
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4.3 Contact between deformable solids

with gap vector are relative, it is important to distinguish master and slave
surfaces. Either the stress on the master has to be compared to the gap with
respect to the master g(r, I'}) (as in considered case) or stress on the slave has
to be compared to the gap with respect to the slave, g(p, T’?) (for the graphical
interpretation see Fig. 4.10): a—two bodies in contact p = r; b — the slave point
moves out of the master 6g, >0, 0, <0, 0,09, <0, where onn is the contact
pressure on the master surface; ¢ — tangential relative movement, the slave r
slides over the master, relative displacement respectively to the master o¢ is

the same direction as the tangential stress vector on the master, so gféé > 0.

According to (4.64), the balance of virtual work (4.63) can be rewritten as
a variational inequality The variational inequality has to be complemented by
the restrictions on the possible virtual displacement arising from Dirichlet’s
boundary conditions and non-penetration conditions.  Classically, the
variational inequality for frictional problem is written following Duvaut and
Lions [Duvaut 71] and Kikuchi and Oden [Kikuchi 88], where the proof of the
equivalence between the variational inequalities and the classical formulation
can be found. Here we provide a generalized formulation, which does not
limit the choice of the frictional law

fg--(SngQ+fgtT6§dl_"}2fgo-égdl“+ffv-6gdﬁ,
Q

V ={oue H(Q) |ou=0 onT,},

(4.66)

IK:{(SEGV ’(g+6g—p—6p)-gz—gnoonl"c}

In case of frictionless contact, the formulation is significantly simpler and is

written as
fg--(SngQZfg0~6ydf+ffv-6gdﬂ,
Q Q

Ty

V={oue H'(Q) |6 =0 onT,}, | @

le{(SEEV |(Z+6Z—p—6p)~g2—gnoonl"c}

where H!(Q) denotes Hilbert space of the first order, 6r = duonT?, 6p =

5u on T} - contacting material points in actual configuration, g,0 = (X , T X )
- initial gap. These variational inequality formulations (4.66),(4.67) are
valid for any material, since constitutive law does not enter in equations.
However, the presence of the inequality sign differs these expressions from
the classical weak form and requires new optimization methods for its
numerical treatment. No details are given here, the interested reader is
referred to monographs [Duvaut 76] and [Kikuchi 88], which are dedicated
to this approach.
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Chapter 4. Formulation of contact problems and resolution methods

Figure 4.10: Graphical interpretation of inequalities (4.64) and (4.65) with
respect to the master surface.

4.3.2 Remarks on Coulomb’s frictional law
For a detailed analysis of inequalities arising from the formulation of frictional
and frictionless cases, the reader is referred to books by Duvaut and

Lions [Duvaut 76] and Kikuchi and Oden [Kikuchi 88], where
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e the equivalence between the variational inequality and the classical
formulation of Signorini’s problem with Coulomb’s friction (following
Duvaut and Lions [Duvaut 71] and [Duvaut 76]) is determined,;

o the existence and uniqueness of the solution is proved for small
deformation frictionless contact [Kikuchi 88];

o the finite element problem with unilateral contact with and without
friction for small/large deformations, incompressible and elasto-plastic
materials is treated [Kikuchi 88];

e the questions of convergence of the Finite Element Method are discussed
[Kikuchi 88];

e many other developments concerning contact with a rigid foundation
are elaborated in the rigorous mathematical framework developed by
authors [Kikuchi 88].

Following these works, let us make some remarks considering the frictional
problem.

As one can see, no friction law appears in the derived variational inequality
for frictional contact (4.66). If Coulomb’s law is assumed

ol < pt-0w), Ngdler — p(-0ug =0, il || Igille: - w(-og: || =0,

apT
where §; = % ¢ is the relative tangential sliding velocity of the point r over p

for g = 0. Thgn, following [Duvaut 71], the integral related to the contribution
of the frictional forces can be rewritten as

f glog dlt = f lodllogelldrz = f p(=on) lloglldT¢ (4.68)
I I T

and the variational inequality for the frictional problem (4.66) becomes

fg--avgdsnfy<—an>||6gt||df3zfgo-égdnffv-agdg,
Q Tl Iy Q

V = {ou e HY(Q) |51 =0 onT,}, (4.69)

]K:{ége\/ |(g+61_f—p—6p)-gz—gnoonrc}

However, the integral (4.68) entering in the variational inequality (4.69) has no
meaning, since 0, = 0,(#) is a contact pressure depending on the solution u of
the problem with friction. Furthermore, the term (4.68) is nonconvex and non
differentiable, consequently the questions of existence and uniqueness of the
solution for the problem (4.69) remain open.

«..the absence of a complete existence theory for the general
problem together with physical evidence of friction have led some
investigators to question the validity of the Coulomb friction law.»
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Kikuchi and Oden [Kikuchi 88]

To derive some results for the frictional problem several possible
“simplifications” have been proposed: one can either assume a priori
known contact pressure or tangential stress or replace Coulomb friction
by a regularized law. For the case of a prescribed contact pressure, the
existence and uniqueness of the solution is proven under reasonable conditions
([Duvaut 76]). So for the numerical purpose, the iterative procedure can be
established using two special cases of known contact pressure and known
tangential stress repeated alternately (see [Campos 82]). However, the
frictional term remains nondifferentiable which presents a problem for the exact
numerical treatment of frictional contact. The regularization of the contact term
leads to a convex and Gateaux differentiable integral for which the existence
and uniqueness of the solution can be proved. The regularization consists in
replacing the absolute value of the virtual displacement in integral (4.68) by a
smooth term containing ¢

f (=0 l0gilldTe — f H(=0n) R(0g:, ) dI¢ (4.70)
T} Il
in the way that

e—0

R(égh 8) - ||6§t||/

see [Kikuchi 88] for details. Such a regularization is in a good agreement
with experiments on friction between metal surfaces [Courtney-Pratt 57]
demonstrating that a tangential relative sliding may occur, even for a

small tangential stress. This microsliding is governed by the elasto-plastic
deformation of asperities in contact.
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4.4 Variational equality and resolution methods

4.4 Variational equality and resolution methods

According to the remarks made in the previous section, the variational
inequality is hard to apply for contact with finite sliding and/or rotations.
That is why nowadays most of the practical studies in contact mechanics are
based on the so-called variational equalities, which are easy to introduce in a finite
element framework and does not require totally new minimization techniques.
Here we derive the framework based on variational equalities constructued for
known active contact zone. Due to the requirement of known contact zone,
such a formulation should be coupled with an active set strategy. Active set
denotes such components of the potential contact zone which are in “active”
contact at the current solution step. Naturally, the inactive set contains only
components of the potential contact surface which are not in contact.

Assuming the known contact zone it becomes possible to transform the
nonlinear optimization problem under constraints into an unconstrained
problem and to apply further classical resolution methods. Among the most
popular and widely used methods in contact mechanics are those inspired
from optimization theory:

e the penalty method (exterior point methods);

e the barrier method (interior point methods);

e direct elimination of constraints;

e the Lagrange multiplier method;

e the perturbed Lagrangian (valid for stick or frictionless slip) method;
e the augmented Lagrangian formulation;

e Nitsche method (weak enforcement of constraints);

e cross-constraint method (see [Wriggers 06]);

and others, which can be found in [Wriggers 06] and multiple references in
it. We restrict ourself to three of them: penalty, Lagrange multipliers and
augmented Lagrangian methods. All methods have their own advantages and
drawbacks, which will be discussed in the following.

4.5 Penalty method

Let us assume that somehow the active contact zones I} € I'},T? € I? are
known. Then the differential formulation of the contact problem can be
replaced by a variational equality (4.63) complemented by restrictions on the
virtual displacements 6u € V and contact constraints:

fg--éVde+f(an6gn+ g{ég)dfg =fgo-6ydl"+ffv~5ydﬁ,
Q Q

& I (4.71)

W:{éyelHl(Q) |5y:0 onl“u],lK:[ége\/ |g(y,5g)200n1_“c}
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Chapter 4. Formulation of contact problems and resolution methods

We have a standard minimization problem under inequality constraints.

4.5.1 Frictionless case

The motion of material points x € Q is governed by Dirichlet boundary
conditions, by non-penetration conditions

8(p,5) =0

and by stick-slip relations which will be discussed later. First, we confine
ourself to the frictionless case. To fulfill the non-penetration conditions, a
normal contact pressure 0, < 0 arises at the contact interface. Hertz-Signorini-
Moreau’s conditions summarize this effect

20, 0,0, g0,=0, o0;=0. (4.72)

Let us construct the penalty method based on an approximate fulfillment
of these conditions. For that, let us suppose that the contact pressure is a
continuous function of the penetration

0, g>0

Gn(g) =€y (<_g>) = {en(_g) g=< 0’

where €, is a non-positive continuous strictly monotonically decreasing
function and
—00
€(0) =0, €n(x) —> —o0

Then the contact condition is strictly fulfilled for non-negative gaps, however
according to the relations between contact pressure and the gap function, real
contact appears only for negative gaps, i.e. only if a penetration takes place

{gZO, 0,=0, g0, =0

4.73
g<0, 0p,=€4(-9) <0, g0, #0 (4.73)

Logically, the higher the contact stress for small penetration the better Hertz-
Signorini-Moreau’s conditions are fulfilled. This approximation implies that
the contact surface does not restrict penetration but resists to it, the deeper the
penetration the higher the resisting reaction. The physical interpretation leads
to a representation of the master surface as a series of springs with zero initial
length, that can elongate inside the body normally to the master surface. The
reaction provided by the springs follows the law R = €,(—U), where R is the
appearing reaction and U is the elongation of the spring. At the same time
the surface of the master is supposed to be described by nondeformed springs.
Since these imaginary springs are joint to the master surface and transfer the
reaction forces to it, it also deforms. The energy accumulated by springs due
to their deformation is

—u (=&
W, = f en(U)dU = f en((=8'))dg’,
0 0
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4.5 Penalty method

which in case of linear penalty method

en({=8)) = —en(=g),€n 20

becomes
—(=& —(-&
’ ’ ’ /7 l
Wp = - f 5n<_g>dg = f &nd dg = §5n<_g>2z
0 0

which coincides with the energy accumulated by a linear spring of stiffness ¢,
due to an elongation or contraction U = (—g). Due to its simplicity and mainly
due to the smooth contribution (regarding penetration) to the energy of the
system, the linear penalty method is one of the most applicable methods for
treatment of contact problems both in commercial and scientific finite element
codes.

The assumption of dependency of the contact pressure on penetration
allows to represent the frictionless contact integral as the work of the contact
pressure o, on virtual penetration 6g,, in analogy with the work of a prescribed
traction: the contact integral appears to be the virtual work due to the
deformation of imaginary springs in the contact interface (Fig. 4.11). For
normal projection g,(r,T'}), the contact contribution to the balance of virtual
work writes as follows

oW = [ ext-gnogadit = [ eut-gogaar?, (474)
I ¥

after the choice of the penalty function €, (with an argument in Macaulay
brackets (—g)) on can integrate the virtual work due to contact not only over
the active contact zone but over the full contact zone I'}, which results in the
second equality in (4.74). For shadow projection from an infinitely remote
emitter gs(r, T!) (see (4.60)), the contact integral has the form

SW, = f en(=g0)0gun - e dT! = f en((—gogun-edll,  (475)
Tt I

C

where e is the unit vector pointing towards the emitter.
The entire weak form for frictionless problems and normal projection writes
as

fg--évgdsnfen«—gn»agndf}:fgo-agdnffv-agdg,
Q

Q r! Ty

V = {ou e H'(Q) |6u=0 onT,]}

(4.76)

If the mechanical problem can be formulated as a minimization of the
functional F(u) : V — R under constraints g(u) > 0 and if the penalty
functional is P(u) : V — R} then,
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Chapter 4. Formulation of contact problems and resolution methods

-€n((=gn))

Figure 4.11: Spring interpretation of the penalty method: left — undeformed
configuration; middle — configuration after penetration g,(£), which in turn
results in a contact pressure 0,(&) = €,(—gu(E)) shown with red arrows on
the master and in blue on the slave, contact pressure results in decreasing the
penetration due to deformation and results in an right equilibrium state.

«The idea behind penalty method is, roughly speaking, to append to F a
“penalty functional” P which increases the magnitude accordingly to how
severely the constraint is violated.»

Kikuchi and Oden [Kikuchi 88]

4.5.2 Example

Let us demonstrate the idea of the penalty method on a simple example of
minimization under constraints. Let the potential energy of the system with
one degree of freedom be

F@) =3 @) 6+ 1

It corresponds to a mathematical pendulum in statics (see Fig. 4.12) where
¢ = (2)[N/mm] is the stiffness of the spring and x[mm] is the coordinate of the
mass-point. We require that at equilibrium the energy is minimal or that the
variation of the energy is zero:

min{F(x)} or OF(x)=0
X
It corresponds to the point x = —1[mm].
OF(x) =2(x+1)0x =0 x=-1

Let us introduce a wall, which restricts the penetration in the zone x < 0; now
the problem is reformulated as

min{F(x)}.

x>0

Note that strictly speaking we cannot use variational formulation 6F(x) = 0, x >
0 since in contact state F(x+0x) is not determined for any ox. The actual position
of the mass can be expressed by x = X + u, where X = —1 is nothing but the
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4.5 Penalty method

equilibrium state without wall (position in the reference configuration), then
the gap can be simply expressed as

gx)=x>20 & ux>2-X & ux1l
then we can rewrite the problem in displacements

min{F(u)}

F(x) = FX +u) = (X +u+1)?=u®>=Fu)

In the framework of variational equalities and the penalty method the
constrained minimization problem can be rewritten as a a simple minimization
problem:

min{F(u)} — muin{F(u)+Fp(u)},

u>1

where Fj,(u) is the penalty term due to violation of contact constraints

—(—-g(X+u))
Fy(u) = f e(—g(X + W))dg(X + ),
0

or in case of linear penalty e((—g(X + u))) = —e(=g(X + u))

—(—g(X+u))
Fp(u) = - f en(—gX+u'))ydg(X +u’)

where
—X-u, X+u<0
X+u)y=X+u, (—gX+ =
8 ) U, (8 W) {0, X+u=>0

X+u
Fp(u) = - f en(=X —u)dX +u') = %en(X +u)? = %en(u -1y
0

so we get the following minimization problem
min {F(u) + Fp(u)} & min {u2 + 18,1(1/[ - 1)2}
u x 2

with the solution

En
&+ 2

I[F(u) + Fyp(u)]

5 =QR+e)u—e, =00 u=

min {Fw) + P} &

Since now the energy function F is determined for any displacements, in
a more general form, the problem can be rewritten as a variational problem
similar to (4.76)
SF () + e((~g(X + u)))og(X + 1) = 0,
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Chapter 4. Formulation of contact problems and resolution methods

where

dg(X + u)
du u=0

which in case of linear penalty method €,(x) = —¢,x also provides

08(X +u) = ou =ou

En
ent+2°

Ru-e,(1-u)ou=0 & u=

The functional F(x) and F(x) + Fy(x) for linear penalty are presented
in Figure 4.13, which shows the energy functionals of unconstrained and
constrained problems respectively. One can see that the functional is smooth
and that the solution converges gradually to the solution of the problem
x* = 0,u" =1 for increasing penalty parameter ¢,,.

— > — >
-1 0 X -1 0 X

Figure 4.12: A simple example of contact problem, mathematical pendulum in
statics: left —initial state, right — deformed state due to the contact with a rigid
wall.

30 T 7
25 P
20} .
= /
\zg ’/
s .
+ /
—
=
T 10t .
5 ¢ F(x) -
€n=1 I
£y=10
ok | 61’1:50 ........ i
2 4

Figure 4.13: Extended energy functional F(x) + F(x) for different values of the
penalty (¢, = 1, 10, 50) and corresponding solutions for the problem presented
in Fig. 4.12.

167



4.5 Penalty method

4.5.3 Nonlinear penalty functions

The linear penalty method is optimal from a numerical point of view, because
it does not introduce additional nonlinearities in the problem. Moreover, its
linearization is a feasible task, whereas linearization of any nonlinear penalty
function leads to significant computational difficulties. However, as it can be
easily shown, the linear penalty function is not optimal from the point of view
of the precision. Let us compare linear penalty function with quadratic

1) = e, 4, [ ettt = e (3374 59

and exponential penalty functions
€°(x) = —eux(2 + x)e’, fee(x)dx = —gx%e".

As one can see, the contribution of the penalty terms to the energy of the
system (integrals) is smooth (value and derivative of the energy due to penalty
in x = 0 is zero). In Tables 4.6, 4.7, 4.8 a comparison between linear, quadratic
and exponential penalty methodsis presented for different values of the penalty
parameter ¢, = 1, ¢, = 10, ¢, = 100. To compare these methods on a nonlinear
problem, we assume that the spring energy is given by W = lcx*, with a
parameter ¢ = % It means that the value of penalty coefficient ¢, = 1 has the
same order of magnitude as the stiffness parameter. According to the tables,
we see that for high penalty ¢, ~ 100c (Tab. 4.8), the linear method converges
much faster than both others and the solutions of the three are quite close. For
a moderate penalty ¢, ~ 10c (Tab. 4.7), the quadratic penalty function gives
a faster convergence than linear and exponential ones. For a small penalty
ey ~ ¢ (Tab. 4.8), the exponential function gives the fastest convergence and a
much better solution that the others. It is worth mentioning that in all cases
quadratic and exponential penalty functions yield a better solution, and that
the best precision is obtained with the exponential function in all cases.

Let us also remark, that in 2D and 3D contact problems, the variation of the
normal gap function and its second variation are always nonlinear, so even for
linear material and a known contact zone, the linear penalty method does not
allow to achieve convergence within one iteration.
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Chapter 4. Formulation of contact problems and resolution methods

Table 4.6: Comparison of different penalty functions, penalty ¢, = 1, exact
solution u* = 1.
‘ Linear €/(x)

‘ Quadratic €(x) ‘ Exponential €°(x)

Iter Solution Relative | Solution Relative | Solution Relative

ut error ut error ut error

Mi_bili—l | M I M

u u u

1 1.000 1.000 0.667 1.000 0.429 1.000

2 0.692 0.444 0.561 0.189 0.649 0.340

3 0.541 0.279 0.548 0.024 0.657 0.012
4 0.502 0.077 0.548 3.20e-4 0.657 1.81e-5
5 0.500 4.76e-3 0.548 5.67e-8 0.657 4.50e-11
6 0.500 1.71e-5 0.548 1.62e-15 | 0.657 1.69e-16
7 0.500 2.19e-10 | 0.548 2.02e-16 | 0.657 1.69e-16

Table 4.7: Comparison of different penalty functions, penalty ¢, = 10, exact
solution u* = 1.
| Linear €/(x)

‘ Quadratic €7(x) ‘ Exponential €°(x)

Iter Solution Relative | Solution Relative | Solution Relative
ut error ut error ut error
=1 wi—ui! =yt
u? u’ u'
1 1.0 1.0 0.667 1.0 0.429 1.0
2 0.818 0.222 0.815 0.182 0.735 0.417
3 0.798 0.026 0.816 1.7e-3 0.867 0.152
4 0.797 3.0e-4 0.816 2.5e-8 0.884 0.019
5 0.797 3.8e-8 0.816 1.4e-16 0.884 2.38e-4
6 0.797 7.0e-16 0.816 1.4e-16 0.884 3.67e-8
7 0.797 0.0 0.816 1.4e-16 0.884 8.79e-16
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4.5 Penalty method

Table 4.8: Comparison of different penalty functions, penalty ¢, = 100, exact
solution u* = 1.

‘ Linear €!(x) ‘ Quadpratic €(x) ‘ Exponential €°(x)

Iter Solution Relative | Solution Relative | Solution Relative
u' error u error u error
ul_uz—]

ut ut ul

wi—yi-1 I

wi—yi-1 |

1 1.000 1.000 0.667 1.000 0.429 1.000

2 0.964 0.037 0.918 0.274 0.746 0.425

3 0.964 1.41e-4 0.967 0.047 0.925 0.193

4 0.964 2.00e-9 0.965 1.61e-3 0.978 0.054

5 0.964 0.0 0.965 1.87e-6 0.982 4.12e-3
6 0.964 0.0 0.965 2.53e-12 | 0.982 2.25e-5
7 0.964 0.0 0.965 0.0 0.982 6.67e-10

4.5.4 Frictional case

In presence of friction the virtual work due to contact has to be complemented
by the frictional term. The classical Coulomb’s friction law reads as follows

llotll < wloul, o —plonls =0, sl |l ot — ploxls || = 0.

As in the case of the normal contact, this set of conditions can be fulfilled
approximately using a penalty function. Let us assume that the tangential
stress is zero except when a tangential sliding g; occurs at the interface, so
the tangential stress can be considered as a function of the tangential sliding
limited by Coulomb’s cone surface:

_Jeligells,  ex(ligell) < plol
wouls, — ex(ligell) = plol

The penalty function should be positive and monotonically increasing,
moreover it should be zero for zero sliding

dei(x)
oJx =0

Consequently, the contribution to the weak form due to tangential contact in
the stick state is

f o1+ 6g:dle = f er(llgils - og¢ e = f et[
v

€(x) >0, €(0) =0,

8;_)T
7 “F

] § ot dT,

IvN Ivh .

where 1_"}. denotes the stick contact zone and

1)
I
1
NS}
o)1
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Chapter 4. Formulation of contact problems and resolution methods

From the derived expressions it is clear that their linearization, needed for
the implicit treatment of the contact in the framework of the Finite Element
Method, is a complicated task. This is why a linear penalty method is used,
that gives the following expression for the stick case

[ ] [} IG |
Ot = EtAgt ’ ||A§t I < [Jg . ’

where Ag;® is a discrepancy from the actual point and the stick point p(&°).
The value of this discrepancy is limited by the Coulomb’s cone. The integral
of the virtual work for the linear penalty can be rewritten as

] 71 _ . =1 _ Tag ‘9_ Tl _ e\Tse 471
0108 dTE = | eiAg’ o8 dTE = | ex(Ag’ 5% 7 5¢ dI; el(AE%)T5E dTL,

r’ r’ r’ r’

This integral can be interpreted as the work of the tangential stress vector g; on
the virtual relative sliding 6£ in the contact interface. The convective coordinate
& denotes the stick point, to where the slave point r returns if the external
load is removed. So A&* is an accumulated “slip-in-stick” over solution
steps AS(t) = £(f) — £°. From a physical point of view, the “slip-in-stick”
represents elastic deformations within the contact interface (elastic deformation
of asperities) and should vanish when the load is removed. The direct
analogy with elasto-plastic deformation is the following: the deformation
inside the yield surface results in elastic deformation of the volume element,
whereas pushing the yield surface leads to plastic flow. After removing the
load, the accumulated plastic deformation remains unchanged and the elastic
deformation vanishes. By analogy, the total slip g; can be splitted into a sum
of ”slip-in-stick” g;* and real slip g;* B

gt:g;-‘,—g; ~ g:£€+p

Note that g and g may be not collinear. To determine the slip direction, we
need to reformulate this expression in velocities

gr=g+gi ~ t=£+¥
Applying the incremental Euler method (x = (x*1 — x')/Ab) to integrate this
equation, we get

gti+1 — gti +A§t.i +A§_t*i/

where
oi+1 o *1+1 %1

At =g —g, Ag =g - g

So for At — 0 the frictional conditions can be reformulated as

Agé

ol < plonl,  or = IGnIIIA ”—0, Igell || o

Agt

plonlim—rs
"llAgil

|:O

171



4.5 Penalty method

This representation is important for the numerical treatment of frictional
contact problems by means of penalty method, which will be discussed in
details in Section 5.2.

As proposed in [Wriggers 06], in stick state, there is no need to distinguish
normal and tangential directions. The slave point has to stick to the master
point at which stick occurred and, according to the penalty method, all
violations of the stick condition will be penalized by a penalty stress vector
o - nin the direction of such a violation g =r —p, i.e.

g
o-n= e(llgll)@, if gn <0, llorll < plonl, (4.77)

where €(x) > 0 is a positive penalty function of the stick constraint violation.
Such a formulation can be easily integrated in the weak form by substitution
(4.77) in (4.55), which leads to

[ etgh = o0 - na?
e TP A

T

and for a linear penalty function to a simpler form

- fe(z—g) -8(r - p) T,
r°

such an approach is formally equivalent to the standard linear penalty, if one
puts ¢, = & = ¢, but it yields a simpler numerical formulation as shown in
[Wriggers 06].

In slip state, the tangential stress is determined by the contact pressure and
the slip direction

. 8 Ta_’_)
o = ”la”lng_tn = plouls = plouls FI

the integral due to frictional contact in slip contact zone is formulated as

fulan|§~6gtdl_"3 =fu|0nI§T6§ dri.

Il I
Since |o,| = —€,((—gx)) we finally get the following integral due to frictional
sliding, which has to be introduced in the weak form

}l|0n|§T5§ dri = f—en(<—gn>)y§T6§ dry.
f

!

e
For linear penalty |o,| = €,(—gx), the integral takes the following form
[ uonisTog dtt = [ en-gousTas art,

I} It
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Finally, the full variational equality —balance of virtual works —for frictional
contact (Coulomb’s friction) and linear penalty method is

fg-'(SngQ—fsn<—gn>(6gn—y§6§)df}—ng'égdl"—f]_‘U~6de+
Q

Q fg* l“f

+ f—en<—gn)6gn + etAé'Téé drt =0,

I

V = {ou e H'(Q) |6u=0 onT,},

(4.78)
whereT} eTlandI! eT!are respectively the slip and the stick active contact
zones on the master. In case of frictionless contact, the variational equality
becomes

fg~-6ngQ+f—en<—gn)5gnd1_“}—fg(yégdl“—ffv~6ng:0
Q Q

I Iy

V= {oue H'(Q) [6u=0 onT,},

(4.79)

4.6 Method of Lagrange multipliers

The method of Lagrange multipliers also allows to construct variational
equalities for contact problems. This method, named after Joseph-Louis
Lagrange, is used in optimization theory to find the extremum of a functional
subjected to constraints. Briefly, one has to seek for an argument u#* which
minimizes the scalar functional I'l(#) under constraints g(u) = 0

min IT(u).

sw=0
This problem under certain circumstances can be replaced by the search of a
stationary point (extremum, precisely saddle point) of a specifically constructed
functional L(u, A) called Lagrangian, where A is an additional unknown
(Lagrange multiplier)

min I[Tu) — VLu,A)=0. (4.80)
8w=0

The Lagrangian is constructed in the following manner
L, V) =) + Agw), A<0,

its gradient reads as

oL ronw g
ou +A
VLwA) =| “2|=| du du =0 (4.81)

oL
N g(u)
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4.6 Method of Lagrange multipliers

The lower equation is nothing but the constraint g(u) = 0. The upper one
implies that the gradient of the functional IT is opposite to the gradient of the
constraint with a multiplier A

Mw 98w

ou u

The solution of the minimization problem is a stationary point of the
Lagrangian (4.79), but in general not all stationary problems of (4.79) are
solutions of the initial minimization problem. The replacement of a one
argument functional I'l(#) by a two argument functional L(u, A) obviously
implies that the number of unknowns is higher for the Lagrangian. From a
numerical point of view, the discretized problem will contain N ; more degrees
of freedom than the initial problem, where N is the number of geometrical
constraints.

4.6.1 Frictionless case

The method of Lagrange’s multipliers can be extended for multiple and
continuous constraints formulated as inequalities. Let us remind the Hertz-
Signorini-Moreau conditions

gu) >0, 0,<0, 0,8w)=0 onT,
On the active contact zone I, we require that
VueT, : gu) > 0.
The constrained minimization problem is formulated as

min {H(u)} & ' :VueV,gw)>00nT, : TIw) <TIm) inQ,
ueV,gw>0 " - - - - -

where I1(n) is the energy of the mechanical system in ); this problem can be
replaced by a stationary point problem for the Lagrangian

VLX) =0 inQ, (4.82)

where 1,(X) <0on I:CO and A,(X) = 0 elsewhere, then the Lagrangian is given
by
£,2,) =110 + [ 1,008 dr! (4.83)
Il
The expression A,(X), where X denotes a material point in the reference
configuration, is rarely used and in the following we will also omit the
argument. By A,, we mean a continuous set of values on the active contact

zone (instead of a real number as in the discrete case). The stationary condition
in derivative form (4.82) can be replaced by the variation of the Lagrangian

5L, Ay) = STI(w) + f Q)5 + Ay 09(u) T = 0
fc
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Chapter 4. Formulation of contact problems and resolution methods

The variation of the energy of the system 6Il(u) is equivalent to the variational
principle of virtual work, so the last equality can be rewritten in an extended
form

fg~-6ngQ+fg(g)é/\n+/\n6g(g)d1:}—fgo-égdf—ffv-éng:O
Q

V= {ou e H'(Q) |6u=0 onT,} 1,<0 onT},

(4.84)
The constraint A, < Ohas still to be fulfilled, thatis why the Lagrange multiplier
method does not convert a minimization problem with inequality constraints
to a fully unconstrained one. For a more rigorous formulation of Lagrange
multiplier method for contact problems the reader is referred to the book of
Kikuchi and Oden [Kikuchi 88]. The integral due to contact for zero gap
g(u) = 0 degenerates to

f A Ogu)dT  — f An Og(u)dTl  ~ f 0 0g(u) dTL.
I T, !
This term is quite similar to the frictionless part of the contact integral in (4.71),
where instead of A, the contact pressure o, appears, both of them should be
negative. The Lagrange multiplier A, is interpreted as the contact pressure
needed to fulfill the contact constraints. By analogy with a potential field Il(r)
and the force F it generates in point r (gradient of the field)

the contact pressure is the gradient of the “energy” L(u, A,,) with respect to the
gap function

oL
lonl = 1Al = ===

g

So we introduced a new unknown, the contact pressure A,, which will be
obtained as the solution (u*, A,"), such that

VueV,A, <0 : L, A,) < L, Ay") < L', Ay)

which can be shortly formulated as a so-called min-max problem or saddle
point problem

minmax .L(u, A,).
ueV 1,<0 -

4.6.2 Frictional case

In case of frictional contact, a complementary condition on tangential sliding
in case of stick is

g =0, iflloll <ploy, onTl (4.85)
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if by analogy with frictionless contact we replace the tangential stress o; by a
Lagrange multiplier vector A; defined on the contact surface, the stick condition
can be rewritten in new terms as

g =0, fJAl<pi,  onTH (4.86)

P
It is worth mentioning that the vector A; lies in the tangential plane 3 and A,n

is orthogonal to this plane. So if the Lagrange multipliers A, A; are added as
degrees of freedom of the problem, contrary to the ordinary degrees of freedom
determined in the global reference frame, they always correspond to the local
frame and consequently are invariant to any global rotations. The Lagrangian
with the stick term is

£y, 20 =110 + [ Aagla) + - g

Il

and the corresponding equilibrium of virtual works 6L(u, A, A;) gives

O0L(u, An, Ar) = 0IT(u) + f gW)ON, + AuOg(u) + (1) - 0A; + Ay - 51(w) dT?
Il
A more straightforward formulation of this functional can be obtained if

instead of g;(u) = 0 it is explicitly required that the surface coordinate & = 0,
then Bl

0L(w, An, Ar) = 611(u) + f 8(w)oA, + A,08(u) + §T64f + 410 & dT},
I
—T
T 9p TP : ..
where A; = A; - 5 Or A = &tf‘ Consequently the stick criterion can be

rewritten in new notations

VA A <plal & JATA Le<pldl

Asnoted in [Wriggers 06], in stick state there is no need to distinguish tangential
and normal directions so that the two constraints ¢ = 0 and g; = 0 can be
replaced by one B

gw =r-pX*) =0,

where X* denotes the material point at which r and p stick together, the
associated spatial Lagrange multiplier vector — {A} — represents the contact
stress vector. The Lagrangian of the energy becomes

Lah) =116 + [ 2 g !
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Chapter 4. Formulation of contact problems and resolution methods

The criterion of stick is
|2 @-nem|<pr m,

where n is the unit normal vector on the master surface. Finally, the variation

on the Lagrangian takes the following form
(4.87)

0L(u, A, Ar) = OT1(w) + | g(w) - 6A+ A~ g(w)dle,
I

In case of slip, for Coulomb’s friction law, the tangential stress is fully

determined by the contact pressure and the sliding direction, that is why there

is no more geometrical constraint on the tangential slip and so we do not need

the Lagrange multiplier A; which can be expressed through the A,:

.
= n r—3 = n —_— = n —_—
ot = plouls o=yl lléTéélaé pAals 7%

and the virtual work balance takes the form
0L(u, Ay, Ar) = 0T1(u) + f g, + Au0g(w) + ulAylsT0 & dT,
T

C

Finally, for the active contact zone (union of non-intersecting stick and slip

zones [} = f}. U fg*) the variational formulation becomes

0L, 10,2) =0T [ g, + 4,3 + A 5T dTLs

vy
+ f SN, + A0g) + E 0N+ Ao & dTs,
n’
V= {oue H'(Q) |6u=0 onT,} 1,<0 onT}.
(4.88)

or if one uses (4.87)
5~£(E/ Au, /_‘t) = 51_1(2)4‘ fg(ﬂ)é/\n + /\nég(z) + HlAnlﬁTéé dfg_'_
vy
+ f g(u) - 6A + A 5g(u) dT? (4.89)

T

V= {oue H'(Q) |6u=0 onT,} 1,<0 onT}.

As one can see, one constraint, A, < 0 is still remaining. To get rid of this

constraint, A, is often replaced by
0, A,>0

. - Ay- diSt(An/ ]Rg) = _<_/\n> = {/\n, 1, <0

4
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4.6 Method of Lagrange multipliers

where (e) are the Macaulay brackets and dist(A,, R?) means the distance from
Ay to the negative half-line, i.e.

/\7’1/ An ¢ Rg

dist(A,, R%) =
ist(An, R) {o, A, € R

4.6.3 Example

Let us consider the same example as in the penalty method. The energy
functional and the contact constraint are given by

F(x) = %(2)(x +1)%,g(x) =x > 0,
expressed in displacement u = x + 1 it writes as
Fu) =u?,gu) =u—120,
The corresponding Lagrangian has the following form
L, ) =u>+Au—-1), A<0
or using Macaulay brackets
Lx,A) = = (=A)u-1).

The contours of this Lagrangian are represented in Figure 4.14. The saddle
point is easy to locate u = 1, A = —4. The right plot in the figure allows to
demonstrate visually the lack of smoothness on the line A = 0 (marked with a
black dashed line), which separates contact and non-contact zones.

L(u, A)

Figure 4.14: Lagrangian L(u, A) and several isolines, the saddle point is easy
to detect u = 1, A = —2; on the black dashed line the Lagrangian lacks of
smoothness by A.

The variation of the Lagrangian writes

ou

2u+)\T
oA

0L(u,A) = -1

]=0, A<0
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Chapter 4. Formulation of contact problems and resolution methods

As du and 6A are arbitrary, for the solution we require that

N M R

the solution of the last equation is [u A]T = [1 - 2]T. Since A is negative,
x = 11is the solution, otherwise the second equation has to be excluded from
consideration and we simply get equality 2u = 0.

Let us demonstrate how a numerical solution for the nonlinear problem
with a Newton-Raphson’s method can be obtained: as in the analysis of the
nonlinear penalty method, we suppose that the spring is nonlinear with an
energy functional F(u) = ‘llu‘*, where u = x+1, the contact constraintis u—1 > 0.
The Lagrangian takes the form

L, M) = }Iu‘* +Au—-1), A<0
or 1
L, A) = qut = (=) -1)

its variation gives

u—11 [6A

This system of equations is nonlinear, so we choose the starting point [u9, Aol
and we resort to the help of Newton’s method. So we need to linearize
the equation (4.90) for a known iteration [u;, A;] to complete the increments
[Au;, AL

T
5L, A) = [”3 * A] [‘5“] -0 (4.90)

A .
0L(uiv1, Aiv1) = 6L (u;, Ai) + [Aél:(u, /\)] [ A;(Z] =0, (4.91)
u;, A !
where 3 .
u> + A;
OL(ui, Ai) = [&i 1
L) 02L(u,A)
ou? JudA 2
[A(SL(M, /\)] - = F”fi (1)]
uj,Ai azL(uz/\) 32-L(ur/\)
JAdu 0A2 i, A

Finally, from (4.91) the expression for the increments is

Aui 3112 1 - Ui Uu; Aui

0 A I T 1 A
For any initial conditions [19, Ao] this procedure converges to the exact solution
in 3 iterations. However, we should not forget about the restriction A < 0,
related to the geometrical constraint ¢ > 0. There are several possibilities
to fulfill these conditions: note that one of them is of limited use (marked
with a star *). Advantages and drawbacks will be discussed below and some
examples will be given. The aim is to determine if the constraint is active or

not, so we will call these approaches - local active set strategies. Below three
of them are presented:

ul.3+Ai
Mi—l
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4.6 Method of Lagrange multipliers

1. If on certain iterations the geometrical constraint is inactive g(u;) > 0,
then the constraint is excluded and the reduced system (4.93) will be
solved. If on the k-th iteration g(u;) < 0, then we turn back to the full
system (4.92) and solve it for starting from the initial guess [u, 0].

2*. If during iterations a positive Lagrange multiplier occurs A;;1 > 0, then a
reduced system of equation will be solved
3
Uity

2
E)’ui+1

Aujq = — , Uity = Ujy1 + Altj1, Aigp =0, (4.93)

else the full system (4.92) is solved.

3. Both approaches can be combined: on the first iteration, we solve the full
system (4.92). On the following iterations, if A; > 0 or g(u;) > 0, we solve
the reduced system (4.93), else we return to the full system (4.92).

The first active set strategy, based on the check of the violation of the
geometrical constraints ¢ > 0, is frequently used due to its robustness. It
provides the correct solution, however sometimes it can take more iterations
to converge. The second strategy is based on the check of the positivity of
the Lagrange multiplier, sometimes it leads to a constant switch between two
systems (4.92) and (4.93), i.e. between two functionals

L(u,A) < F(u)

which results in infinite oscillations if we fastly change the geometrical
constraint so that the solution of the problem switches from constrained
to unconstrained state. So this active set strategy (2*) should be avoided.
Anticipating things, we remark that when the solution of the problem remains
constrained on the following step, the second strategy converges to the correct
solution faster than the first one. That was the motivation for developing the
third strategy — which is based on both constraints. It converges fast towards
the correct solution in all considered cases. However, since on the first iteration
the material point follows the contact constraint, a fast remove of contact may
create a situation when the initial point for Newton’s iterations is too far from
equilibrium, so it may cause convergence problems. Finally, we conclude that
the first strategy is robust and conditionless, but it is not always fast. The
second strategy is of limited use. The third one is fast and robust, but its
convergence rate strongly depends on the loading of the problem. Remark
that when two initially separated points come and stay in contact, the three
strategies are equivalent. However, in case of unloading they behave quite
differently. Each strategy is characterized by its piecewise smooth functional,
where u denotes the displacement from the reference state of the spring. Each
functional is presented graphically in Fig. 4.15-4.17. A thick black dashed line
separates domains of different functionals (Lagrangian in contact and original
functional in non-contact domains).

It is worth mentioning that in implicit finite element codes, it is expensive
to remove or add degrees of freedom during iterations, so the equation due
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Chapter 4. Formulation of contact problems and resolution methods

to the Lagrange multiplier is not eliminated, as it was done in (4.93), but the
stiffness matrix and the residual vector of the problem are to be changed:

3u% 1 3u2 0 u + A u?
R I R P I ]

Two functionals F(u) and L(u, A) for different active set strategies occupy
different domains:
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4.6 Method of Lagrange multipliers

1. Active set strategy 1 (Fig. 4.15):

18)>0: Fu) gw)<0: L(u,A)|

2*. Active set strategy 2 (Fig. 4.16):

A>0: Fu) A<0: L)

3. Active set strategy 3 (Fig. 4.17):

gu)>0andA>0: F(u) g(u)<0 orA<0: L(uA)

L(u, M)

N - O = N w s ;
bhoan e s

L(u,A)

Figure 4.16: Energy functional for the active set strategy 2.

To demonstrate these three strategies let us consider the same configuration
of a mass on a nonlinear spring, but for the start point we choose the previously
archived solution [ = 1, A = —1] - stressed spring due to the presence of the
wall at x = 0. The displacement u will be related to this configuration, sou = x.
We remind that the spring is free of stresses if the coordinate of the mass is
x = —1. Two cases are considered:
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~
Lo oo ow s

L(u, M)

0.5

Figure 4.17: Energy functional for the active set strategy 3.

e case I — the rigid wall is moved from position x = 0 to x = —0.9, see
Table 4.9 and Fig. 4.18;
e case II - the rigid wall is moved from position x = 0 to x = 1.1, see

Table 4.10 and Fig. 4.18.

As the tangent matrix is zero on the solution point, the convergence rate of
the Newton-Raphson method is only linear. The solution due to the second
active set strategy in case of full unloading (case II) oscillates, and finally after
iteration 20, one gets an infinite loop between [-1.05, 0.00] and [-1.075, 4e—4].
The third strategy converges in all cases faster than others, however, as it has
been mentioned the number of iterations in this case strongly depends on how
far the constraint has been moved. Roughly speaking, the difference between
the first and third strategies depends on the concrete situation, namely, on how
the solution is closer to the final state with enforced contact or to the reference
state with contact.

Table 4.9: Case I. Comparison of different active set strategies (ASS) in case of

partial unloading, exact solution u#* = —0.9, A* = —1e — 3 (converged iteration
put in bold).
‘ Strategy ASS1 ‘ Strategy ASS 2 ‘ Strategy ASS 3
Iter, i ‘ u; A ‘ u; A ‘ u; A
1 -0.333 0.0 -0.900 1.70 -0.900 1.70
2 -0.556 0.0 -0.933 0.0 -0.933 0.0
3 -0.704 0.0 -0933 -1.70 -0.933  -1.70
4 -0.802 0.0 -0.900  -7.4e-4 -0.900  -7.4e-4
5 -0.868 0.0 -0.900  -1.0e-3 -0.900  -1.0e-3
6 -0912 0.0 -0.900 -1.0e-3 -0.900 -1.0e-3
7 -1.800  1.70 - - - -
8 -0.900 -1.30 - - - -
9 -0.900  -1.0e-3 - - - -
10 -0.900 -1.0e-3 - - - -
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Table 4.10: Case II. Comparison of different active set strategies (ASS) in case
of full unloading, exact solution u#* = -1.0, A* = 0.0.
‘ Strategy ASS1 ‘ Strategy ASS 2 ‘ Strategy ASS 3

Iter, i ‘ Uj A ‘ Uj A ‘ U; A
1 -0.333 0.0 -1.100  2.30 -1.100 2.3
2 -0.556 0.0 -1.067 0.0 -1.067 0.0
3 -0.704 0.0 -1.067  -2.30 -1.044 0.0
4 -0.803 0.0 -1.100  7.4e-4 -1.030 0.0
5 -0.868 0.0 -1.067 0.0 -1.020 0.0
6 -0912 0.0 -1.067  2.6e-4 -1.013 0.0
7 -0941 0.0 -1.044 0.0 -1.009 0.0
8 -0961 0.0 -1.078  4.8e-4 -1.008 0.0
9 -0974 0.0 -1.051 0.0 -1.004 0.0
10 -0983 0.0 -1.074  3.9e-4 -1.002 0.0

Figure 4.18: Sequence of iterations for different cases (case I - partial unloading,
case Il - full unloading) and different active set strategies: on the left —iteration

sequence is plotted on the real functional field on the right on the Lagrangian
tield.
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4.7 Augmented Lagrangian Method

4,71 Introduction

Another approach for the problem of minimization under constraints has
been proposed in 1969 independently by Hestenes [Hestenes 69] and by
Powell [Powell 69]. Originally, the method got the name “the multiplier
method of Hestenes and Powell” or “method of multipliers”. This method
consists in a special combination of the penalty and Lagrange multiplier
methods, it converges to the solution for finite “penalty” coefficient and
provides an unconstrained minimization problem with a smooth functional,
which is a great advantage from a numerical point of view.

Let us shortly outline the idea. Let F(x) be the functional to minimize under
constraint g(x) = 0, in case of use of penalty or Lagrange multiplier methods
the functional to minimize (or maxi-minimize) changes respectively as

Fp(x) = F(x) + %eg(x)Z; L(x,A) = F(x) + Ag(x)

For a given A = A;, the Lagrangian can be considered as a function of one
argument x

L(x, A;) = F(x) + A;g(x)
The application of the penalty method to this functional leads to

LHx, A) = L(x, A) + %e‘g(x)2 = F(x) + Aig(x) + %,sg(x)2

If [x., A.]" is a solution of min, max, £(x, A), then it can be shown that it is also
the solution of the min, max, £*(x, A). The original formulation was strictly
iterative and supposed an independent update of A; at each iteration. In contact
mechanics this approach is also known as Uzawa’s algorithm [Arrow 58a]
(named after Hirofumi Uzawa, Japanese economist). Let [x;, A;]" be the result of
the current iteration, then the linearization procedure of the Newton’s method
provides us with the following expression for the solution increment

LA f 2o
ox x;

)
F(x;) + Aig(x;) + %eg(xif] + [% +[Ai +eg(x)] giX)]

So according to the last equality we evaluate the increment Ax;, further we
need to update A. Hestenes draws our attention to the boxed term in (4.94),
which suggests the updating procedure

L(xi + Axi, Ay) = L7(xi, Ay) +

(4.94)

AinO

Aig1 = A+ €ig(xi),  AA; = €ig(x)),

A should be decreased: as A can be considered as a force, so it will push x;
closer to the solution and vice versa: if g(x;) > 0, the Lagrange multiplier

where 0 < ¢; < ¢, which implies that if g(x;) < 0 then the Lagrange multiplier
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4.7 Augmented Lagrangian Method

should be increased to pull x; to the solution. If g(x;) gradually tends to zero,
A; converges to the solution A.. Also, the authors propose to choose ¢; = ye,
where y is positive and smaller than 1, or to choose ¢; in order to approach the
constraint from one side (a kind of monotonic convergence)

g(x1)g(xiy1) > 0

In all cases, the rate of convergence of this method, where primal x and
dual A variables are updated independently, is linear [Powell 69]. Further
this method has been generalized in 1973 by Rockafellar [Rockafellar 73b],
[Rockafellar 73a] for inequality constraints, the author formulated a new
unconstrained functional for the minimization of F(x) subjected to the
constraint g(x) > 0%

1
L, A) = Fx) = 5= (A = (=(Ai + eg)?) (4.95)
In an expanded form, it rewrites as
1 2 ,
L) = F(x) + Aig(x) + 5eg(x)", Ai+eg(x) <0 (4.96)
F()_Zz' Ai+eg(x)>0

Note that the Lagrange multiplier A is not restricted to be nonpositive as in
case of optimization under inequality constraints by the Lagrange multiplier
method.

The variation of (4.95) with respect to x results in the following condition

g()

5Lx, A7) = OF(x) — (—(A; + g(x;) ) —>—6x = 0 (4.97)

from where, Rockafellar deduced

Ay = =(=(Ai + &g(x1))) <0
or
9L (x, A)

Aipp=Ai+¢€ an

1
=Ai— Sg(Ai +(=(A; +eg(x))))
in an extended form

Aour = Ai+eg(x), Ai+egx) <0
*1 0, Ai+eg(x) >0

Another possible interpretation of the update procedure can be derived if one
reasonably assumes that the Lagrangian multiplier should be a ”“force” due to
a change of the potential L%(x, A) related to the change of the constraint g(x),
so we get directly the expression for the update procedure

L'(x,A)
8(x)
%in the following paragraph we follow Rockafellar [Rockafellar 73b], except for the sign of

the constraint, to make the formulation adapted for contact problems within the previously
introduced notations.

Ai+eg(x), Ai+egx)<0
0, Ai+eg(x)>0

Aist = =~ eg0)pe = {
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However, the linear instead of quadratic convergence rate is a quite high
price to pay for the unconstrained minimization even if a non-infinite penalty
coefficient leads to the exact solution and even if no additional unknowns? are
introduced in the global convergence cycle. The advantage of the method is
that the functional L(x,.) is smooth so that a standard Newton’s technique
is applicable. Moreover there is no need to control the non-positivity of the
Lagrange multipliers.

In 1970 Fletcher [Fletcher 70] has developed a technique where both
variables are adjusted simultaneously. It follows quite naturally from previous
developments. Instead of the functional £%(x, A;) where A; is fixed, the author
proposed to consider a full functional where both primal x and dual variables A
are equivalent, £%(x, A). Then we obtain the min-max problem, where solution
[x., A.] minimizes the functional by x and maximizes by A.

minmax £L*(x, 1)
X

In case of lack of a strictly convex functional F(x) we reformulate the problem
as a variational problem
2L 2L

ox +

0LMx,A) = 5 -ox+ o2

5A =0, (4.98)

The associated numerical iterative scheme can then be easily deduced, but
another problem is generated: the new functional L%(x, A) is not sufficiently
smooth and so a generalization of the iterative scheme, often Newton’s
method, is required, which would ensure the convergence. A generalized
Newton method (GNM) has been proposed by Alart and Curnier for
nonsmooth potential present in contact mechanics (first for the penalty method
[Curnier 88], then for the augmented Lagrangian method [Alart 88],[Alart 91].
Some generalizations can be found in [Alart 97]).

An application of the augmented Lagrangian method to frictionless contact
problems can be found in Glowinski and Le Tallec [Glowinski 89] and also in
a report of Wriggers, Simo and Taylor [Middleton 85]. The first application
of the augmented Lagrangian method with Uzawa algorithm to frictional
problems has been reported by Simo and Laursen in [Simo 92]. The first
successful attempt to apply the coupled augmented Lagrangian method
to large displacement frictional contact problems has been undertaken by
Alart [Alart 88], Alart and Curnier [Alart 91]. The augmented Lagrangian
approach has been elaborated by developing the perturbation approach to
convex minimization as proposed in [Rockafellar 70] and first applied by
Fortin [Fortin 76] to visco-plastic flow problems (similar to frictional contact
problems). Further developments can be found in [Heegaard 93], [Pietrzak 97],
[Pietrzak 99]. For the following developments of the augmented Lagrangian
method for nonlinear constraints the reader is referred, for example, to Powell’s
survey paper [Powell 78] and for an extended theory of optimization, to the
related books [Luenberger 03], [Bertsekas 03], [Bonnans 06].

Sadditional unknowns are nested in local update procedure.
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To conclude the introductory part of this section I would like to cite Dimitri
Bertsekas’ statement on the augmented Lagrangian method

"The original proposal of an Augmented Lagrangian method by
Hestenes (1969) and Powell (1969) may be viewed as a significant
milestone in the recent history of the constrained optimization area.
Augmented Lagrangian methods are not only practically important
in their own right, but have also served as the starting point for a
chain of research developments centering around the use of penalty
functions, Lagrange multiplier iterations, and Newton’s method for
solving the system of necessary optimality conditions.”

Dimitri P. Bertsekas [Bertsekas 81]

4.7.2 Application to contact problems
Contact conditions in subdifferential formalism

A very detailed description of the application of the augmented Lagrangian
method has been given in the PhD thesis of Pietrzak [Pietrzak 97] and
in the related article [Pietrzak 99]. All developments are based on the
formalism applied in contributions of Alart and Curnier [Alart91] and
Heegaard and Curnier [Heegaard 93], which in turn followed Moreau’s works
on convex analysis, the references can be found in the cited articles. Following
the cited authors, we introduce first an indicator function: indicator function
of the positive half line x > 0

Pr(x) 1 VxeR = ¢ (x) e Rj Uoo

oo, x<0

Y@ = {0, x>0

Following [Heegaard 93], a simple interpretation of the indicator function can
be given using a piecewise linear function ¢*(x,7), r >0

- |, x<0
17b (x’r)_{o, XZO

Then the indicator function is a limit of the function /" (x, r) if  tends to infinity
e A )

The functions ¢*(x) and *(x, r) are nondifferentiable in x = 0, however the last
one has left and right sided derivatives. Now we can give a short formulation
of the subdifferential of a function. For a simple locally convex function f(x) :
R — R the subdifferential in the point x* is a set of all real numbers contained
between left- and right-sided derivatives. This set is denoted as df(x*). If
the function is concave in a vicinity of the point x* then the subdifferential is
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confined between right- and left-sided derivatives. The subdifferential of the
function 1*(0) is such that

IY*(0) = (=c0,0] ~ a¢+(0)=% N0 <7< oo

x=0-
Any element of the subdifferential is called the subgradient
s € Y™ (0)

If at a given point there is only one subgradient, then the function is at least
once differentiable at this point.

0, x<0
a¢+(X) = (—OO, 0]/ X = 0
0, x>0

A slightly extended discussion of subdifferentials and subgradients in the
framework of nonsmooth optimization will be given in the following chapter,
see Section 5.1.4, where some useful references are also given.

The Hertz-Signorini-Moreau condition for normal contact can be rewritten
as a so-called subdifferential inclusion

on € YT (gn)

It means that for a positive argument g, > 0, the contact pressure can take
only a zero value, and for g, = 0, it can take any negative value. Indeed,
contact pressure is nonpositive, for negative normal gap the subdifferential is
undefined, so the normal gap is nonnegative and the complementary condition
is also fulfilled

op € (=,0], £,€[0,00), €,0,=0

Introducing a conjugate indicator function — indicator of the negative half-line
x<0
Y (x) : Vx€R — ¢ (x) € Ry U {—o0}

v _ 10, x<0
w(x)_{—oo, x>0

allows to reformulate the normal contact conditions as another subdifferential
inclusion

8&n € a7711_((7n)

Now let us introduce a disk C(R) of radius R centered at the origin

Cr={x | Ixl<R }
The corresponding scalar indicator function of the vector argument is given by
Yr(®) : T2 > RY Uco
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0, .EECR
oo, x¢Cg

Yr(x) = {

We can extend the interpretation given in [Heegaard 93] for a two dimensional
case

- 0, x € Cr
x,1) = - ,
vre ) {r(lla_cll—R), x ¢ Cr

The subdifferential of the disk indicator function can be interpreted as

d&R (El 1’)
dx

= C
,VrZO:{ry' x ¢ Cr \ OCk Yr>0,
xX=x'+

IYr(x') =

0, x€Cr\dCx’

where dCg = { x | lx]| = R } is a closure of the disk Cg. The conditions
arising from the Coulomb’s friction law can be reformulated as a subdifferential
inclusion

81 € Wy (o) (499)

This formulation is equivalent to the classic Coulomb’s friction law. Indeed, if
the tangential contact stress is inside the Coulomb’s disk ||o¢|| € Cyyiq, \ ICyjo,1s
there is no tangential sliding g; = 0. The closure of the Coulomb’s disk JC ;| is
called the slip surface. When the tangential contact stress reaches the slip surface

of the disk, sliding occurs in the direction of the applied tangential stress and

t

the velocity of sliding takes any nonnegative value g; = "G Yr > 0.

The conjugate function or Legendre-Fenchel conjugate of the disk indicator
function 1, is constructed as a norm function

U0 (80 = lollige]

which designates a convex cone. Then the subdifferential of the conjugate
function is given as

ulo Ed ¢ #0;
. . AT t ’
al’bﬂlonl(@) = g 2

gf/ gt = O/

where ||o¢l| < ploy|. Finally using subdifferential notations we can express the
tangential contact stress vector as a subdifferential inclusion

o€, (g)

which corresponds to the classically formulated frictional conditions.
Finally for a frictional contact problem in the interface we have two possible
sets of subdifferential inclusions, for kinematic arguments

on €I (8n), 01 € My (1), (4.100)
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and for static arguments

gu €N (0n), g €M, (o). (4.101)

Note that the convex disc C;,,| is a function of the unknown contact pressure,
consequently Alart and Curnier [Alart 91] proposed to call the indicator
function ¢ 5, and its conjugate t,bngnl quasi-potentials to “stress the dependence
of the convex set on the pressure”. Note also, that if the gap is open
gn >0 = 0, = 0 then the tangential contact stress is also zero g; = 0
and the subdifferential di,;,(0:) degenerates in diy(0) > Vx, which means

that tangential sliding is not restricted. In the incremental quasi-static analysis
the tangential relative sliding velocity is replaced by increments

As previously, the increment of the tangential relative sliding will be denoted
simply by g; and time will be omitted without any loss of generality

g - Agt/(tm—ti) - &

In the introduced framework of subdifferential inclusions the variational
problem can be formally formulated as follows

min {TT°(w) + IT°(u)}, (4.102)

where I'T°(u) is a smooth potential energy of the system of contacting elastic
bodies or its incremental homologue in plasticity and

w = [ [0+ ¥}, (80 ] ! (4103)
Il

is a non-differentiable energy of the frictional contact interaction. However
such a formulation is non-applicable in the numerical treatment of contact
problems because of the non-differentiability. That is the principal motivation
for the augmented Lagrangian method, however the smoothing effect is not the
only advantage of the method. The augmented Lagrangian method converts
the constrained minimization problem into a fully unconstrained problem,
contrary to the Lagrange multiplier method which requires fulfillment of the
constraint related to the Lagrange multiplier A < 0.

The regularization of the quasi-potentials entering in the contact
functional (4.103) by the augmented Lagrangian method is presented in
detail in [Pietrzak 97] (Chapter 5). The reader is referred to this volume
for the detailed transformation of the quasi-potentials into smooth potentials
— augmented Lagrangians [, and I; related to normal and frictional contact
respectively:

¢+(8n) - ln(gn/An;{En})/ ¢;|a,1|(§t) - lt(gt//_\tzan'i‘fngn/{gt})/
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4.7 Augmented Lagrangian Method

where A, and A; are Lagrange multipliers representing the contact pressure and
the tangential contact stress vector respectively, ¢, and ¢; are regularization or
penalty coefficients for normal and tangential contact respectively and o, is the
contact pressure at solution #*. Penalty coefficients are supposed to be constant.
They are not considered as arguments of the augmented Lagrangians, so they
are written in braces and further will be omitted. At solution it also holds

Op =0y + Engn(U).

The augmented Lagrangian functional is constructed from (4.102) and the
regularized form of (4.103):

Lu(ﬂl An;/_\t/ On"'gngn/ {571/ gt}) = HS(E)""[ ln(gn/ An/ {gn})+lt(§tz/_‘t/ Gn"'gngn/ {gt}) drg/

I

The closed forms for /,, and I; are given in the following paragraph.

Formulation of the virtual work principle

Here we give a formulation of the augmented Lagrangian functionals [,
and /; which can be directly inserted as integrand in the weak form. The
regularized integrand due to the nonpenetration-nonadhesion condition for
the geometrical constraint g, > 0, Lagrange multiplier A, (representing contact
pressure) and penalty parameter ¢, is written as

Angn + % %, An + €n8n <0, contact

ln(gn/ An) = {

—213/\”2, An + €ngn > 0, non-contact

using Macaulay brackets a more compact form is given as

1

Ln(gn, An) = e (/\n2 —(=(Ay + €ngn ))2)

If following [Pietrzak 97] the augmented Lagrange multiplier is denoted by a
hat

N

Ap = Ap + €ngn

then the formulation can be shorten as

(g A) = —ﬁ (A,ﬁ _ <-in>2). (4.104)

The expanded form with hat notations takes the following form

contact
(4.105)

n<0,
—5-An", An > 0, non-contact
n

The regularized integrand due to Coulomb’s friction law for the incremental
tangential relative displacement g;, the corresponding Lagrange multiplier A;
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Chapter 4. Formulation of contact problems and resolution methods

(representing tangential contact stress vector) and the penalty parameter ¢; is
written as

lt(gt/ Ay, 6p) = _ZL& (/_\t <At +2uby

Ai-gi+ 3881 IAs + exgell < —udy  stick

1
—25 A A

where §, is a regularized contact pressure at solution

On = 0y + En&n

A+ &8s ” + #25%), A: + e:gill > =6, slip

Note that the tangential regularized functional /; is extended to the non-contact
domain 6, > 0. Making use of Macaulay brackets provides a shorter form of
the regularized functional /;

1
118t At 6n) = T2, (/_\t A=Ay + Etgt”z + (=(llAs + exgill - [J<—5n>)>2)

And finally, introducing the hat notations for the augmented Lagrange
multiplier

A=A+ €8t

results in an even shorter form

. 1 A 2 A 2
(gt A ) = —5- (A0 2 = 1A + AN - (-6, (4106)
The expanded form is given by
Av-gi—38 8 IAdl < —p - stick
lt(gt//_\t/ 6”) = _2%} ()_\t : /_\t + Z}lénllgt” + [JZ(}%)/ “31‘“ > _Hénz SZZP ’ "o ’
_ZLgt/_‘f : /_\t/ 671 >0
(4.107)

The integration of expressions (4.104) and (4.106) over the master surface leads
to the following contribution of the contact conditions to the energy of the

system

W= [ g da) + (g 2,0 T =

4

A 1 A 1 T
= [ 5 (M= ) = 5 (2= WP + Q1R - -0 T

(4.108)

For frictionless contact, the augmented functional /; should be omitted.
Variation of the integral W¢ leads to

SWE = f Ol (gn, An)+01i(gt, At, 6,) dTE =

I

Ing Onsy Ol
dgn S9N,

oA +—
8&

I‘l

c
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4.7 Augmented Lagrangian Method

Note that the contact pressure 6, is not subjected to the variation even if it
contains the geometrical quantity 6, = 0, + €,9,. This is due to the fact that
the contact pressure is assumed to be the known contact pressure at solution,
so its variation is zero. Since there are three possible contact statuses (stick,
slip and non-contact), it is convenient to split the contact zone into three non-
intersecting zones

r'=r" ur!® urh1,

* ., . o . . 1 - .
where I"g is a slip zone, I"} is a stick zone, I} is an active contact zone and
consequently T'! \ T} is a non-contact zone.
To simplify the further derivations, four simple derivatives are given here

A A dA A
&An :gi’l/ %_1/ _t:gtll ;t:L
8gn 8gt - (9/\13 -

Here and further it is more convenient to write all the derivatives in a classical
way using (4.105) and (4.107), instead of short expressions with Macaulay
brackets (4.104) and (4.106).

Au(gn, An) _ A, /:\n <0, contact (4.110)
ogn 0, A, >0, non-contact
(g, An) _ gn; /:\n <0, contact (4.111)
oA, —2-An, An >0, non-contact
A, IAd| < —ud,  stick
8lt(§t; /_\t) R /A\t ”;‘ ” " l P 6;1 < 0 (4 112)
— = |-us,=, > —ub,, sl .
Jgi HOm Ay e THOn S
0, G,>0
8t A < —uéy  stick
(gt Ar) o A A o <0 (4113)
— =3 |- (A + u6, =, > —Uby,, , .
o e \de  pons )_\tll) Al > —ubn,  slip
-1a, 6, >0

After grouping all the derivatives (4.110)-(4.113), the contact contribution to
the virtual work (4.109) takes the following form in case of frictional contact

[ Andgn + guOAn + Ar - 01 + g1 - OA T, Al < —ud,  stick
re* -7
pI A ;" 1 ~ /A\t 1 A n .
oWe = { [ Audgu+ g0y = uon 5 dgi = L |+ 3 |- SN dTE, A > —pid sl
v = 2t
f _i/\n‘mn - %t)_\t - OA dl"g, 6, >0 non-contact
iy
(4.114)
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and a much simpler one in case of frictionless contact

f?\négn + 9,0, dlE, 6, <0 contact

T1
SWe =T - 4115
f —i/\né/\n darl, 6, >0 mnon-contact ( )
THTE
After incorporating the contact integral into the equation of the virtual work
balance, the following expression is obtained for the frictional contact

6£“(g,)\n,/_\t,6n)=fguéngQ—fg(yégdl"—ffz,-égdfh
Q

Q I

+ fﬁnégn + guOAn + Ay - 0gt + g1 - OA AT+

r*
+ff\6+6/\—6£6—l/\+6£ oA dT +
ST R e (g

rr

c

1 1
+ f —— MMy — —A; - 6AdT! =0,
gn St
TI\TL

V = {ou e HY(Q) | 6u =0 onT,},

(4.116)
and for frictionless contact
0L, A, Ay, 6) = fg-- SVudQ — fgo - Sudl — ffv - SudQ+
Q Iy Q

. 1
+ f Andgn + gudAn dTL + f ~— b darl = o, (4.117)

n

! II\T?
V= {5ge HY(Q) | 6u=0 onfu},

4.7.3 Example

Let us illustrate how the augmented Lagrangian work in the simple case of
one primal unknown. For this purpose we return to the example considered
in the previous sections (Fig. 4.12): a mass (point) on a spring subjected to a
constraint due to the contact with a rigid wall g(u) = u —1 > 0. The spring
is considered to be nonlinear with a potential F(u) = jcu*, as previously. In
the following computations, we put ¢ = 1/2, but we will keep this constant in
derivatives to make the example more meaningful from the numerical point of

view. The augmented Lagrangian takes the form

art + Ay —1) + 2e,(u—12, Ay +en(u—-1)<0
cu* - ﬁ/\%, An+e(u—1)>0

1
Li(u, Ay) = {f
2
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4.7 Augmented Lagrangian Method

The graphical representation of the functional £* in the neighborhood of the
solution point [1; —1] for different penalties ¢, = 0.5; 1, 5; 10 can be found in
Fig. 4.19; visually it is obvious that the functional is rather smooth: isolines
cross smoothly the line (white thick dashed line) dividing contact and non-
contact zones A, + €,(u — 1) = 0, this line is almost undetectable. The solution
corresponds to the saddle point which retains its position independently on
the penalty parameter, but higher stiffness leads to higher concentration of
isolines in the direction of the primal variable x. Itis also interesting to visualize
gradients (Fig. 4.20) of the augmented Lagrangian V,.L*(x, A,) and V, L (x, A,,),
which loose the smoothness across the contact-non-contact interface A, + &, (1 —
1)=0.
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rhodbLsoanvwano

Abhloasnwano

Nio—_mwsao

Penalty €, = 1.0

Penalty €, = 5.0

Penalty €, = 10.0

Figure 4.19: Augmented Lagrangian for a nonlinear spring compressed by a
rigid wall, plotted for different penalty parameters: ¢, = 0.5; 1; 5; 10.
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[V, 6o

Penalty €, =1.0

VoL A) b

Penalty €,, = 5.0

u
Figure 4.20: Gradients V,L%(x,A,;) and V, L%(x,A,;) of the Augmented

Lagrangian for a nonlinear spring compressed by a rigid wall are plotted for
different penalty parameters: ¢, = 0.5; 5.

The variation of the augmented Lagrangian is, for the considered case

T
213 + A —nl'[s
e+ An & enlu )l [ ”‘ =0, Ay+en(—1)<0

6L (u, Ay) = [

-1 oA
o s . " (4.118)
CU u
=0, A +en(u—1)>0
[—éAnl [Mnl T

and the second variation needed for the linearization of (4.118) is as follows

T
sul [6cu? 11[ s
”l [C” én H ”], A+ en(ti—1) <0

AL (u, Ay) = [

oA 1 0f[oA
" . (4.119)

Sul |6cu® 0 || du Mot eni—1) >0

oA, 0 —Z||oA] e

One can note that the first variation of £* (4.119) (the balance of virtual
work), is continuous for any values of u and A, but its derivative (4.119) is
not continuous. It motivates the usage of the generalized Newton’s method.
Note that for linear material the {11} component of the matrix in (4.119) has
a form similar to ¢ + ¢,, however in the finite element method the size of
the finite element will be present. This observation leads to an appropriate
choice of the penalty parameter of the order of the stiffness (¢, ~ c). If the
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{11} component of the matrix in (4.119) has the form c ¢(u) + &, Y (1), which
is the case for nonlinear material and nonlinear constraints, and if u tends
to the solution u* in the way that function y(u*) — 0, then it is reasonable
to increase the penalty coefficient during iterations in order to improve the
convergence of the augmented Lagrangian without danger of ill-conditioning
of the matrix. Different techniques for the penalty update have been proposed
(see, for example, [Bussetta 09]).

Let us demonstrate the convergence of the augmented Lagrangian method
on a simple example of loading and unloading of the spring-mass system
considered in the previous section. The convergence for different constant
penalty coefficients and for the updated technique are compared in Table 4.11.
In case of loading, the free spring deforms due to the contact with a rigid wall,
the Augmented Lagrangian method converges in 3 iterations (as Lagrange
multiplier method), i.e. at the second iteration the exact solution is obtained.
Let us consider the case when from the obtained loaded state x = 0, A = -1,
we move the wall at x;, = —0.9, so the spring remains compressed. The system
of equation respectively to the deformed state becomes

ch(u" + 1)3 + AL+ en(ui - Xyp) T
[R] = ;S
S v ’ contact A7t + e, (U™t = x,) <0
K] = 6c(u’ + 1) 1]
= ) ol
[2c(u +1)3]"
Rl=| , | |
t6 ( ié‘ﬂ 1)2 0 non-contact /vn_l + En(ul_l —xp) >0
c(u’ +
K] = 1 ]
0 -1
| &n

(4.120)

At each iteration we evaluate the solution increment in the following manner
Aut! 1

In case of non-contact, the eigen values of the tangent matrix are Amax =
6c(u’ +1)? and Apin = —é and the condition number is

Mminl
Mrninl

For a high penalty coefficient ¢, and high stiffness coefficient ¢ the condition
number of the tangent matrix becomes very high which is crucial for the
precision of the solution and its convergence. That is the price of the fully
unconstrained smooth energy functional. So even if formally the coupled
augmented Lagrangian derives the precise solution, it suffers from numerical
errors and its convergence is hindered. This is one of the main motivations
to update the primal and dual variables separately by means of the Uzawa’s
algorithm. In case of simultaneous resolution, the penalty coefficients should

Cond(K) = = 6c(ui + 1)28n ~ C&y
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4.7 Augmented Lagrangian Method

be chosen reasonably small at least in case of non-contact. This is especially
true for the frictional problems, for which a high penalty coefficient may lead
to cycling over solution. For some more details on the condition numbers and
the convergence of the Newton’s scheme, the reader is referred to Section 5.1.
Two different convergences can be observed, which depend on the penalty
parameter ¢, (see Fig. 4.21). If /\2 + £,(u° — xy) < 0, we start from the ”contact”
type cycle, ie. if ¢, < g4* = —qufiw, otherwise this is a no-contact cycle.
Sometimes it is advantageous to start from a “contact” type cycle, so for that
contact pressure o, < A, should be transferred from one converged increment
to the following one. In Table 4.11, for example, we make a start from A0 =
—1, which was the solution of the spring problem when it came in contact
with a rigid wall. It is also interesting to compare simultaneous (coupled)
resolution of the problem for primal and dual variables with Uzawa’s algorithm
(nested resolution) (last four columns in Table (4.11)). The last one converges
significantly more slowly than the coupled algorithm in the contact domain.
Note that the initial guess of being in the contact domain (Uzawa for ¢, < €,*)
only disturbs the solution and increases the number of necessary iterations.
Linear convergence rate becomes clear when one studies the relative error
(not given in the table). In case of full unloading x,, = —1.1, there are no
spurious modes, and the algorithm converges properly to the minimum of the
unconstrained functional both for Uzawa and coupled algorithms.

Penalty €, =1 Penalty £, =5

Figure 4.21: Two different types of convergence of the augmented Lagrangian
method in case of partial unloading: the convergence path depends on the
initial position of the point — inside contact domain or inside non-contact
domain, which in turn depends upon the penalty coefficient.
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Table 4.11: Augmented Lagrangian convergence in case of partial unloading.

Coupled resolution
Penalty ¢, < ¢,* ‘ Penalty ¢, > ¢,*

Nested resolution (Uzawa)
Penalty ¢, < ¢,*

‘ Penalty ¢, > ¢,*

Iter, | u; Ai U; A u; A U; Ai

i

0 0.0 -1.0 0.0 -1.0 0.0 -1.0 0.0 -1.0

1 -0.90 1.7 -0.333 0.0 -0.225  -0.325 -0.333 0.0

2 -0.93 0.0 -0.556 0.0 -0483 0.0 -0.556 0.0

3 -0.90 -0.087 | -0.704 0.0 -0.656 0.0 -0.704 0.0

4 -0.90 -le-3 -0.802 0.0 -0.770 0.0 -0.802 0.0

5 -0.90 -le-3 -0.868 0.0 -0.847 0.0 -0.868 0.0

6 -0.90 -le-3 -0913 0.0 -0.898 0.0 -0912 0.0

7 -0.90 -le-3 -0.90 -0.03 -0.932 0.0 -0.900 -9.54e-4
8 -0.90 -le-3 -0.90 -le-3 -0901 -7.48e-4 | -0900 -9.99e-4
9 -0.90 -le-3 -0.90 -le-3 -0.900 -9.924 -0.900  -9.99e-4
10 | -0.90 -le-3 -0.90 -le-3 -0900 -999%e-4 | -0900 -le-3

11 -0.90 -le-3 -0.90 -le-3 -0.900 -9.99e-4 | -0900 -le-3

12 | -0.90 -le-3 -0.90 -le-3 -0900 -le-3 -0.900 -le-3
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Numerical procedures

B B Résumé de Chapitre 5 «Procédures numériques»

Le but de ce chapitre est de présenter toutes les méthodes numériques nécessaires
pour le traitement des problemes de contact par la méthode des éléments finis avec
résolution implicite.

Tout d’abord la méthode de Newton et sa version généralisée (nécessaire pour le
traitement des problemes de contact) sont présentées. Quelques notions de base
de la théorie des sous-différentiels sont également décrites, avec une interprétation
géomeétrique originale. La derniére permet de raffiner l'interprétation du point le plus
proche et de la projection normale pour le cass des surfaces lisses par morceaux. Les
conditions de convergence de la méthode de Newton généralisée pour le probléeme de
contact avec frottement sont présentées et interprétées par un probleme purement
géométrique.

L’algorithme de «return mapping» est celui qui est adapté pour traiter les problémes
de contact avec frottement dans le cas oit on utilise la méthode de pénalisation et
la méthode du Lagrangien augmenté avec l'algorithme d'Uzawa. Les détails de cet
algorithme sont illustrés pour le cas 2D et 3D.

La discutions de ces algorithmes est suivie par une présentation du formalisme
de la méthode des éléments finis dans le cadre de la nouvelle algebre de S-structure.
On présente une définition rigoureuse des éléments de contact et les régles de leur
formation pour différentes discrétisations de l'interface, puis on dérive la forme faible
pour le probléme de contact discrétisé et sa linéarisation pour la méthode de Newton. Les
vecteurs résidus et les matrices tangentes sont exprimés pour la méthode de pénalisation
et la méthode du Lagrangien augmenté pour le cas de contact sans et avec frottement.

En conclusion on discute I'implémentation de la méthode PDN dans un code
des éléments finis et plusieurs détails techniques utiles pour traiter des problemes
particuliers : cas de la surface de maitre rigide, éléments de contact a faces multiples,
frottement hétérogene, etc.

This chapter is devoted to the numerical aspects of the contact mechanics.
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5.1 Newton’s method

The classical Newton’s method is presented. Some remarks on its applicability
to contact problems are made, then the multidimensional version of the
method is stated and the main characteristics of the resulting system of linear
equations are briefly discussed. Further we give a detailed description of the
return mapping algorithm, which is often used for integration of frictional
conditions together with the penalty method. Next the Finite Element Method
formalism is briefly introduced using the new notations of s-structures. After
setting up this numerical framework, the closed form expressions for the
implementation of the penalty, Lagrange multiplier and coupled augmented
Lagrangian methods in a Finite Element code are given. Finally, some technical
details are presented.

5.1 Newton’s method

Generally for locally convex and smooth function, the solution of nonlinear
problem can be approximated by a well-known Newton or also called Newton-
Raphson procedure, which replaces a nonlinear problem by a series of linear
problems. If the starting point is sufficiently close to the solution (here it
implies, for example, small changes of boundary conditions) the Newton-
Raphson method provides a quadratic rate of convergence if the conditions of
convexity and smoothness are fulfilled. However, as it has been shown in the
previous chapter, it is not always possible to fulfill these conditions: the virtual
work functional is not smooth. Here a short discussion of the Newton-Raphson
method is given and its extension to the class of nondifferentiable problems
arising from contact mechanics are given.

5.1.1 One-dimensional Newton’s method

The main idea of Newton’s method can be easily captured on a one-dimensional
example. Let the solution x of an equation depend on an external parameter f,
then any equation can be written in the following form

R(X,f) =0,

where R is a scalar function of two scalar arguments x and f. To fulfill this
equation, a change of f should result in a change of x. A straightforward
analogy with the mechanical system in statics containing one degree of freedom
is, for example, the displacement x of the mass m attached to a spring with a
linear stiffness k, under a gravity force f = mg. If the system is conservative,
then the solution corresponds to the minimum of its energy

W(x,g):%cx2+mgx—>aal;/:cx+mg:0 ~ R(x,g)=cx+mg=0

Let us consider a time discretized model, i.e. the external parameter f
changes incrementally fy, f1, f2,... and we seek the values of the argument
Xo,X1,%2,... which fulfill R(x;, f;) = 0 atleast with a given precision [R(x;, f;)| < €.
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We suppose that the starting point xq is known from the initial conditions or
from a previously solved increment x;

R(xi, fl) =0.

For the following increment, the external parameter f becomes f;,;. The aim
is to find x;41. If the problem is nonlinear, an iterative scheme should be used.
The first terms of the Taylor series of R(x, f) centered at the previous iteration
x/ are

R +Ax, fir1) =0 = R +AX, fiy1) = R(Y, fiy1) + 3—}( A +1(x)) =0.
]

X
(5.1)
If higher order terms r{(x/) are negligibly small and if a nonzero derivative
dR i

% |, # 0 exists, then the increment Au' can be written as

‘ ORI} ‘ ‘ ‘ ‘
AX ~ — —| R, fiy1), 2 =xl+Ax (5.2)
X |y
Further we put x/*! = x/ + Ax/ and check if the new result is sufficiently close
to zero |[R(x/*1, fir1l < ¢, if not we repeat (5.1), where Taylor series is centered
at x/*1.
According to expression (5.1), we should require smoothness of the function
R(x,.) at least in points x/. Since these points are arbitrary we require that

R(x) € Cl(x) (5.3)

It is also important that a small change in f leads to a small change in R, in
other words

AK : 0<K<oo:Vf, f2 1 |R(x, A -Rix, N < K[| 2 - F1| (5.4)

the smaller the parameter K, the slower function R changes with f, i.e. R(,, f)
is a Lipschitz continuous function R(., f) € LX. As one can notice, the higher
derivatives of R do appear explicitly in the derived equations, however since
we neglected all terms contained in r1(x/), we suppose that they are negligibly
small. Let us demonstrate that this residual r;(x/) plays an important role. Let
us rewrite the residual in Lagrange form

1R
2 Jx2

(x* - xJ )2,
&l

r(x) =

where & = x* + 0(x/ = x*),0 < 0 < 1 and x" is the exact solution. The expansion
of the function R is

; dR . 107R .
* ) — ] . —_ * _ ) - - * oyl 2 =
RO fin) = RO fin) + G| =)+ 5 53] (= =0
Dividing by 8&_1; # 0 and grouping the terms gives:
IR[" : 1 9R|™ IR :
X RO Faq) =/ - 22 2 Y _ y))2
(axx; ', fin) x)+x 2 x|y 8x25j(x *)
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According to (5.2), the first brackets are nothing but —x/*1 50 if the distance to
the solution is denoted as x* — x/ = ¢}, the equality can be rewritten

1o
J ox2

e - LR
LT ox

j 7
&l
from where some corollaries can be deduced

e if everywhere 3275 = 0 then ¢, = 0, the function R is linear and the
algorithm converges in one iteration;

e if AC,L : 0 < {C,L} < oo such that
IR -1
2

1

5 <C<o and <L<o

X

& o

at least locally, then
lejsal < CLIgj,

if CLl¢j| < 1 ¢; then x/ converges to the solution x*, and if the starting
point x¥ is sufficiently close to the solution x*, i.e. CLleg| < 1 then the
convergence is quadratic;

e if one adds to the previously formulated conditions the following ones

OR -1

s1gn o2

= const, sign [ — ] = const,

ox

xJ

&
2 (5.5)

R }
&

sign[eg] = sign[x0 —x"] = sign [ —

0x?

i.e. R(x,.) is strictly monotonic and if the convexity does not change.
Moreover, if the first point xj is to the right from solution for convex
and to the left for concave function, then x/ converges quadratically and
monotonically to the solution;

e it follows, for example, that if

IR

aR xf—)x" 0 oR
ox?

ox |

X —x*

or (o]

x/

then the convergence, if it presents, is not quadratic (as in examples
considered in the previous chapter).

This short reminder allows to proceed with analysis of Newton’s method for
special cases. Let us note that the rigorous statement of Newton’s method
convergence in a n-dimensional space is given by the Kantorovich theorem
[Kantorovich 48], where among other Lipschitz continuity of the first derivative
is required

7

“ JR(x,.) IdR(y, .)
ox dy

SL”x—y
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bold symbols mean a € R". Carrying the results of this paragraph in mind
we will shortly consider the application of Newton’s method for the case
of nondifferentiable functions, which is essentially the case in computational
treatment of contact problems. But before let us show how Newton’s method
works in a multidimensional space.

5.1.2 Multidimensional Newton’s method

In the discretized case if the problem can be stated as

R(urf) =0,

where R € IR" is a vector function of vector arguments u = [, u?,...,u"]T e R"

and f = [f L fz, el fm]T € IR™, the expression for the solution increment in the
framework of Newton’s method is written as

Au' = K@) R, fr,0), ut =+ A

where the upper index i, as before, denotes the iteration number and the lower
index the solution step or increment number. The matrix K in the Finite Element
method is called the tangent stiffness matrix for elastic problems or the tangent
matrix for nonlinear problems, in optimization theory the Hessian (second order
derivative of the objective function to be minimized, named after Ludwig Otto
Hesse (1811-1874), German mathematician) or the Jacobian (named after Carl
Gustav Jacob Jacobi (1804-1851), German mathematician) of the vector R

I R(u, f)

K@) = du

ul

The inverse of this matrix exists if and only if its determinant is not zero which
is equivalent to the condition that the spectrum of the matrix o(K) does not
contain any zero eigenvalue

detK(u') #0 & VA;€o(K@') : A #0
If the matrix is not Lipschitz continuous, i.e.
AK: 0 <K<oo : YA€ o(K), Yuy,up = |Ai(u1) — Ai(u2)l < Kllug — uz ||

then the assumptions of the Kantorovich theorem are not fulfilled and the
convergence of the Newton-Raphson method may experience some problems.
This case will be considered in the next paragraph.

Another important characteristic of the tangent matrix is its condition
number Cond[K]:

Cond(K) = m,
Amin

where A5, and A,;, are respectively the maximal and the minimal by moduli
eigenvalues of the matrix [K]. In numerical analysis, the solution u., is different
from the exact solution u., first due to the finite precision required by the user,
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5.1 Newton’s method

¢, for instance like this ||u;+1 — u;|| < ¢, and secondly due to the finite number of
digits in computer data types. The higher the condition number of the matrix,
the lower the number of correctly evaluated digits in the solution. The number
of lost digits N in accuracy can be computed according to the simple formula

N =log;, Cond(K)

So ill-conditioning of the matrix (high condition number) results in loss of
accuracy and may also result even in divergence of the iterative schemes. For
that reason, the so-called preconditioners should be used, which replace the
problem Ku = f with solution u, by a problem K[u] = f such that the solution
remains the same but Cond(K) < Cond(K). In this context, it becomes evident
that, if the penalty method increases the condition number of the stiffness
matrix proportionally to the penalty coefficient, then a high penalty coefficient
results in ill-conditioning of the matrix. It is also true for the augmented
Lagrangian method.

It is worth mentioning that the procedure of the stiffness matrix calculation
is the major contribution to the computational time in the implicit Finite
Element Method. That is the main motivation for the group of so-called Quasi-
Newton’s method, for which the stiffness matrix is approximated according to
some rules (see, e.g. [Bonnans 06]): DFP (Davidon-Fletcher-Powell formula),
BFGS (Broyden-Fletcher—Goldfarb—-Shanno method), Broyden method, etc.
Another approach is to inverse stiffness matrix only once at the zeroth iteration
and compute all solution increments with this matrix, which can be also
updated

Au' = -K@®) 'R, f,,)-

These methods allows to avoid problems which appear if R is not strictly
monotonic, i.e. possible zero determinant of the stiffness matrix. The
convergence rate of such methods is slower, but each iteration is faster.
There are many techniques based on Newton’s method and resulting in faster
convergence in physical and/or numerical sense, see [Fletcher 77],[Bonnans 06],
[Bertsekas 03]. Another class of methods often used in Finite Element codes is
the one of Conjugate Gradient methods, however we will not consider them
here.

5.1.3 Application to nondifferentiable functions

Let us return to conditions formulated for the one dimensional case, i.e.
nonzero and Lipschitz continuous first derivative L(U) > Rw) 2 0 and
Lipschitz continuity by parameter R(., f) € L(IF), where U and IF are allowable
sets for the argument u and the parameter f respectively. The condition for
the parameter holds for contact problems: any small change of boundary
conditions results in a smooth change in energy of the system and consequently
in continuous change of its variation. However, due to geometrical restrictions
on the displacement field we cannot require that function R(u, .) (variation of
the energy) would be everywhere smooth. It leads to a relatively new domain
in optimization theory — Nonsmooth or Nondifferentiable Optimization.
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Chapter 5. Numerical procedures

According to the derived equations and the simple examples considered in
the previous chapter, we know that the function R(u,.) resulting from the
virtual work principle is piecewise smooth and so there is a set of points, also
called "kinks” #* € V* C 'V, for which there is no unique but several one-sided

derivatives
JR
Yu' eV : 3 —_— .
* U { o us}i

However, the measure of such a set is zero in the whole space V > u

M (V%) =0, M(V) >0

It means that in practice the probability that during iterations u € V* is zero,
however often such points (kinks) appear to be solutions of minimization
problemes, it is also true in our case. It is clear that in the vicinity of such points
the derivative is not any more Lipschitz continuous

uz} i

< Klju* = 4.

JR JdR
oy ), ou
So, a complementary convergence analysis is required, since Kantorovich

theorem [Kantorovich 48] (statement of multidimensional convergence of
Newton’s method) requires a Lipschitz continuity of this derivative.

Z]K:0<K<oo:Vu1,u2Vi,]' : ‘

5.1.4 Subdifferentials and subgradients

In nonsmooth optimization the gradient is generalized to the class of
nondifferentiable functions in the following way, in the kink point a nonempty
convex set is introduced as follows

If(x) = {s |s eR", Yy e R" : f(y)zf(x)+s-(y—x)},

where by dot we mean the scalar product of vectors in R”. Another more
straightforward definition can be given in terms of directional derivatives,
where the direction is defined by a vector d € R"

af(x):{s |s eR", Vd e R" : s.dshmf(x"'ad)—f(x)}

a—0 o

This set is called a convex subdifferential of the function f at point x*, each
component of the subdifferential of f at x is called a subgradient.

To my opinion, it would even be preferable to use the definition given
below and graphically illustrated for the onedimensional case in Fig. 5.1. Let
us imagine that the kink point x* is surrounded by an hypersphere $ € R"*!

xfed :(f@) - f6N) +@x-2) - (x-2) = R,
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5.1 Newton’s method

where R is the radius of the hypersphere $ (Fig. 5.1,b.). Then if f(x) is locally
convex in the vicinity of the kink point, we can confine ourself to the lower half
of the hypersphere $_

x fed : fol@) = )= R = (x—x) - (v —x) < fix).

The gradient of such a function fg(x) at all points of the lower hypersphere in
all directions always exists and takes all values (—co, o)

B (x—xK-d
Vig(x)-d = \/RZ—(x—xk)-(x—xk) € (—o0, o) forall x € H.

Now we can tighten this lower hypersphere into a point R — 0, then fg(x) —
f(x*) but all gradients do not vanish but appear to be “condensed” in the kink
point if one replaces

x—x* = aRe/,

where e’ —is a vector filled with 1 and a € (=1; 1). Then, for any R >0

we’ - d

Vigx,a) -d= € (—o0, o0) Ya € (-1; 1).

2

Let us denote by ¢; = [0, ... 0, 1 , 0, ... ,0]". Thish here-point
et us denote by e; = [ ] is hypersphere-poin

]
is put in the kink point and further we can define the positive and negative
subdifferential components j such that if

of =Vfs(x,a)-ej, Yo : 0<a<aj

af],— =Vfsx,a)-ej, Ya : a; <a<0

where %, % define positive and negative one sided derivative by the

argument x; re]spectively (Fig. 5.1,b.), and

of - - of
:E/ a;j @ =Vfsxa;)-ej= 5=

ai : Vg(x,af) e =

The subdifferential is then defined as the union of positive and negative
subdifferentials

of =af Uaft

or in a more compact form (Fig. 5.1,c.)
of =Vfs(x,a), Ya~ <a<a’,

where through condition &~ < a < " we mean that Vj a; <aj< a;. In other

words, the subdifferential is defined as a set of derivatives of the hypersphere
of

limited by one sided derivatives of the function f: == and %, obviously
] ]
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if ;Tf; = ;Tff' then df; = g—)f;. Such a definition is quite long but hopefully
it provides a more intuitive and tangible visualization of the subdifferential
notion. Moreover to my opinion it is easy to deal with a very small and
smooth sphere than with simply a singular kink point. In case of a locally
concave function f, the subdifferential defined on a hypersphere is easy to
generalize. For this purpose, instead of the lower hemisphere, one should
consider the upper hemisphere of the hypersphere fs. The generalization is
also straightforward in case of a concave-convex function f.
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f A
f(x)

af

) e

af

o
a - >
X X
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b . * . . ;
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fx)
{ §§;\’°’0h
)
fo) Vfs(x, @)
C. * >
xk X

Figure 5.1: Graphical representation of a subdifferential based on hypersphere
notion: a. — kink point x; of the nonsmooth function f(x) and two one sided

o b. — a hypersphere fg(x)
+_ 9f

7 - +
¥k ox

derivatives: left-sided % , and right-sided %
X

of finite radius R and limitson a : o~ = a‘i—f_

df =Vfs(x,a), Ya~ <a<a’.

G subdifferential
X

A more sophisticated description of subdifferentials applied to contact
mechanics can be found in the works of Alart and Curnier [Alart91],
[Heegaard 93], [Alart 97], etc. A general subdifferential theory can be found,
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for example, in [Rockafellar 70].

~~Idea 5.1 Application of hyperspheres to normal projection
procedure.

The idea of subdifferential and particularly of hypersphere can be directly applied to
the definition of the normal projection of a slave node on the piecewise smooth master
surface. For this purpose, each master node p' is replaced by a 3D sphere

S, R) : (p-p)-(p—p)-R*=0
and each edge curve pi(C) by a channel surface* (see Fig. below)

CE'@Q,R) : (p(O) - p/(@) - (p(©) ~ /() ~R* =0

Further we set R — 0 and S(p',R) — S(p',0), C(p/(C),R) — C(p/(C),0) The

_p
derivative <z always exists on the master surface, but on edges and on nodes the

i

derivative is not unique.

Fig. Improvement of the master surface with zero radius spheres on nodes and zero
radius channel surfaces on edges in order to provide an everywhere differentiable
surface.

* —”A channel or canal surface is a surface formed as the envelope of a family of spheres whose
centers lie on a space curve” [Wikipedia: http:fen.wikipedia.org/wiki/Channel_surface].

5.1.5 Generalized Newton method

Even if the probability to meet a kink point (point where no classical derivative
exists) during the iteration process is zero, the convergence of the Newton
scheme is not anymore ensured by Kantorovich theorem. This is linked to
the fact that the solution of the contact problem is itself a kink point. If
the convergence is not monotonic the probability of convergence decreases.
Moreover, for nonsmooth functional, it is sometimes not possible to fulfill the
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5.1 Newton’s method

condition of minimum Vf(x) = 0 or even [|[Vf(x)|| < &. A simple example is
a nonlinearity arising in Coulomb’s friction law f(x) = [x|. The derivative of
such a function is a kind of Heaviside function which takes the values —1 and 1
and so AIVf(x)| < € < 1. Some other possible problems: different results due to
roundoff errors on different computers, approximated gradients, for example
by perturbation method, may not belong to subdifferential derivative.

Since late 80s Alart [Alart 88], Alart and Curnier [Curnier 88], [Alart 91],
Heegaard and Curnier [Heegaard 93] investigated an application of Newton’s
method to nonsmooth problems arising in contact mechanics. Authors worked
out a Generalized Newton Method (GNM) and investigated its convergence
properties for coupled augmented Lagrangian method [Alart 97]. Among
obtained results there are

e a good convergence observed for frictionless contact in case of small and
large slip;

¢ conditions on convergence of the GNM for frictionless contact, however
as asserted by the authors the conditions appear to be too strict and are
not fulfilled in real problems;

e the maximal number of iterations for the convergence is estimated by
2"-1 where n is number of dofs subjected to contact-type conditions,
moreover at least one local status (e.g., non-contact — contact) changes
without ever switch to the previous status.

e the absence of simple infinite cycling of the GNM around solution for
frictionless problem, however this remains the main cause of divergence
in case of frictional contact;

e a very important result is the upper estimation for penalty coefficient
in augmented Lagrangian method applied to frictional problems, which
avoids infinite cycling

0 < & < 2Amin(K),
where ¢; is the penalty factor related to tangential slip and K is a
stiffness matrix corresponding to the problem without contact; here the
introduction of two penalty parameters, for normal ¢, and tangential ¢;
contact, becomes justified.

Following the cited authors let us derive the main principles. First of
all the nonlinear vector equation R(x,A) = 0 arising from application of
the augmented Lagrangian method to contact problems is splitted into a
differentiable structural part R%(x) (due to virtual work of contact-free system)
and a nondifferentiable contact part R"(x, A) (virtual work due to contact) parts

R(x,A) = R4x) + R"(x,A) = 0

Further, the Generalized Newton method is stated as

. -1
Axi*1 a’;d;x) + VxR"(x,A) ‘ o
= RY(x') + R"(x, A,

AN VAR (x,A)

i ai
xt,A

214



Chapter 5. Numerical procedures

where i,i + 1 denotes iteration numbers. The subgradients V,R" and V R" are
components of the generalized Jacobians (here also, Hessians) d;R" and d;R"
for primal and dual variables respectively:

ViR"(x,A) € d;R"(x,A), VaR"(x,A) € d1R"(x,A).

In other words, these notions are a generalization of the subdifferentials to
the class of vector functions f(x) of vector argument x: each i-th line of the
generalized Jacobian is the subdifferential of the scalar component f;(x)

o) = [0 ... @ ... U]

The condition providing the convergence of the augmented Lagrangian
method for frictional problem has been formulated as “sufficient stability
conjecture” in [Alart 91] and investigated in more details [Alart 97]

0< & < 2Amin (Van(x/ /\))

A more sophisticated study of this condition can be found in theorem 6 in
[Alart 97]. Let us give a short demonstration of the analysis performed by the
author. Let us consider a scalar nonconvex and nondifferentiable function f(x)
(Fig.5.2). If this function is such that close to the solution its maximal derivative
is sup |x — x*| < ef’ = a, to the right from the solution x > x* there are points
where the smallest derivative f’(x) = b < aand to the left ;Bxf (f'(x)) = ¢ < a, then

there is a risk that Newton’s method does not converge, i.e. start to cycle over
two branches (Fig. 5.2,a.). Moreover, if the left branch is convex and the right
branch is concave, each iteration will move away from the solution. A similar
function arises from frictional contact problems even the simplest one with
one degree of freedom and prescribed contact pressure. However, Newton’s
method does not always diverge (Fig. 5.2,b.). The question is then to check
what is the condition on a, b, c which ensures the convergence of the method.
P. Alart proved that Newton or Generalized Newton Methods converge if the
maximal derivative of the function f(x) is not bigger than twice the minimal
derivative of the function f(x) at least in a vicinity of possible iterations of the
Newton’s method (IN(x)):

sup f'(x) < 2inf f'(x), x € N(x).

In case of a nondifferentiable function, the ordinary derivatives f” are replaced
by subdifferentials o f’

sup df(x) < 2infdf(x), x € N(x).

Further, the author generalizes this result to the n-dimensional case by
comparing with convergence conditions of Uzawa’s algorithm.

The onedimensional problem: which function of considered typea > b,a >
cwill converge can be formulated as a geometrical problem (Fig. 5.3): Newton’s
method converge if for three straight lines

Lity=bx+d, Ly:y=cx+e L3:y=ax+g a>ba>c
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5.1 Newton’s method

Figure 5.2: Nonconvex nondifferentiable function f(x) for which Newton’s
method or GNM may not converge: a. — methods do not converge if the
starting point is located on the left or the right branch with a smaller slope, that
the slope close to the solution point x*, b. — methods always converge .

A
y L
L
C L,
A
h D L
V4
XA XD §

Figure 5.3: Geometrical problem arising from convergence conditions of
Newton’s method .

there is no horizontal line L, : y = h, such that part of L3 enclosed between L;
and L, lies entirely in quadrangle ABCD, where A = (x4, h) is the intersection of
Liand L., D = (xp, h) is the intersection of L, and L. and B = L(x4), C = L1(xp).
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5.2 Return mapping algorithm

The return mapping algorithm (in onedimensional case) or radial return
mapping algorithm originally proposed in [Wilkins 64], is a well known scheme
employed in computational elasto-plasticity [Simo 98]. Since there is a direct
analogy between plasticity and friction as stated in Section 4.1.2, this method
can be successfully applied to the local resolution of frictional conditions. The
idea of the method in two words: elastic problem is solved, for a given strain
increment, and a trial stress is evaluated. If the new stress is situated inside the
yield surface, then this is the solution. Otherwise the slip rate increment
is changed to return to the yield surface and the stress is updated. The
application of the return mapping algorithm for frictional contact integration
for the penalty method can be found in [Giannakopoulos 89], [Wriggers 90],
[Simo 92]! and for the augmented Lagrangian method with Uzawa’s algorithm
in [Simo 92]. For the sake of completeness, the return mapping algorithm is
presented below.

The contribution of the contact to virtual work principle was stated in the
previous chapter as

I(u, u) = f o (0gn — s - 0gs ) dTE + f (0u0gn + 0¢-0g¢) dTE,  (5.6)

Il I

where TL, T are slip and stick zones in active contact zones respectively, o,
the contact pressure, g; the tangential contact stress vector, 6g, the variation of
the normal gap, 0g; the variation of the tangential relative sliding. For a linear

penalty method, contact pressure and tangential stress vector o, o; are linear
functions of the normal gap and of the relative sliding g,,, Ag:

ellAgils,  edlAgil < plow|

On = —&n{—8n), Or= ,
A {u|on|§, edlagill > plol

where ¢, &; > 0 are the penalty parameters, s the slip direction. Substituting
contact pressure and tangential stress vector into Eq. (5.6), we get

Io(w, ) = — f5n<_gn>(6gn — s 081 ) df3+f(—en<—gn>5gn + eillAgils - gt ) dTe.

— % — o

r! ri
The constitutive equation for friction were given in (4.21) as
ol < gloul,  gellor — lolge =0, il || Igelle: - onlge | =0.  57)
They can be reformulated in terms of elasto-plasticity: the slip surface f(o,, 6¢)

is given by
f(on, 01) = lloill = plonl <0

!Note that there is a small misprint in Eq. (3.13) in the article [Simo 92], where the penalty
return mapping algorithm is stated the correct equation is given below.
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The slip rule is
of
8 = y&a

where y is a slip rate and 5 f determines the normal to the slip surface and also
the slip direction, which for Coulomb’s friction is a radial unit vector

aif o

== =—=5
dor ol ~

The numerical resolution of the contact problems is incremental, so let
us suppose that on the i-th increment we know the solution #' and all
corresponding quantities 0y, 0;. On the first iteration of the next increment,
we suppose that the entire active contact zone switches to stick

L™, 6u) = f (01108, + 0™t - 081 ) dTL,

=, e
¢

where
01+1 — _én< gn(u1+1)>

Further, by analogy with plasticity, we determine the trial stick tangential stress
vector

01" kil = 0} + &1 (™" — g') = 0} + eiAg’
A graphical interpretation of the return mapping algorithm is presented in
Fig. 5.4, 5.5 for two dimensional and in Fig. 5.6 for three dimensional cases.
Now we check if this stress vector does not exceed the permissible stress, i.e.
is not outside of the Coulomb’s slip surface for the new contact pressure o/}

i+1 i+1 “

1
trial — ||0t trial i I

oy,
If ftl’fll < 0, then the trial tangential stress is a correct one
ria

i+1 i+1 i+1
O-; - Q; trials if lnal
otherwise if f,[Jrl > 0, the current point switches to slip state and a tangential
stress is put
i+1

_ i+l i i+1
O, = 0} trial — gtAV Sy if trial =

where s! is the slip direction determined by the trial stress and Ay is the slip
increment, determining the slip distance

i+1

i 0, trial
5 = i+1
||Qt trial”
i+'1
A i_ trial
Y &
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Both results V f;;;;v can be stated in one formula using Macaulay brackets

Q'iﬂ = g?—%rial - 8t<Ayl>§i (58)

Note that in the two dimensional case, the sliding vector s' and the stress
unit vector s; turn simply into sign(g:) and sign(g;) respectively, obviously
sign(gt) = sign(gy).

As discussed in the previous chapter, the total slip can be splitted into a
sum of “slip-in-stick” g;* and real slip g

8= gt' + gt*

This split becomes more clear in the incremental procedure. Let us briefly
demonstrate by simple algebraic calculations and geometrical schemes the
meaning of such a split in the frame of the return mapping algorithm. On each
increment the relative sliding vector splits into an accumulated slip over the
previous increments g;* and the total “slip-in-stick” relatively to this point g;*’

j ol * i oi+1 *1+1
gt — gt l+§t , gtH—l :gt 1+ +§t 1+ (5‘9)
Further, the position vector on the increment i + 1, can be expressed as the
sum of the vectors on the previous increment, of slip-in-stick Ag;*' and of slip

increments Ag;*'

g =g+ Ag +Ag®, orsimply Ag=Ag +Ag” (5.10)

where

*i+1 _ 1

(gt , Agti — 5ti+1 _(gti

Agt = gt — &t ‘, Agt*i = gt

In other words, it follows from Eq. (5.10) that g;' + Ag;*' is the new position of
stick, where the point will return if external load vanishes. However, Eq. (5.10)

is not easy to interpret, because slip occurs relatively to the point of previous
stick g¢*' and the direction of the total sliding increment §' does not make sense

Agti

IAgdll’

(113

since this is the direction of the sum of “slip-in-stick” and slip vectors, but not
of an occurred slip. All directions in general are different?, i.e.

Ag I Ag™ I Ag' =5 llAg/l

2All these arguments relate to three dimensional contact. In two dimensional problems,
where all vectors at interface can be interpreted simply as signed real numbers sign(s’) =
sign(s’) = sign(s;), the present discussion is not relevant.

219



5.2 Return mapping algorithm

On the other hand if g}’ is splitted into “stick-in-slip” and accumulated slip
parts, then Eq. (5.10) can be rewritten as

gti+1 = gt*i + A(gt*i + gt.i + Agt.i, (511)

where ‘ ‘ ' ' _
{gt'z + Agt“} I Age i {gtl+1 - gt*l} ’
i.e. all these vectors can be rewritten as products of norms and sliding vector

SZ

<gtoi + Agt.i — || gtoi + Agt.i ||§i/
gtiﬂ - gt*i = gtiﬂ —gt*i ||§i/ (5.12)
Ag' =l Agi lls = Ay’

Eq. (56.11) can be stated in an algebraic form

Ay =g —g -1l g™ +Ag |l

In other words slip increment is the difference between total slip from the point
of the previous stick || gt’” — g |l and final “slip-in-stick” || g;:*' + Ag¢*" |I.
Note that independently on the direction of the increment of tangential

stress o'*! — ¢! or tangential slip g;'*! — g/, the slip is supposed to occur in

the direction of the resultant trial stress gﬂrial. For an anisotropic friction
law, the slip direction depends upon the choice of the model: associated and
non-associated slip can be distinguished (see [Michalowski 78]).

Remark that in large deformation, large sliding problems a rigorous
definition must be used for the relative sliding velocity expressed through
the convective coordinates ¢, as discussed in paragraph 2.2.4

here g; denotes Lie’s derivative of the relative tangential displacement vector.
For a detailed analysis of such a formulation the reader is referred to
works by Laursen and Simo [Laursen 93], Laursen [Laursen 94] and recent
articles by Konyukhov and Schweizerhof [Konyukhov 05], [Konyukhov 06b],
[Konyukhov 07a].
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O-lt.+%rial
A
S A i+1
. . trial
Gz+1 Gz+1
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Figure 5.4: Representation of the return mapping algorithm applied to a two
dimensional contact problem. A sequential set of step points is represented

by red contoured circles: initial state { gti, gi}, trial step { gti“, Qltﬂcrial}/ return

i+1 . il.
s O} trial — €1AY §t}’

the initial center of stick or previously accumulated slip is g;*/, and “slip-in-

mapping on the slip surface gives the solution point { gt

stick” on the i-th increment is given by g;* = g/ — g/, the total slip during

increment is gt”l — g+, which is the sum of “slip-in-stick” increment Ag;*’

and real slip, accumulated during increment, Agt*i, final solution vector gti“
consists of accumulated slip /"' = g, + Ag;*" and actual “slip-in-stick”
eitl - a -

gt =§toi +A§toi )
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1 1+1 i 1+1 1+1
O O} trial Ot 0y Oy O; trial Ot
i+1 i+1
_Hlan lu’lal/l
i i
~tlo,| oy,

Figure 5.5: Representation of the return mapping algorithm for a two
A sequential set of step points

dimensional problem in stress space.

is represented by red contoured circles: initial state {c_ii, oﬁl}, trial step

{giﬂcrial, of;“l} and non-associated return mapping gives the solution state

i+1 i+1
{Qt 7 In }

222



Chapter 5. Numerical procedures

| - a
YA g -llg YA

Figure 5.6: Representation of the return mapping algorithm for three
dimensional contact problem, {e;, e»} orthonormal basis with coordinates {x, v},
figures a.,b. represent stress state in contact interface, figures c.,d. represent
displacements in contact interface, sequential set of step points is represented
by red contoured circles for stress (a.,b.) and in blue for displacement (c.,d.):
initial state { gti, for } trial step { gtl”, ff}mal} return mapping or radial return
mapping on the slip surface (b.) gives the solution point for stress and moving
of slip circle in direction s' by value of real slip Ay gives the solution state
for displacements (d ) { g™, ot hia — ety §§}; increment of position vector
Agi = ||gi*! — g/l ' can be presented as the sum of differently oriented vectors

Ag and Ag;*' corresponding to an increment of real slip and an increment
of “slip-in-stick” respectively; however as discussed above, it is more natural
to consider a displacement increment starting from stick point g;*' on the i-th
increment, then gt*i + Agti = Agt*i + gt'i + Agt'i, where Agt*i = Ayisi —real slip
. 77 Y “lorl |
increment and actua.l shp -in-stick” is presented by g¢** + Ag - |, for
Coulomb’s friction s’ = s! # §' .
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5.3 Finite Element Method

5.3 Finite Element Method

In this section the main notions of the Finite Element Method will be given:
mesh, elements, nodes, basis functions. Non-structural contact elements will
be introduced and the evaluation of contact integrals will be discussed.

5.3.1 Introduction

The Finite element method is a powerful and widely used approach for the
numerical resolution of boundary value problems

& ( f (g)) =0 + boundary and initial conditions

where F(f) is a combination of differential operators applied to a tensor
function f(u) of vector argument u (in structural mechanical problem). The
method is applicable for arbitrary geometries as well as for linear and nonlinear
constitutive equations. The idea is to replace a continuous problem (i.e.
infinitely dimensional) by a finite dimensional problem. The method belongs
to the class of Bubnov-Galerkin methods, i.e. the solution of the problem u*
is approximated by a decomposition over a finite number of basis function
(Pi(}_(i)/ i= LN

N
w(tX) 2 u"(tX) = Y ul(t) pi(X), (5.13)
=1

1

where t is the time, X denotes a material point vector in reference configuration,
gi?(t) is a coefficient at the i-th basis function. For structural problems, this
coefficient is a vector. The basis functions can be chosen in such a way that
E?(t) 0i(X;) = gf’(t) is the solution value at the i-th node — material point X,. It
implies that the i-th basis function is one in the associated node i, and zero in
all other nodes j # i.

qbi(}_(]') = 6?-

The considered volume Q —body — at which differential equation & ( f (g))

is prescribed is split into finite elements Qi?, i = 1,N° spanned onto nodes X/,
which all together form a finite element mesh — a discretized representation of

the body Q" = | Qf’ ~ Q (Fig. 5.7). If the body Q) is continuous and non-
i=1,Ne

self-intersecting, then for almost all points of the body X there is a discrete

form

M
§=;&w@, (5.14)
=

where ¢;(X) is another set of basis functions describing the geometry and
N number of such functions and number of nodes. Note that for a finite
number of basis functions some of the points of the continuous body Q have
no homologue in the discretized geometry and vice versa, i.e. in general

Q\Q"+0, O"\Q=0,
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This difference appears only close to the boundary, which is essential for
accurately imposing boundary conditions and especially for contact treatment:
in general, the real surface of the body is different from the surface of the finite
element mesh

0Q £ Q) = U oQ!

i=1,N*

Another observation: in general, the geometrical basis functions (shape
functions) are compact, i.e. are zero outside the element (see Fig. 5.8,5.9), for

example, for element i spanned on N nodes, the shape functions cpf X), j=
1, Nl’.l are defined as
P/ =0, x¢ Q! and ¢/(X,) =06} X, Q!

Shape functions are normally infinitely differentiable ¢; € C*, but since they
are compact on the element, on the interface between elements any smooth
function approximated by shape functions is in general not differentiable, i.e.

Voi(X)) # VX)),
where X is a common node of elements i and k.

oO\IQY"

0QN\0Q

Figure 5.7: Continuous body Q and its discretized representation — finite
element mesh Q" consisting of nodes X j and elements Qi?. Surface of the

body 9Q, approximated by surface dQ" = | J; 80?.

Often the set of geometrical basis functions 1;(X) is chosen the same as
the set of basis functions approximating the solution ¢;(X) (isoparametric
approximation of the problem). Further, all basis functions will be called
shape functions and denote with ¢

M-

X0:i(X),

i=1

An isoparametric choice of the basis functions is rather natural for structural
problems, if we seek for the field of displacement vectors, then the actual
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qbl (Pl 0)) (]53
_______ X 'S X3

Figure 5.8: Example of compact shape functions ¢;(X) for the one-dimensional
3-node quadratic element Qi?.

Figure 5.9: Example of compact shape functions ¢;(X) for two dimensional
4-node linear element Qi?.

configuration of almost each point can be presented as

N

x=X+u=) (X +u)iX)

i=1

The index h often stands to demonstrate that the current decomposition
by basis functions is finite dimensional, and & represents a maximal size of
finite elements into which geometry is split, then the solution of the discretized
problem tends to the precise solution if the maximal size of the finite elements
h tends to zero, or equally if the number of basis functions N tends to infinity

Eh b0, o,
Since further we will deal only with discretized quantities, the & index will be
omitted.

It is often convenient to determine the shape functions independently of
the reference coordinates X € Q. For this purpose, for each type of element,
a standard simple reference configuration — the parent space Q - is defined
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(Fig. 5.10) and then the approximation of the geometry/solution within the i-th
finite element can be reformulated as

VXeQ, &neQy, utX) = Z ui(OOUE ),
j=LNI"

where gé. is the j-th node of the i-th element and qb’] is the j-th shape function
of the i-th element and {&, n} are convective coordinates of the point X in the
parent space Q. For contact problem:s, it is particularly important to consider
the mapping from the parent configuration to the actual configuration for the
contact surface I'. — a part of the body dQ = U;dQ);. The closure of two-
dimensional simply connected bodies is a curve and of three-dimensional
bodies is a surface, so the dimension of the topology is one less compared
to the dimension of the problem. In Chapter 2 we considered the mapping
from a two dimensional parent space into a three dimensional vector space (3
dimensional tensor space of first order)

R?> &n - E(é, n) € Tfls

and also the mapping from one dimensional parent space to a two dimensional
vector space
R>{C) - pOeT]

A7 1 &

)
oll;

@ (TD @

-1

Figure 5.10: Surface segment of element: mapping from two dimensional
reference space R? 3 {£, 7} to three dimensional vector space p(&, 1) € T3.

In Chapter 2, we made use of the s-structures introduced in Appendix A.6.
In the new formalism, instead of R? parent space, it is considered as a two
dimensional v-scalar space 1‘53 over scalars of three dimensional space or simply
as a two dimensional vector space T%. The mapping we need (Fig. 5.12)
becomes then: L

3¢ = p(e)eT
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283
170] @ @ 3
é%
® ©

Figure 5.11: Surface segment of element: mapping from two dimensional
v-scalar space ng to three dimensional vector space r]l“‘;’ .

Moreover, the set of shape functions qblj( &), j=1,N! canbereplaced by another
v-scalar of dimension N

3

PE) ~ 9lOes

and on the other hand the set of nodal vectors g?, j =1,N! can be replaced by
a v-vector

i i Nig?
w, ~ WE, 5,
Then the finite element approximation of a vector field u within the surface of
the i-th element writes

VX €00, £(X)€dQ;, u(t,X)=u(H)o ¢'(g)

N
1
1

3

5,,

. N'3 .
u' € 'S, are different.

~

Note that the dimensions of £ € iSS and of ¢’ €

5.3.2 Contact elements

When two separated surfaces I'} and I'? come in contact from a continuum
mechanics point of view, they form a continuous contact interface. Through
this zone, contact stresses are transferred from one body to another according
to a constitutive law due to the physical, mechanical and chemical phenomena
occurring in the contact interface. From a numerical point of view, each
contacting surface is represented by a number of nodes and surface or line
segments — these components are not connected, so do not interact. In
the previous chapter, contact surfaces and related contact stresses have been
incorporated in the integral weak form — balance of virtual works; that implies
that work of contact stresses has to be integrated for given virtual displacements
within the contact interface. Due to the balance of forces in the contact interface,
the integration can be performed over any of its sides.
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The side over which the integrals will be evaluated is a master surface I'.
In the Finite Element Method, it is presented as a set of master segments

M
2= Jooy
i=1

Another side of the contact interface is the slave surface, which in the node-to-
segment approach is presented by nodes

As discussed in Chapter 3: for all slave nodes, one or several master
components are determined. For the sake of simplicity, let us suppose that for
all contact nodes sufficiently close to the master surface there exists the closest
master segment. Then the integral of the virtual work over the master surface
can be split into a sum of M integrals over the master segments Q¢ i=1,M.
One slave node is attached at least to each segment, 3_c’}} j=1,Ni, where N'is a

number of slave nodes attached to the segment i

fF(gnzgt/ an(_)'t/ 5871/ 6§t1 6GH/ 621’) dr? =

rZ
M N | | | | | | | | (5.15)
=Y | Y E(tsuli (gl tonlh, el 108u), 1081V, (50)), (5:)) dOCy;,

i=1 20 j

where F is a scalar function of the relative surface motion g, & and of the
arising contact stresses in normal and tangential directions ¢, ;. Indices
{.}; denote quantities related to the i-th master segment and the j-th master
node interaction, whereas indices {.}; represent the contribution of the master
segment quantities. The scalar function F depends on the choice of the
resolution method (see the previous chapter). Note that Y, N! = S - number
i=1,M

of slave nodes. It implies that in active contact the number of slave nodes
should be not smaller that the number of master segments.

The combination of the j-th slave node r, associated with the i-th master
segment p € JQ)' presents the geometrical part of the contact element, which
(dependiﬁg on resolution method) can be complemented by a virtual node to
store Lagrange multipliers — the contact stresses (Fig. 5.12, 5.13, 5.14). Since by
definition a slave node can belong to only one contact element, the last can be
denoted by one index i — )¢

Let us consider the contribution of one contact element to the virtual work
of the system

OWS = f F((ga) AgeV), lonll, (ar)), (0gnll, (01, (00,)), (6a1}t) dOQY  (5.16)
3Ql‘
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Figure 5.12: Construction of contact elements: a — continuous geometry two
bodies ()7 and Q, are in contact, active contact surfaces are I’} — slave surface
and 1"? — master surface, b — a discretized representation of bodies and contact
interface, ¢ — three contact elements spanned on three slave nodes r;, r,,, 7.,
and two master segments dQ);, dQ, d — zoom on three constructed contact

C c C
elements Qf, (07, QF .

The function F is a linear function of the variations {0 gn};, {6 gt}§, {60,1};, {6gt}§,
which can be presented as follows (in the following layouts, indices will be
omitted)

O0gn

(Sgt
F=F,0gu+Eg, 08+ F, 00, + Ey 00 = [F,,, By, F, Ey 1| 81 (517)

5gt

on the other hand
g =8ulr,p), 8 =g8r,p), r,=x, pedd,

i

representing p by nodal values p' and shape functions ¢;( &), ¢ € o0

x0 or,(0)
g(t,§)=/_)l(t)-qbi(§)] = |5g<t,§>:5gl<t>-¢i<§>
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Figure 5.13: 3D contact element based on a quadratic master surface. The
complementary node for Lagrange multipliers is marked with a green triangle.
The projection of the slave node (big red circle) is marked by a star .

The variations of the geometrical quantities can be presented, as it was done
in Section 2.4

or, r or, r
6gn = [Vggn/ V;_)gn] : 5pz ’ 6§t = [vg(gt/ V;_)gt] : 6pz
In general case, contact stresses are also split over dual shape functions 1;(¢),
ie.

on(t, £) = ou(OYi(E), ot &) = ait)pi(E)

5.3.3 Discretization of the contact interface

Both shape functions for geometry ¢;(<) and for contact stresses ;(<) have
to be chosen such that Babuska-Brezzi conditions (BB-conditions or also
called inf-sup conditions) are fulfilled. It does not present any difficulties
for small deformations and small sliding when contacting surface have
matching nodes (node-to-node discretization). For nonconforming meshes the
mortar method (based on Lagrange multipliers) and Nitsche method (purely
displacement based) are commonly used approaches, which provide a stable
discretization. Mortar approach was first applied in the framework of
the domain decomposition methods to “glue” the solution on the interface
of non-matching meshes corresponding to different subdomains. For an
extensive mathematical description, the reader is referred to the book of
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5.3 Finite Element Method

Figure 5.14: 3D contact element of Fig. 5.13 presented at two consecutive time
steps t (transparent) and t + 6t. Variational vectors are depicted as well as the
variation of the main geometrical quantities: the convective surface parameter
and the normal gap .

Wohlmuth [Wohlmuth 01] and references in it. For application to contact
problems, see [Belgacem 98]. Further development originates to works due
to McDevitt and Laursen [McDevitt 00], Puso [Puso 04], Puso and Laursen
[Puso 03]. More recently, one retains contributions for two dimensional
frictionless [Fischer 05] and frictional contact [Yang 05], [Fischer 06] and for
three dimensional frictional contact [Yang 08b]. However, such a discretization
requires the establishment of a segment-to-segment discretization as proposed
by Simo, Wriggers and Taylor [Simo 85], see also [Zavarise 98], [Wriggers 06],
which is a particularly complicated task for arbitrary contacting meshes in
three dimensional contact problems. Another idea — the contact domain method
— proposed recently by Oliver, Hartmann, et al. [Oliver 09], [Hartmann 09]
consists in replacing the integral over the surface by an integral over the interior
of the contact interface. A three dimensional version has been proposed by
authors in [Oliver 10]. However, a three dimensional version requires the
triangulation of the volume between two arbitrary contacting surfaces, which
is not always possible.

Here we consider a simple but rather robust, widely used and multi-
purpose node-to-segment discretization (NTS), so there is no freedom in the

232



Chapter 5. Numerical procedures

choice of the discretization for the contact stresses: the contact stress within
master segments is restricted to a constant value, ie. ¢i(¢) = 1 and
on(t, £) = on(t), o:(t, &) = oi(t). Note that this discretization does not fulfill
the BB-conditions and so can exhibit locking, moreover, as is well known, NTS
discretization fails the patch test — contact interface for nonconforming meshes
cannot transfer uniform pressure see Taylor and Papadopoulos [Taylor 91]. On
the other hand, in the same article, the authors demonstrated that in case of
the Lagrange multiplier method and a sufficient number of slave nodes, the
“two-pass” NTS approach is able to transfer correctly the uniform pressure,
i.e. passes the patch test. Recently Zavarise and De Lorenzis [Zavarise 09a]
proposed a modified NTS discretization passing the patch test for the penalty
method.

5.3.4 Virtual work for discretized contact interface

According to all forementioned, the integrand of one contact element writes as

?SZS F.]' [ ox
F=[E, Eo F, E,l son| F= : / (5.18)
50} Ea o4

where x is a v-vector containing the actual vectors of all geometrical nodes of

the con;act element
{gﬂlsllj}ai—c, - [ZS Py Py pM]T'

M is the number of master nodes, D is a dimension of the contact problem.
Any point on the master surface is then determined by

‘9058: $(0, &) ox, (5.19)

where ¢ (&) is a v-scalar of the contact element shape functions constructed as

(552 ¢(C &) ~ [¢ d1(2) b2 - dm(2)]

Then, for example

g”ﬂ =- (B (_11 éT() ° %/

where & is a normal projection point of the slave node on the master surface.

Further, A is a v-scalar containing Lagrange multipliers (contact stresses): the
normal contact pressure and the contravariant coordinates of the tangential
contact stress vector in the local surface basis are

{555}94 ~ [on %]T=[An Qt]T, Aio
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Due to the large number of s-structures of different dimensions

D_D

CavaelS) LEefE) sEels)

all computations should be carried out carefully. The remaining terms F,
and F, in (5.18) are v-vector and v-scalar corresponding to forces acting on

the virtual geometrical displacements 6x and “forces” acting on the virtual

Lagrange multiplier stresses (contact stresses) respectively. Finally, in new
notations, from (5.16), the integral contribution of the i-th contact element to
the total virtual work becomes

6Wf=f[§x EA]?[(S?-S}MQZ, [fl—"xdaﬂ [ FAdan]o[ z_{]

9Q; oA

90,

(5.20)
Let us demonstrate that in terms of the Finite Element Method the left term in
(5.20) is a kind of residual vector and the right term is a kind of vector of dofs.
For that, we consider a spatial basis e

e~le ... e

~

Then the dot product of e components e, k = 1, D with v-vectors from (5.20)

provides the components of the scalar residual vector

f (Fx-er) do02 = RE ~ [Riliajp € RMD e [1,M 411,
0Q);
6x - e ~ Olx' ks jxp € RMXP, je [1, M +1] (5.21)

fEAdaQi: B/\N[RQ]ERD/ 5& ~6[/\i]eIRD
2Q);

and the full'residual vector [R] of the i-th contact element and vector of its
unknown [x'] take the form
i

j R ; o
M+D+1 i1 _ X M+D+1 i1 — )
RY+PH 5 [R]‘[Ra]’ RMPH 5[] [M]

This expression is given simply to have a link with classical notations of the
Finite Element Method.
We remind that the form of F, and F , depends on the resolution method

and will be given in the following parts. Now let us assemble all contributions
to the virtual work balance equation. Here we will focus on the contact
elements and so the contribution of all structural finite elements will not
be derived in closed form. All necessary routines can be found in books
on Finite Element Method for solid mechanics: Zienkiewicz and Taylor
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[Zienkiewicz 00a], [Zienkiewicz 00b], Chrisfield [Crisfield 00a], [Crisfield 00b],
Bathe [Bathe 96], Belytschko et al. [Belytschko 08] and others. Let us denote
by 6W? the contribution to the virtual work of the j-th structural element. To

enforce equilibrium conditions we require the total virtual work on solution

path to be zero
N¢ S
Y oW+ ) oWs =0, (5.22)
j=1 i=1

NF¢ is the total number of structural elements and S is the number of contact
elements and at the same time the number of slave nodes included in the contact
elements. This equation can be presented as a set of ~ N" + S vector equations,
where N" is a number of free nodes. The sign =~ expresses that Dirichlet
boundary conditions can be imposed on any components of a displacement
vector, so that the number of algebraic equations in (5.22) is equal to the
number of free degrees of freedom N plus the number of contact elements
multiplied by the dimension of the problem SD. If Lagrange multiplier or
coupled augmented Lagrangian methods are used, in case of use of penalty
method or augmented Lagrangian with Uzawa’s algorithm, the number of
equations in (5.22) reduces to N

Ne¢ S
Z WS + Zéw; =0 ~ [Ri+RS Rylo m =0, (5.23)
j=1 i=1

RS is a dense’ residual vector related to structural elements, R a sparse residual
vector related to the contact elements, R} may be nonzero if the i-th dof belongs

to one node of the contact elements. x, RS, R, x € RV “fand A, Rq € RSP, Since
virtual displacements and virtual Lagrange multipliers are arbitrary, Eq. (5.23)
can be satisfied only if

RS + RS

R |7 0 (5.24)

This is a set of N*' + SD algebraic nonlinear equations, the nonlinearity is
preserved: even if in the structural part the condition R} = 0 appears to be a set
of linear algebraic equations, the contact problem is still nonlinear. Therefore
a solution technique for nonlinear equations has to be applied, for example,
Newton’s method discussed in Section 5.1. Hence the linearization of this
system of equations is required.

5.3.5 Linearization of equations

Newton’s method and its generalization for nonsmooth problems have been
discussed in Section 5.1. In this paragraph, this method will be applied for a
system of nonlinear algebraic Eq. (5.23) derived in the previous paragraph. We
assume that the solution {uy, A} for given boundary conditions fi at time step

%here, dense vector in the sense that all components may be nonzero.
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ty is given either as initial condition or as solution of the k-th increment.

RS(xx, fr) + R(xx, Ax)

~ 0, 5.25
RE (xy, Ay) (525

At time step try1, a change of boundary conditions fyy1 = fx + Afy makes
the system loose its equilibrium state. So we establish an iterative procedure
0,1,2,...,i and we wish that the sequence {ul, A1} converges to the solution
{Uk+1, A1) which returns the system to equilibrium for the new given boundary
conditions fi+1. According to Newton’s method, the iteration increment is
given by

OR:  o9re OR¢ 7!

Ax! x4z 2 R3(X, fre1) + RE(x, AY)
|1=- o , (5.26)
AN IRS 9R} RS (x', AY)
A A I Al £ 00)

and the corresponding update rule is given by

i+l _ xi + Axi /\i+1 — Ai +A/\i

X

The structural tangent matrix is denoted by = K° and we are particularly
interested in this remaining terms which can be called tangent contact matrix

RS IR
S 0 0 S c c
[K 0]+ x ox || [K Jrchx KCM]
00 RS IR KxA K/\/\
dA  0A

The full tangent contact matrix is an assembly of contact element stiffness

S . .
s
K K = Ko Ko

Returning to (5.20), we can express all the terms of the elementary tangent
contact matrix through derivatives of v-vector F , and v-scalar F 5, so

J
[ Kci Kcz ] 2Q; L

K, K N
=S f E A]d&Q
0Q; L ™

8]
U™
=

Q)
UR

o [ [”] 490,
2Q);

NS
U
=

So, to integrate contact into the resolution, it remains only to precise the form
of the functions
E X7 E/\
and to evaluate their derivatives
dEx 9F; 9Ex JF,
ox’ ox L dA

~
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5.3.6 Example

Here we give a simple example of the procedure of tangent matrix construction
for a mechanical problem with contact. Let us consider two structural elements
Q) and €, (Fig. 5.15) which come in contact. A constant pressure is imposed
on the upper segment between nodes 1 and 3. Nodes 6 and 7 are fixed so they
are not included in the computations. The tangent stiffness matrix for such a
configuration has the form presented in Fig. 5.15,a. The detection procedure
determines that the slave node 2 may come in contact with the master segment
between nodes 4 and 5. So the contact element 2 — 4 — 5 with a complementary
node 8 for the Lagrange multipliers is constructed and added to the global
tangent stiffness matrix (Fig. 5.15,b.)

@

@00 o0o0 @00 o00 0 000 0O0O
O®@0o0o0 O@®@0000 0®0 000
OO0O®oo OO0O®o0o0o0 000 00O
000®O0 0000@O0|l+F]l00O0O0®OO
00006 b 0000®O 00006GO
a.. . 0 00O0O00O 00000®

Figure 5.15: Example of tangent matrix: a — structural matrix K* for two
elements ();, ), and given boundary conditions, b — contribution of the
contact element (spanned on slave node 2 and master segment 4 — 5 with a
complementary node 8 for Lagrange multipliers) to the tangent matrix .
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5.4 Residual vectors and tangent matrices

5.4 Residual vectors and tangent matrices for contact
elements

Residual vectors and tangent contact matrices for different resolution methods
will be derived in this section. All necessary integrals have been formulated in
Chapter 4 and all geometry related variations have been derived in Chapter 2.
Here it remains to give closed forms for

C C C C
BCX/ BCA and I:<JCXI D Axr DxAs 5/\)\

~ ~
~ ~ ~

These vectors and matrices will be given for arbitrary discretization forms for
penalty method (linear penalty) and coupled augmented Lagrangian method.
5.4.1 Penalty method: frictionless case

Residual vector

The virtual work due to frictionless contact was given in (4.79) for continuous
problems. In the Finite Element framework the contribution of the i-th NTS
(node-to-segment) contact element for the linear penalty method writes as

20

according to (2.99) the variation of the normal gap can be presented as 6g, =
[Vg,]" - 6[x] or in s-structure notations

6gn = Q( éﬂ) ¢ 551

where &, is the projection of the slave node on the master surface and G is a

v-vector of first variation of the normal gap 6g, given in (2.99). So Eq75.27
takes the form

WS = f —en(=gn)G( &) Ox dIQY; = f F,doQ; | °ox = [RE]T[6x'].  (5.28)
0Q); 2Q;

Consequently F , is given as
gx = _5n<_gn>g(f§n)-

The integral of F, over the master surface JQ; can be simply evaluated since

the integrand does not depend on the surface parameter &

fEx doQ); = — f5n<_gn>d8Qi Q(én) =P, g(én)/ (5-29)
aQ,» aQi
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where the first term is nothing but a normal contact force P, computed on the
i-th iteration configuration

P =Fn= f (=) IO,
20

Finally the residual v-vector is given by

gcx = Pn g(én)

Tangent contact matrix

To evaluate the elemental tangent contact matrix, it is necessary to take a partial
derivative of the v-vector F

where all geometry related s-structures come from connections between the
variation of the geometrical quantities and the nodal coordinate vectors

5 =G (5 d A5 =A : i 5 =A
= . = . . = Ax-
f ~ f an gn ~x axz f ~

Ign
ox

~ ~

-0

08n =

2
UR

These s-structures have been derived in Section 2.4. In general form we get

959: enG8G + e,8nH, gn <0

% o, 220

Integrating over the master surface gives

aEX
20, ~ ~

This expression can be interpreted as a tangent contact t-tensor K&,

~

I:<§x =¢,GQ GIQ; + PH, g:.<0

~

or in a slightly different form

Kix = €19Q; [g®g - <—gn>1;1], gn <0
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5.4.2 Penalty method: frictional case

In case of frictional contact, we have to distinguish stick and slip states, since
residual vector and stiffness matrix are different in each case. The virtual work
due to frictional contact was given in expanded form (4.79) for continuous
problem. In the Finite Element framework contribution of the i-th NTS (node-
to-segment) contact element for linear penalty method writes as

f —&n(—8gn) (6gn - ‘ug-égt) doQ;, slip

SWE = , (5.30)
[ en(=8n)0gn + e1gi® - 081 Ay,  stick
20 = =

from (2.99) and (2.102) we get

dp dp dp dp
0gn = [Vgu]-0lxl, 08¢ = 8—&65%—652 { e [ve! ]T+ % [ve?] }6[:_4

In s-structure notations these formulae can be rewritten as

dp dp
6gﬂ:g(§n)‘5§, 5& 85 00 —agog-ég,

~

where T is a v-v-vector (two v-vectors gathered together in a v-structure). In

these notations the integral in (5.31) takes the form

dodQ;| - ox, slip

ap
f _€n<_gn> g(én) - [JS (z fe) T)

2Q; En -
OW; = 4r ~ (5.31)
17
f —&n{—8gn)G( én) + etgt (% I) doQy;| - 6x,  stick
0Q); ~ <= =& ~

~

ap
Note that the term f[ is evaluated at different points: in case of stick at point

£* and in case of slip at the current projection point &, (see also Remark 9.2 in

[Wriggers 06]). This difference can be explained schematically if we assume
that in the contact interface there are rigid bars hinged to the master segment
by a nonlinear circular spring (fig. 5.16). The slave node, penetrating under
the surface at |g,|, is assumed to be in contact with this bar, so the tangential
movement of the slave produces a rotation of the bar (angle ¢) such as

8¢l = gn|tan @.

A resulting force F,

Fi = &gl = e1lgnl tan @
acts on the slave node and on the hinge of the bar. If the external force is
removed, then the slave node unloads the bar and returns to the stick position.
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According to Coulomb’s law, the tangential resistance is limited by the normal
force multiplied by the friction coefficient

En
Fi = uFy = pealgal  ©  Fr = ellgaltang® = peslgal = qu:arctan(“g—t)

This critical angle ¢* determines the length of the bar

o Sn A 2E% + €2

l = =
cos p* &t

When the critical angle is reached, the slave node jumps from the current bar
to the next one (see Fig. 5.17), which results in a new distribution of forces in
the master slave interface. Formally, this interpretation is valid only for the
stick state. Remark that the fact that slave node penetrates under the master
surface and slides over stick point results in appearance of a momentum.

Figure 5.16: Rigid bar hinged by a spring to the master segment and its
interaction with a slave node.

Residual vector

Since in the integral (5.31) the integrands do not depend on the convective
coordinate £, the evaluation of the residual v-vector is straightforward

(N5}
W
(o]

R

Py |G(&n) — s - , slip
RY% = < (5.32)
Png(én)"'l_:t'(a OI

Y
I

NI

, stick
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Figure 5.17: Representation of tangential interaction of the slave node with a
master, as interaction with a set of rigid bars hinged to the master segment by
a spring: a-b-c — stick state, d — slip.

—
=4
\"\

where normal and tangential contact forces are P, = f —&n(—gn)ddQY; and
o0,
F; = f g+ ddQ); respectively.
Q;
Making use of the return mapping algorithm (see Section 5.2) leads to the
following scheme. We make a start from the evaluation of the contact pressure
for a given displacement field

= e > B = —e(-gho0, (639

(let us remind that the lower index i denotes the i-th contact element, and the
upper indices k, k + 1 denote solution increments) further the trial tangential
contact force in stick is computed as

) k+1 ) k+1

| P _ : : P
E;na] — Elt( + f€t£ o (§k+1 _ ék)daQZ — gtaQi(ék-ﬂ _ é.k) o £ , (534)

20

where E'k is the convective covariant coordinate of the stick point for k-th
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increment. Further, we check if this trial force is inside the Coulomb’s cone
IEFIl < plPs™.

If not, then the trial force has to be corrected. According to Eq. (5.8), the
tangential contact force writes

Elt(+1 — E;rial _ f€t<Ayk>§ltc dan

FYeY
Where Ftriwl
S} = g (5.35)
IEl
(g™l = oyt
AyFy = —=
(AY") :
The integral of the slip Ay* is
AIEF] = Py
AY*ydoQ; = —
[ arhydoey -
FYeY
The stick point is updated according to the simple rule
B2 2 sl
where s It{ is the v-scalar of covariant coordinates of the sliding vector
g P
St =5 %
Finally we get the following return mapping scheme
£1t<+1 — E;rial’ éo {k+1} — ;ok, ”£I;+1” < H|P5+1|I stick (5 36)

-e{k ek H .
Fol = ppietygh, 2o = g2k apRsk IESY > P, stip

Expressing the tangential force for stick in the contravariant basis gives the
following expressions (it seems to be more advantageous for the following
linearization to retain vector form for tangential slip §'t‘ )

Fk+1 Ftrial aE i 8_Ek+1 F trial a_’—)k+1 t k
- L — o — = o — , SILIC
- -0 9 ~ET9g (5.37)

Fi+h = p|PE sk, slip

According to the definition of the updated normal contact force (5.33) and the
trial tangential contact force (5.34), we get

$k+1
Fil = g 00" - 280 5 o stick

~

1_-"’;” = yenaﬂi(—gﬁ“)g]t‘, slip

(5.38)
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5.4 Residual vectors and tangent matrices

For the following linearization, we derive here the variation of the sliding unit
vector s ; from its definition (5.35) we get

-F trial F trial A trial
= =2 _ - k _ k o k). Tt
Et B ”Ftrialll B i i = Agt - (£ - §t ® §t) ”Ptrial” (539)
=t 'E;nal . Ettnal L,

If the unity tensor is presented as

I=n®n+5®5+s®s,

where §* is an in-plane unit vector orthogonal to the sliding direction, since
we have to take a dot product of the slip vector variation with in-plane basis
vectors (see (5.32)), we can neglect the normal components n ® n, then the
expression (5.39) can be rewritten as

APtrial
AsF =5 os ——, (5.40)
I 1 |
where the variation of the tangential trial force follows from (5.34)
Skl k1
rial z k+1 E z k+1 zek a_
AF[™ = €dQiAE™ o g +edQ (7 - &) o Ag , (5.41)
If we represent the unit vector §* in the covariant basis
a_k+1 P k+1 ) k+1
g = gk._e o—e :gko—g ,
R dE ~ o de
the variation of the sliding vector takes a simpler form
20 0 k+1 (9 5 k+1 ap k+1
k_ Et0R%0 Lk phel | = mp_— skl _ zeky| <k o =
S, = — 3" 0 |AE& + = A= o (& cf 542
=t ||£;r1al”~ 2 aé aé (~ )} (95 ( )

Since the variation of the contravariant basis is a complicated task, we express
it by means of the variation of the covariant basis vectors

dp _op dp _dp dp_ dp dp_ Ip 9:0 dp
=] > A—"—=4—=FA—==0 & -—%A—=-

85 85 X dE T 9L IE T IE 3 85 85
Omitting increment indices in the expression (5.42), we finally get
_ eﬁQi - ap % ap

= Ee 0| TG T e T )| R OB
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Tangent contact matrix

To evaluate the elementary tangent contact matrix, it is necessary to take a
partial derivative of the residual v-vector R from (5.32), however it is more

convenient to start from the variation of thg virtual work A(SW;?
A(SWZ? = AP,6gn + PyAOg, + AF, - 681 + F, - AOg; (5.44)

Since the normal contact force P, is a function of the normal gap g, its derivative
is evaluated as follows

, [ €nG-6xddY, g, <0;
P, = f—en(—gn>d8Q‘ = AP, =0 =~ 7
S0 0, gn 20

and by replacing the integral
AP, = 0x° [enaQiQ], e <0

Substituting of the last expressions into (5.44) and considering the first two
terms gives

AP,5gy + PyASg, = 6x° [en8Qi (g G- <—gn>g)] ° Ax (5.45)

Instead of the variation of the tangential force, a dot product with the
tangential sliding should be considered, slip and stick have to be also
distinguished.

A(E, - 6g1),
where 5
p
081 = 55 ©0%

according to (5.38) (increment indices are omitted) we get
F,-08: = €1dQi(E — £%) 06, stick

Ip , (5.46)
F, '6& = uendQi{—gn)s,; - £ o0&, slip

~

The variation of these expressions results in the following

A(F, - 681) = 10N E 00 + £:dQ(E — E°) 0 AGE,  stick (5.47)
dp dp
A(E, - 081) = —endQilgns; - 52 © 0 + pendQi{=gndAs, - 5= 0 0L +
dp dp
+ pendQi{—gn)s, - Ai 0 0 + 1€ndQ(~gn)s, - £ 0oASE, slip, g, <0
) B (5.48)
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5.4 Residual vectors and tangent matrices

The expression for stick appears directly in a convenient form, whereas the slip
expression requires additional computations. Carrying (5.34), the first right
hand term in (5.48) becomes

dp ‘uenetc?Qf .
—t

~

Using (5.43) allows to expand the second term in (5.48)

90K —gphs o pentedQd] | Aa’—)&@ )| 50405
UeEn 1<_gl1> §t~¥0 é - <_g1’l>”£v;Tl|l§,o é - g : % °© (é - é ) §o° ~ °© é
(5.50)

Expansion of the third term in (5.48) follows directly from substituting (5.34)

for the unit sliding vector

20 Aa’—) 5 penerd . a_’—)%a’—) 58 (551
endCAi{—8n)s, - go é—(‘&)W(é—é)o%- Eoé (5.51)

~

The same procedure for the last term in (5.48) yields

dp uenedQ? .
1€ndQ{—gn)s, - £ oAbE = <—gn>W(§ — &%) o AOE (5.52)
< L

The variation of the basis vectors can be expressed directly through the
variation of the nodal coordinate vectors if one makes use of (5.19)

% 2209 A (5.53)
— = o AX .

P=¢08)ex = Apr =5 oM

Together with (5.53), we use the following expressions

~ ~

0g:=Go0x, 05 =T°0x, AL =T°Ax, ASE =Ax°S°0x,  (5.54)

where S is a v-t-tensor (precisely two t-tensors gathered in v-vector) connecting

el

nodal variation vectors with the second variation of the convective coordinate
v-scalar

2 0x;

~

AdE = Ax?

~

1224117,)

all expressions for G, T, I:I and § can be found in Section 2.4 in Eq. (2.99),

~

(2.102), (2.105) and (2.111) respectNively. Careful grouping of terms in (5.49)-
(5.52) and substituting of (5.53) and (5.54) leads to the following expression for
the variation of the tangential part for stick and slip
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Stick
A(E, -5g0) = Ax? |0, (zgy (6" g” x| (555)
Slip
yensﬁQf .
A(E, - 6g1) = Ax® W{—leo(é - &)+
99 dp. ..
+(=gn) Eoggg"éoi—é"gxg@(é‘é)§°é°£ | (5.56)
L] _p a? L] [e]
+(§—§)og§¥o£+(é—§)o% (3%

Grouping of (5.45) with (5.55) or (5.56) and getting rid of nodal variations
gives the tangential contact t-tensor for stick and slip states respectively

TaT+(¢ - &%) o§] (5.57)

K5 = 6,000 (g%g - <—gn>1_f) + 890

~ -
~
~

I

and

) . yeneﬁﬂf

trial _ggzo (5 - E.) +
ILE™ | {~ A

(5.58)
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5.4 Residual vectors and tangent matrices

5.4.3 Augmented Lagrangian method: frictionless case
Residual vector

Virtual work due to frictionless contact was given in (4.117) for continuous
problems. The significant difference of the coupled augmented Lagrangian
method from Lagrange multiplier and penalty methods is that all constructed
contact elements contribute to the virtual work of the system independently if
the gap between slave node and master segment is open or closed, i.e. contact
element is inactive or active. This fact ensures the smoothness of the energy
potential and the continuity of the virtual work. However, as was shown on
a simple example in Paragraph 4.7.3, the inactive contact elements increase
significantly the condition number of the tangent matrix of the system. That is
why the less useless contact elements have been formed during the detection
step, the better it is for the resolution step. So a careful detection procedure is
highly recommended, especially for the augmented Lagrangian method.

Remark that the difference between frictional (containing several
complementary degrees of freedom for Lagrange multipliers) and frictionless
(containing only one complementary degree of freedom) contact elements
should be made at the stage of their creation to accelerate the solution.

Below the contribution to the virtual energy of the i-th NTS contact element
is given for contact and non-contact status respectively

f ;\négn + gnéAn dan, ﬁn S O

SWE = {7 ) 5.59
P [ R oA, dogy;, An>0 659
9Q;

We remind that the hat denotes the augmented Lagrange multipliers

A

Ap = Ay + €ngn

As previously the variation of the normal gap g, is replaced by the following
double dot product

5gn = Gobx (5.60)

By grouping terms in matrices and replacing the integral by master segment
area we get

N T
A,GOQ; 2
90 ?5; =0
6WZC: g?’l lT n
0 o | % An >0
. K ~1, >
~ZEN] T oAy "

The residual v-vector for the primal variables (nodal displacement vectors) and
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the scalar residual component for the only dual variable takes then the forms

A~ T
hWerle

gn8Qi

A

, An <0, contact

(5.61)

T
0 A

[ 00, } ,  An>0, non-contact

T \n

En

Tangent contact matrix

To get the elementary tangent contact matrix, we take a variation of the virtual
work of the i-th contact element 5.59

[ ALudgn + AnASgy + AgnOA, dIQY, Ay <0

ASWE = Jo4 X 5.62
i [ =L AN, doCY, Ap>0 (5.62)
Q)

As Lagrange multiplier is an independent variable, its second variations
vanishes. Expanding the variation of the augmented Lagrange multiplier

Ady = Ady + e4AGy

and using the expression for the variation of the normal gap (5.60) we can
extract the tangent matrix from the resulting expression

(Ax] [9QUGEG+AH IOG] oy
=| ° ~o ~ R Bl P M)
ASWE = | AL 4G 0 O (5.63)
i =Y, . N ’ |
o |[ax] Lo o ]Lfex i
~ . dQ; 1 >0
FAV) I e I 0P

where H is a t-tensor connecting nodal variation vectors with the second

variation of the normal gap

Adgn = Ax " H ° ox

All needed expressions G and H for arbitrary discretization can be found in

Section 2.4. The resulting elemental tangent contact matrices for contact and
non-contact statuses are given below. These matrices are symmetric.

e0QGEG+A,H QG|
chontact = BQ:/Q ~ ON 7 An S O, COTltaCt (564)
. 0 0 A
K oncontact = 0 %l Ay >0, non-contact (5.65)
&n
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5.4 Residual vectors and tangent matrices

The structure of these matrices can be depicted by blocks

VxVx V/\nvx
c —
K - - {NxN} | (Nx1) (ln + lt) (566)
ViVa, 1 [Va,Va,
{1x “\"1_ {1x1}

where n Xm in each block designates the number of “strings” n and the number
of “columns” m, where in s-structure representation N = D(M +1) and in scalar
representation N = D(M + 1): D is the dimension of the problem and M is the
number of nodes on the master segment, M +1 is a total number of geometrical
nodes of the contact element.

5.4.4 Augmented Lagrangian method: frictional case
Residual vector

The balance of virtual work for frictional contact coming from the variation of
the augmented Lagrangian functional was stated in (4.116). The contribution
of the frictional contact interface extracted from (4.116) being splitted into three
integrals over slip, stick and non-contact zones is stated below

c A . 3t 1 . & 1
OW® = | Au0gn + §nOAn — ubp—=— 08t — — | At + u6p—— |- 6A; dl .+
) lAAl = & [IA|
I
+ | An0%n + nOA, + A - 0 + g¢ - OA AL, + —g—/\né/\n - E—/_\t -OA: dl;
- - n t
e II\T?

(5.67)

A given contact element can be in one of three states: slip, stick or non-contact.
Depending on the status, its contribution to the virtual work of the system is
given by one of the three possible integrals stated below.

~ N

N . A R A . .
[ Aubgn + gndAn — u6n == - 581 - S%(At + uanr—t) - 6A;dIQY;, 1Al > —udy,
90, 1A= 1A .
slip
swe = ) | And8u + gudAn + A - g1 + g¢ - 04 dOCY;, Al < —u6y
! 90 - - .
stick
/ — = An0An = £A - 5A: dOQY;, 6y >0
2Q; ~—
non-contact

(5.68)
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To extract the residual s-structures, we make use of the relations between
the variation of the nodal coordinate vectors of the contact element and the
corresponding variations of the geometrical quantities: see (5.60) and
dp ap
0¢r==—00 ==—0oT%x 5.69
8t dE & i = = (5.69)

Further let us replace the sliding direction by §

=

=—_—, (5.70)
[l

1>

this sliding can be presented in the contravariant basis as well as the augmented
Lagrange multiplier vector corresponding to the tangential contact stress

) % _ o (i %) P . I
()i o) b e

~

»>

13>

Regardless possible confusions, the Lagrange multiplier A; should be presented
in the contravariant basis and its variation in the covariant one

A =1A 9;_) ¥—/_\ _B OAr= A 82 5.72
_t—_t'g Og—,vto— At = At O 5~ 5. )

and finally the incremental change of the tangential relative sliding vector is
also given in the contravariant basis

‘ . » . dp
gt ~ gt(tH—l _ tZ) = gt = (él+1 _ él) o £ (573)

~

Note that this vector should be zero in stick state. Note also that this vector
appears in split of the augmented Lagrange multiplier A;. After substituting
all these expressions into (5.68) and replacing the integral by the area of the
master segment 00);, we get

(ing—uansoz)a@ ox
Wfslip = gn&Qi ¢ 6/\n ’ ”/_\t” > 61’1/ 67’1 < O/ Sllp
i—%(it+y6n§) 04+
_ ~ -T
(in(_;+ 3toz)(9gi ox
Wfstick = gH&QZ ? 6/\71 7 ||3t|| < 611/ ai’l S 0/ StiCk
(Ei+1_zi)aQi (Sét
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5.4 Residual vectors and tangent matrices

0 ox
6WZ non-contact = &n : 6A71 4 ||At|| < 0On,On < O’ stick
AT PP

€t

The left hand matrices in these expressions represent the residual vectors for
slip, stick and non-contact respectively.

Tangent contact matrix

To derive the tangent contact matrix, we start from the variation of the virtual
work contributions arising from one contact element (5.68). Slip, stick and
non-contact states will be considered separately. As Lagrange multipliers are
independent variables, their second variations vanish. It is worth mentioning
that the augmented contact pressure 6, = 0, + €,gs, previously assumed
known, now becomes the unknown variable and is replaced by the augmented
Lagrange multiplier Ap = Ay + €n n-

Slip
R . R - AL
ASWE, = f Mg+ Rnogs + Agudlu = a8 - 5gt = it (I-5©8) og—
0Q); =
~ a 1 yﬁn A/A\t 1 n
—An§ 0 ADE — —AA -0 — == (L-8®8) - 6A — —pAd,S - 54 OO,
a0 008 = 500 = (1m0 8): 0 = Sy 04y o0

(5.74)

Let us get rid of dot products replacing them by s-dot products by means of
the expressions derived in (5.69)—(5.73)

S 5gi = § 0bc A (I-3®8)-0 A (A-§mg)ooe
§-08t= 5o ;y A \L—S5®WS )08t = —= ol -3 §./O~
g Al = NTWIAS
A, Ads
AAt-0Ar =AAio AodAy, ”;\_” (l—égé) At = Al o(é —SIZIQ)O(S/M
~ A - At ~

Expanding of the augmented Lagrange multipliers under the variation sign
OAn = 0An + €n0gn, OAy =0 + 108t © OAr=0)s+e0¢
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Now we state the variation of the elemental virtual work in the expanded form

A(SWfshp = fA)\négn + €nAgnOLH + 7\,1A6gn + AgnOA, — uAA,S o 0 — penAgn S o 0 —

0Q);
ot o (A - @ 8) otk - phiers o (A -
—puhy—=—o0(A -8R §)ooE —uder——0o(A - §
TIAL VR = OUTTAN YR
A, AL

—lAL\toéoéét—
Et ~

€t [IAl]

1 N A
—;yA/\ng 00— UAgy5 06 A;ddQ);
t

(5.75)

Finally the geometrical variations are expressed through the variations of the
nodal coordinate vectors and the integral is replaced simply by the area of the
master segment, which results in a “matrix”

ASW¢

1 slip

acq K
=[AA, | ° I:an
A&t I_<Atx

~
~

‘KX/\n ‘Kx/\t
Ky, Kaa
Kt Kan

t
t

Ax
C1AA, |-
ALy

(5.76)

The components of this “matrix” are stated below. Blue terms in braces denote
unsymmetrical components of the matrix

~

I:<xx = dQ); (&«Q%Q + /A\nI;I - {En#

L
N—
(o]
QN

y?\,@ﬁQi
1Al
Ky, = 0Q;G
yinan
Koy =——7—To(A -
~ Al = (2
K),x = 902G — {9Qz'u§ ° I}
Ky, =0
2Q);
K = —{y ZS}
Et
yinan R
K, = A-5
~ " 1Al (2
K, =
2Q); pA R0
I,S/\t/\t - 4 ~
~ e X gllAl

(5.77)



5.4 Residual vectors and tangent matrices

All s-structures arising from variations of the geometrical quantities, namely
G TH,S, can be found in Section 2.4.

Q|

~

Stick In case of stick the elemental tangent contact matrix has a more simple
form. As previously, we start from the variation of the contact element
contribution (5.68,stick) to the virtual work of the system

istick

20,
+eAE o A odE + ZtoAéé +AEo A oéztdﬁﬂi

AOWE = fA)\n(Sgn + 4y AgnOgn + ;\nA(Sgn + AgnOAy + Ao Ao 5§+

(5.78)

The replacement of the geometrical variations by dot products of s-structures
with variation of the nodal coordinate vectors and replacement of the integral
by the area of the master segment leads to the following structure

A |9 snggg+et£oéo£+BQiﬁnH+Zto§ Zelciyoly
ASWE_ =|an,| © ) -

Ql
el

istick QG 0 0
Al =

an‘ é o I 0 0

) (5.79)

This matrix is symmetric; for expressions of G, T, H, S, see Section 2.4.

Non-contact Incase of non-contact, the tangent contact “matrix” can be stated

immediately
0 O 0
K =0 50 (5.80)
non-contac QQ
0 0 -1

Obviously this “matrix” is symmetric.

The structure of the derived matrices for frictional case can be depicted by
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blocks

va_x VAW Vx vAth

N x N | (Nx1) (N x D}
KC — - - q r b (li’l + lt)

ViV, Vi, Va, Vi,V
{1 x N} {1x1} {1 x D}

VXV/\t VAer/\t VA[ V/\l
(D x N} (Dx1} {Dx D} ]

(5.81)
where n Xm in each block designates the number of “strings” n and the number
of “columns” m, where in s-structure representation N = D(M +1) and in scalar
representation N = D(M + 1). D is the dimension of the problem and M is a
number of nodes on the master segment, M +1 is a total number of geometrical
nodes of the contact element.

%Remark 5.1 on the residual vector and the tangent matrix for the
multi-face contact elements.

If one uses multi-face contact elements proposed by [Heegaard 93], [Barboteu 02] and
mentioned in Section 3.3.4, then the structure of the residual vector and the tangent
matrix are slightly different. Among N™ master segments of the i-th contact element
there is one active segment dC)! on the current iteration

N‘m
o e Joo]
j=1

All master nodes of the contact element can be splitted into active nodes (denoted by an
upper index a), which are attached to the active master segment and passive — all other
nodes denoted by an upper index p). Active master nodes should be complemented by
the slave node. Then the v-vector of the nodal coordinate vectors of the contact element
can be written as

UR

~ [x ]

~
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5.4 Residual vectors and tangent matrices

The residual contact vector and tangent contact matrix take the following forms

R;ﬂ Kxﬂxﬂ 0 Kx“}\n Kx”/\t
0 0 0 0 0
RS ~ , K¢~
i R, P Ky 0 Ky, K,
Rir KAtx“ O K/\t/\n K/\[/\t

In case of smoothing of the master surface (see e.g. [Pietrzak 97],[Wriggers 01], more
references can be found in [Wriggers 06]), the structure of the residual vectors and
tangent matrices does not change, the only difference is that the v-vector of nodal
coordinate vectors will consists of all the nodes of the contact element. To make use of
the smoothed master surface, it remains only to construct a new set of shape functions
¢, corresponding to a smoothed master surface spanned on all master nodes, further

this v-scalar of shape functions should be substituted into the expressions of G, T,H, S

~
~

from Section 2.4. No additional computational efforts are needed.
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5.5 Method of partial Dirichlet-Neumann boundary
conditions

Here we give a brief explanation of the technique described in Paragraphs4.1.1,
4.1.3,4.2.3,4.2.4 in the framework of the Finite Element Method. The main idea
is to replace the geometrical constraints due to normal and frictional contact
by partial Dirichlet-Neumann boundary conditions. Further we will refer to
this method as Partial Dirichlet-Neumann (PDN) method. This technique is
very advantageous in comparison to the standard methods described in the
previous sections of this chapter (penalty, Lagrange multipliers, augmented
Lagrangian method) because there is no need to evaluate the residual vectors
and the tangent matrices. Here we confine ourself to the contact between a
deformable body and a rigid surface. In this case, the rigid surface can be
described by a smooth function and there is no need for contact detection
or contact elements. This method can be extended to the case of two-body
contact [Wriggers 06]. Moreover, coupled with a Lagrange multiplier method,
it is equivalent to a mortar method, but contrary to Lagrange multiplier and
augmented Lagrangian methods, which increase the number of unknowns in
the system, the PDN method reduces the number of unknowns. Moreover the
PDN method is trivial to integrate in a parallelized Finite Element code.

5.5.1 Description of the numerical technique

Standard methods are based on a search for the contact stress vectors ensuring
the fulfillment of geometrical inequality constraints and equilibrium of the
bodies — this approach leads to an inequality variational problem which has a
limited use. If inequality constraints are replaced by equality constraints, i.e.
active contact zone is assumed to be known, then the standard weak form can be
constructed and implemented in a Finite Element code, as previously shown
in this chapter. In any case, the problem consists in determining unknown
contact stresses. The advantage of the PDN method is that, instead of seeking
for contact stress vectors, the geometrical inequality constraints are imposed
directly as partial Dirichlet boundary conditions and consequently the contact
stress arises directly as a reaction. It remains to determine the active contact
zone, this task will be discussed in the following section.
Four different classes of deformable-rigid contact can be distinguished:

1. frictionless contact with a rigid plane?;
2. frictional contact with a rigid plane;
3. frictionless contact with an arbitrary rigid surface (Signorini’s problem);

4. frictional contact with an arbitrary rigid surface.

by plane here we mean any surface at which any coordinate of problem reference frame
takes a constant value, i.e. plane in Cartesian coordinates, cylinder in cylindrical coordinates or
sphere in spherical coordinates.

257



5.5 Method of partial Dirichlet-Neumann boundary conditions

To solve the first two classes (1,2), the Finite Element code should include the
possibility of a dynamical update of boundary conditions. In addition to this
feature, solving of remaining classes (3,4) needs to make use of the so-called
Multi-Point boundary conditions (MPC). Further we will consider only the last
classes of Signorini problem since they include the rigid plane as a subcase.

Briefly the Multi-Point boundary condition implies that a chosen degree of
freedom - “slave” dof u° is replaced by a linear combination of “master” dofs
u;", i=1,M

u = aul" + B,

where o/ and § are scalar coefficients. To replace the Hertz-Signorini-Moreau
conditions in case of an arbitrary rigid surface, the MPC is used in such a way
that one dof of the contacting node — slave dof —is expressed through the other
dofs of the same contacting node (2 in 3D, 1 in 2D):

S

w=qgou”+p,

where u™ is a v-scalar of master dofs, ¢ is a v-scalar of the scalar coefficients
and f is also a scalar coefficient. The slave dof can be chosen arbitrarily for

each contacting node, however it is required that locally the coefficients
a < oo.

According to Paragraph 4.2.3, this condition is equivalent to the requirement
that e° - n # 0, where ¢° is a unit vector, along which the coordinate of the slave
dof is measured, and # is a normal to the rigid surface at projection point.

5.5.2 Frictionless case

As it was discussed in details in the cited paragraphs, the Hertz-Signorini-
Moreau conditions can be replaced by MPC boundary conditions, which allow
sliding of the contacting node only in the tangential plane. After introducing
some notations, a general algorithm will be given. Let x' be a coordinate vector
of a contacting node on the i-th iteration and x° the coordinate vector of this
node at the previous increment, then the incremental displacement vector is
given by
ui= i — 30
The increment of the degrees of freedom is given by splitting of the vector u
into the reference frame basis

l/l; = El : 2]/
where e; is a set of basis vectors (normally in the Finite Element code an
orthonormal set of basis vectors is used, so we will not distinguish basis and
dual basis). The rigid surface in general can be described by a vector p(¢&) =

pj( £ )ej with anormal n pointing to the permitted area of body motion. Without
any loss of generality, let us suppose that locally it exists a function f such that

z = f(x,y),
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where x,y,z are coordinates of the surface points in the chosen coordinate
system

x=p-e, y=p-e, z=p-es.
Then the geometrical constraint can be rewritten in the classical form
xé > f(xa,xé) =3 ug > f(x(l) + ua,xg + ué) - xg.
The tangential plane at the given point {x*, y*} is determined by the following

equality

of
P.Z—a

J
(x—x")+ a—f; y-y)+ (9,

{x*,y*}

ey
after introducing the following notations

_f p
dx {X*,y*}’ dy

a

, c=f(x"y)
)

the equation for the tangential plane can be rewritten as
P:z=ax-x)+bly-y)+c
and the MPC to be imposed is given as

M3:LZM1+bM2+C—xg,

where xg is a z coordinate of the node at the beginning of the increment (see

Fig. 5.18). Further it is necessary to check that there is no tension forces in the
created contact interface. The reaction force R appearing in the nodes, where
the MPC boundary conditions have been imposed, has to be checked
R-n>0,

precisely the normal contact force should point in the same direction as the
normal to the rigid surface, otherwise the imposed MPC at adhering node
should be removed (see Fig. 5.19). The full algorithm is stated in the box
below.

Cr ¥y

:11
(i
X

Figure 5.18: MPC boundary conditions y = ax + x — 1°.
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5.5 Method of partial Dirichlet-Neumann boundary conditions

i=0 =1

Figure 5.19: Illustration of the iterative process of MPC update procedure:
a — initial configuration, b — first iteration, three MPC boundary conditions
are imposed at penetrated nodes, ¢ — after solution some nodes adhere to the
surface, MPC at these nodes are removed, d — final solution.
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i | PDN algorithm for frictionless contact

it++;

e Tterations (i =0;i <ipaxi++)

1. Loop over possibly contacting nodes j
o IF penetration (x§ < f(xi,x%)) THEN
+ impose MPC boundary condition

wt = alul*! + blult? + ¢t - xd

2. Solve i »i+1

3. Check convergence:
loop over possibly contacting nodes j
o IF penetration (x%Jrl < f(xit!, xi*! ) THEN
+ impose MPC boundary condition

u§+2 _ ai+1ui+2 +_bi+1u§+2 a Al —-x§+1
o IF adhesion Ri*l:ni*! <@ THEN
* remove MPC
o IF penetration or adhesion
+ GOTO 1
o ELSE finish

Active set search

For simple geometries of contacting body and rigid plane: for example, sphere
on plane or sphere on sphere, for reasonable time step this algorithm converges
in one iteration. However, for certain geometries and/or boundary conditions
the cycling between contact-non-contact states is possible. This is why we
propose a simple algorithm which provides a fast determination of the active
contact zone and ensures the absence of the cycling.

In case of undesirable adhesion the proposed technique suppresses the
imposed MPC boundary conditions gradually. The idea consists in sorting of
all nodes in the contact interface by their statuses (normal contact, adhesion and
non-contact) and further analysis of the contact topology. Below the algorithm
is explained in details.

Contacting surface consists of a set of segments

T, = Urci.
i

Each segment has several nodes

Z; S
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5.5 Method of partial Dirichlet-Neumann boundary conditions

After the solution step (step 3 in the box above) to each node in the contact
interface the corresponding status al]. is assigned: normal contact oc’]. <0,

adhesion o’ > 0 or non-contact a’ = 0. If there are penetrations of nodes
then new MPC boundary conditions are imposed. If there is an adhesion the
detection algorithm is executed: it checks all contact segment I';;, which contain
at least one node in adhesion a;. > 0, if all other nodes of this segment are in
adhesion or in normal contact

1

[24
)

ai>00ra§af{<0, k:1,Ni,k¢j

the algorithm goes to the next contact segment, otherwise if there is at least one
node with non-contact status
Y Y -
dk : «a %= 0,

or if the adhering node is situated on the edge of the contact zone, then the
MPC boundary conditions are removed on the given contact segment i. In
other words it means that the algorithm unsticks nodes layer by layer starting
from the edge of the adhesion zone (see Fig. 5.20).

IS

y impose MPC remove MPC
a. b.

X

remove MPC

C. d.

Figure 5.20: Active set strategy based on the gradual suppression of the MPC
boundary conditions starting from the edges of the contact zone: a — MPC
boundary conditions are imposed at all penetrated nodes, b — arising reactions
in blue normal contact in red adhesion, MPC is removed at adhering nodes on
the edges of the contact zone, ¢ — still some nodes adhere, MPC is removed at
edge nodes, d — converged solution.

The proposed technique is adapted for globally convex geometry of
contacting interfaces, in a more complicated situation the full topology of
contact, non-contact and adhesion zones should be analyzed. Since this
technique depends on the number of nodes in contact interface, it is not directly
applicable to large problems. An adaptation is required: instead of detaching
node-by-node one should detach entire groups of nodes determined according
to the topology. This is especially crucial for frictional contact, where all nodes
may slip.
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5.5.3 Frictional case

The frictional case has been discussed in details for the case of contact with a
rigid plane orthogonal to one of the basis vectors in paragraph 4.1.3. The idea
consists in replacing the stick conditions by full Dirichlet boundary conditions,
i.e. ifanode x penetrates the rigid plane, it should be returned to the penetration
point x* and stuck to this point by imposing

u=x"-x

Further the reaction R arising at the node should be splitted into the normal
R, and tangential R, parts and the non-adhesion condition

R, n20
should be checked as well as the stick-slip condition

R, € Cs(R,,R,,...), stick
Bt ¢ Cf(Bn/ Bti ce )/ Sllp

where C¢(R,,R,,...) denotes the stick zone. In case of Coulomb’s friction law,
the stick-slip conditions take the following form
IR < plR, I, stick
IR > pllR, I, slip
In case of slip, the full Dirichlet boundary condition has to be replaced by an
MPC boundary condition (in case of arbitrary surface) or by a partial Dirichlet
boundary condition in the direction orthogonal to the rigid plane (in the case
discussed in Paragraph 4.1.3). Moreover, in the tangent plane, the external
force F¢ should be applied to the sliding node in the opposite direction to
the arisen tangential reaction R,, and the magnitude of the applied load is
evaluated according to
F = R,
- TR

Elaboration of this scheme to an arbitrary rigid surface has not been yet
achieved.

5.5.4 Remarks

Many engineering contact problems can be approximated by contact between a
deformable body and a rigid surface: metal forming and metal processing, tire-
road contact, polymer-metal water seals, indentation tests and, in general, any
contact occurring between materials with significantly different stiffnesses. The
PDN method seems to be very useful for the mentioned problems: first, because
of its simplicity and second due to its stability and accurate fulfillment of the
geometrical constraints. It is worth mentioning that the method is applied
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5.5 Method of partial Dirichlet-Neumann boundary conditions

both for linear and higher order discretization® of the Finite Element mesh in
the contact interface. The practice demonstrates that the most challenging part
is the determination of the active contact zone. Further investigation is still
required on the subject. The PDN method can be also efficiently used in case
of possible contact through the planes of symmetry, i.e. can be considered as a
“symmetry contact boundary condition”, see examples in Chapter 6.

Sthe method is applicable to second order discretizations in two dimensional case; in three
dimensional case additional developments are required.
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5.6 Technical details

This section contains short descriptions of different contact related features
and improvements which have been incorporated in the Finite Element code
ZéBuloN (Zset) [Besson 97].

5.6.1 Rigid master surface

Sometimes it is useful to approximate one of the contacting surfaces by a rigid
surface. Frequently the master is chosen to be rigid, since that provides a
better convergence of the numerical scheme. For that purpose it is convenient
to organize one directional transfer of contact stresses, i.e. contact stress arises
only on the slave surface due to violation of geometrical constraints but are not
transferred through the contact interface to the master surface.

From a technical point of view, such an approximation leads to much
simpler forms of the geometrical variations G, T, H,S and consequently to
simpler forms of the residual vector and tangent matrix. As the reader may
remember these s-structures connect the variations of geometrical quantities
with variations of nodal coordinate vectors of the contact element

0gn =G 0x, 06 =T°ox, A(Sgn—Ax H°6x ASE = Ax®

Tox

RI

~ -

~
~
~

To obtain a simplified discretization, one has simply to put all variations of the
master nodes to zero, i.e., if x is a v-vector of contact element nodal coordinate

vectors

x~r Pt Y]

where r, and p' are coordinate vectors of the slave and master nodes
respectively. Then the v-vector of variations has the following form

x~[61’s 0 ... 0]

~

It allows to reduce the order of geometrical s-structures

—

¢—-»G T-T H-H

Ul

Llwn

Ogn = G201, 0& =T%0r, Adg=Ar,"H?0r, ASE =ArS°0r

~

To obtain simplified expressions for the variations of the geometrical quantities,
one can simply put the corresponding shape functions to zero:

¢i=0
in (2.99) and (2.102), and

o] =0, [o]=0. [ogg] =0
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in (2.105) and (2.111). Or directly put

dp dp J %)

5p =0, 0 85F =0, d35=0

P %% =

in continuous form of the geometrical variations of the normal gap (2.24),
surface parameter (2.31), second variations of the normal gap (2.67) and surface
parameter (2.78). These settings results in simple expressions given below

e Variation of the normal gap

ogn=n-0r, = G=n
e Variation of the surface parameter (convective coordinate)
65:(A—gHH)_1oa—E-6r = T:(A—gnH)_log—B
< = X 8§ =S = = = 3§

e Second variation of the normal gap
Adgy=Ar,-|-ToHoT+gToHoAoHoT| o,

H=-ToHoT+gToHoAoHoT

e Second variation of the surface parameter

1 dp I %
Bog =Ar,-|(gH = 4) eiTo| 5225 +gun- =5 |01
- n®ToH -HoT®n+ (5.82)
+¢uT 828@8’—) AoH+HoA 8,2&82;_) Ty -6
" — ¥ _—0 o o o—%"——1o - or
g: a§2 & = = E é aéz = —s

These variations are relatively simple and can be easily integrated in any
Finite Element code as a special case for rigid master surfaces.

5.6.2 Multi-face contact elements and smoothing techniques

Multi-face contact elements have been discussed in Section 3.3.4 and some
remarks concerning the residual vector and tangent matrix are made in
Section 5.4.4. Here a brief discussion of the multi-face contact element will
be given in the framework of the Finite Element Analysis.

A standard contact element consists of one slave node and one master
segment. What happens when the slave node during the iterative process
slides out of the master segment? It has no more projection on the master
segment, but excluding this slave node from the solution would result in a
penetration. So a possible way out is to create a new contact element, but
this procedure is quite time consuming, because it requires an update of the
tangential stiffness matrix and its re-factorization. There are two possibilities:
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1. extend the parent domain of the master segment (see 5.21, a);

2. extend the standard contact element by adding the adjacent master
segments, i.e. create a multi-face contact element in advance, before
starting the iterative solution procedure.

The first possibility results in continuous sliding of the slave node along
the extension of the current master segment before the equilibrium is reached.
Such a sliding results either in penetration if the surface is locally concave or in
opening of the gap in case of convex surface. These drawbacks are negligible
if the sliding increment is small in comparison to the size of master segment,
otherwise the solution becomes unrealistic. In this case the use of multi-face
elements is highly desirable: when the slave node passes from one master
segment to another, the residual vector and tangent matrix are reformulated
respectively to the new active master segment and the corresponding master
nodes (see Fig. 5.21, b). Note also that in frictional case the described situation
results in loss of the sliding path tracking, i.e. the relative sliding increment
cannot be approximated by

%»
A&Zg‘mé

and hence some special techniques are required, see e.g. [Konyukhov 07a] and
[Wriggers 06]. Another drawback is the presence of possible oscillations in the
neighborhood of concave angles — constant switching between two adjacent
segments. Such oscillations are also possible within the first approach but in
this case the oscillations take place from one increment to another and the
local convergence is often achieved (see 5.22). In other words, to avoid this
undesirable effect the node-to-node, node-to-edge and node-to-vertex elements
should be available in the Finite Element code, however it does not always solve
the problem, another approach is required.

An extension of the multi-face contact elements leads to an even more
advantageous treatment of the problem: instead of distinguishing between
active and inactive master segments, one can construct a Cl-smooth surface
based on all master nodes included in the multi-face contact element (see
Fig. 5.23). One of the first successful applications of the smoothing procedures
to large sliding contact problems can be found in [Pietrzak 97],[Pietrzak 99],
where authors use Bézier curves and Splines to smooth a structured surface
mesh consisting of regular quadrilateral segments. However, in case of
arbitrary surface mesh, the construction of a Cl-smooth surface is not evident
and presents an up to date research topic in computational contact mechanics;
many details, examples and references on this topic can be found in books
of Wriggers [Wriggers 06] and Laursen [Laursen 02]). Hermitian, Spline and
Bézier polynomials as well as Gregory patches are used for smoothing the
master surface in two and three dimensional contact problems.
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extension|of master[segment

multi-face|contact elpment

b.

Figure 5.21: Example of two dimensional large sliding contact: extension of
the master segment (a) and multi-face contact element (b).

1 Y

@—@active master segment @ master node @ slave node

Figure 5.22: Example of frictionless oscillations in a neighborhood of the
concave vertex.

5.6.3 Heterogeneous friction

Contact modeling of heterogeneous materials (composites, alloys with an
explicit representation of the microstructure) leads to a problem with
heterogeneous friction. For engineering aspects of the problem, see [Dick 06a],
[Dick 06b], [Dick 08]. The computational aspects of this type of problems
are shortly discussed below. Two types of friction heterogeneity can be
distinguished:

e friction properties are determined by domains (e.g. composite material,
polycrystalline surface, Fig. 5.24);

e friction properties change smoothly along the contact interface (e.g., due
to temperature distribution).
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Figure 5.23: Example of master surface smoothing by a cubic Bézier curve and
surface, based on the structured quadrilateral surface mesh.

A rigorous treatment of the friction change within one master segment leads
to a quite complicated linearization of the virtual work, however it seems to
be always possible to assume a constant friction within one contact element.

Note that the friction is an interface phenomenon, i.e. both contacting
surfaces determine the friction properties. For example, in case of contact
between two bi-phase composites fll, f21 and f2, f22, four local coefficients of
friction (in case of Coulomb’s friction law) have to be defined if self-contact is
excluded:

w = (fl, £ w2 = wa(f 3, us = us(fy, 1), pa = pa(fy, f3)

Treatment of such problems requires a proper definition of the friction
coefficient for each contact element. A standard Node-to-Segment contact
element consists of one slave node and master segment, so to each slave
node and master segment friction IDs f7 and f]?” should be assigned and a

corresponding rule for friction coefficients:
wij = wii(f7, fi")-
Another possibility leading to a symmetric treatment of contacting surfaces

consists in assignment of friction IDs to both slave and master nodes: fz.s,

].’:’, j’;’, ey f]’A’; and a corresponding rule, for example, as proposed below

L M M
Hij = 31 Z i (7, fi)), Z ap = 1.
k=1 k=1

Such an approach is valid both for normal and self-contact and includes the
previous possibility as a subcase, for properly chosen «ay coefficients.
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1
1

f

BB B

Figure 5.24: Example of heterogeneous friction between a composite and a
polycrystalline structure.

5.6.4 Short remarks

Below some short remarks concerning the code organization are listed:

e Itis often advantageous to organize the code in a way that independent
contact zones can be treated separately but within a common contact
framework; it leads to an efficient organization of the contact detection
procedure (as described in the Chapter 3) and also to a smart update of
the tangent matrix.

e The components of contact elements may change from one increment to
another, however sometimes it is advantageous to keep the values of
Lagrange multipliers from the previous time step and use them as an
initial guess. It is easy to save these values directly for each slave node as
well as the sliding path; the initial guess is especially important in case
of use of Uzawa’s algorithm.

e Regardless all advantages of the augmented Lagrangian method,
its convergence strongly depends on the choice and update of the
penalty parameters ¢, and ¢; related to normal and tangential contact
respectively. We did not elaborate any consistent and theoretically
based updating technique, but some general rules can be deduced.
From remarks given in Section 5.1 according to the investigations of
Alart [Alart 97] and Alart and Curnier [Alart 91] on the convergence
of the augmented Lagrangian in frictional contact it follows that if a
frictional cycling occurs, then the tangential penalty parameter should
be decreased

stick-slip cycling = &M =ael, 0<ar<1.
On the other hand if a slave node looses the contact, then high penalty
coefficients ¢, and ¢; may result in a poor conditioning of the tangent
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matrix, so both of them should be decreased:
non-contact = eifl =Byl e =gl 0<pB <1
And finally if the contact status of the contact element remain constant
(slip or stick) then the penalty parameters should be increased in order
to enforce the fulfillment of geometrical constraints
stickorslip = eifl=y,el, el =y, vy, yi>1

A more elaborated update scheme may also take into account the values
of normal gap, tangential sliding and of the corresponding Lagrange

multipliers. An example of phenomenological update scheme can be
found in [Bussetta 09].

A FE problem, containing, for example, two initially separated bodies,
has a tangent matrix (sparse matrix) with a block structure and the
minimal thickness of the bandwidth of each block is ensured by a smart
numbering of nodes and dofs. If contact occurs between these bodies the
optimality of the sparse structure may be lost, i.e. the band-width can be
significantly enlarged. Hence the storage of the sparse matrix becomes
non-optimal and requirements on the needed memory space can reach
the amount needed for storage of the full matrix. There are at least two
solutions:

- renumbering of nodes after construction of contact elements at each
change of mesh topology;

- one preliminary renumbering of nodes in the way that all possible
mesh graphs (due to presence of contact element) retain a narrow
bandwidth.

According to our experience, the user friendliness of the FEA code
is very important, namely, the FEA tool should check automatically
the orientation of the master surface and change it if needed, also it
should choose automatically the optimal “maximal detection distance”
parameter and the detection cell size, the two latter are possible in the
framework of the bucket sort detection algorithm (see Chapter 3).

In case of complex geometry, large deformations and/or self-contact, it is
complicated or even impossible to know the master-slave discretization
a priori. This is why Benson and Hallquist [Benson 90] introduced the
single contact surface. From the programming point of view, such a
surface is nothing but a master surface. It is necessary simply to adapt
the the detection algorithm, as described in Chapter 3, the rest of the
code remains unchanged. It is worth mentioning also that, in case of
simple buckling simulations, the contact may occur only after a certain
amount of time. In order to accelerate the solution, the contact detection
procedure should not be executed before that time.
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e Parallel treatment of contact problems requires a special detection
technique. From the programming point of view, it is easy to construct a
single contact detection procedure which takes as arguments master and
slave surfaces. Further in the parallel framework it remains only to joint
all the parts of the slave and master surfaces from different subdomains
and to pass them to the detection procedure. This approach was called
SDMR (Single Detection, Multiple Resolution). If there are several
independent contact zones, then the SDMR detection procedure can be
carried out independently for each zone at different processors. The same
detection procedure is valid for the MDMR (Multiple Detection, Multiple
Resolution) technique, in this case each processor does not receive the
entire master and slave surfaces, but their close parts, which should be
simply passed to the detection procedure (for details, see Chapter 3).
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Numerical examples

N B Résumé de Chapitre 6 «<Exemples numériques»

Ce chapitre réunit neuf simulations numériques obtenues a I'aide des différentes
méthodes de contact implémentées dans le code de calcul par éléments finis Z-set
(ZéBuLoN). Trois méthodes sont considérées : méthode de pénalisation, méthode
du Lagrangien augmenté et méthode PDN. On présente six problemes 2D et trois
problémes 3D. Deux des exemples 2D sont des probléemes de contact frottant pour
lesquels on dispose d’une solution analytique : indentation d'un demi-espace par un
cylindre rigide, et contact entre un espace trouée et un cylindre situé a l'intérieur.
On compare les solutions analytiques avec les simulations obtenues par la méthode du
Lagrangien augmenté.

Le troisieme exemple est un probleme 2D d’indentation d'une piece rectangulaire
par un cylindre rigide, les résultats de cette simulation sont obtenu par la méthode
PDN, avec des éléments linéaires et quadratiques.

Le quatrieme exemple est un probleme d’emboutissage qui réunit trois non-linéarités
fortes :  matériau élasto-visco-plastique avec écrouissage non linéaire en grande
déformation et contact avec frottement. Le probleme est traité par la méthode du
Lagrangien augmenté.

Le cinquieme probleme considéré est le repassage peu profond d'une plaque par un
indenteur déformable. Il s’agit donc de contact multi-corps avec frottement en présence
des grands glissements et grandes déformations avec un matériau Neo-Hookéen. Nos
résultats, obtenus par la méthode du Lagrangien augmenté, sont comparés a ceux de la
littérature, obtenus soit avec une discrétisation «Nceuds-a-Segment» [Fischer 06] par
la méthode de «sliding cone» et la méthode «mortar», soit par la méthode des domaines
de contact [Hartmann 09]. La méthode du Lagrangien augmenté fonctionne mieux
que la méthode de domaine de contact, et permet de retrouver les résultats de référence
obtenus par [Fischer 06].
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Le dernier des problemes 2D considérés présente le comportement en post-flambage
d’un tube mince élasto-plastique, dans le cadre des grandes déformations, avec auto-
contact. Ce probleme a été considéré dans [Laursen 92]. On utilise la méme méthode
que dans le travail original (méthode de pénalisation) et deux maillages différents.
Les résultats démontrent la sensibilité importante de la solution au parametre de
pénalisation.

Le premier exemple 3D est un cas de post-flambage non-symétrique avec auto-contact
d’un tube mince élasto-plastique, qui a été calculé par la méthode de pénalisation. Le
deuxieme exemple traite du début d’extrusion d'une plaque a travers un trou circulaire,
qui a été simulé par la méthode PDN et différents modéles de matériau en petites et
grandes déformations. Le dernier exemple considere le glissement avec frottement d’un
cube sur un plan rigide. L’effet de détachement qui est classiquement observé pour
les grands coefficients de frottement est bien capté par la méthode PDN. Cet effet est
conduit a une intéressante réduction du coefficient de frottement global.

Some simple and not so simple examples are demonstrated in this chapter.
Penalty, augmented Lagrangian and PDN methods are used. Two and
three dimensional frictional and frictionless contact problems are considered,
in small and large deformations for linear and nonlinear material models.
The more contact elements the problem contains, the more complicated its
numerical treatment, so in order to demonstrate the performance of the
contact implementation in the finite element code (ZéBuLoN) we use quite fine
discretizations, even when a coarser mesh would provide a reliable estimation
of the solution. A full input data is given for many considering problems.

6.1 Two dimensional problems

6.1.1 Indentation by a rigid flat punch

Indentation of an elastic half space by a rigid axisymmetric flat punch is
considered in presence of finite friction. The analytical solution can be found,
for example, in [Spence 75]. An attempt of numerical solution within the Finite
Element Method and the augmented Lagrangian method was undertaken
in [Pietrzak 97],[Pietrzak 99], however the numerical solution appears to be
significantly different than the analytical one. This error can be explained by
the coarse mesh used by the authors. Here a more precise numerical solution
is given, but the discrepancy between numerical and analytical solutions still
exists.

A rigid flat axisymmetric punch of radius a is indented into an elastic half
space by a force P (see Fig. 6.1). The Coulomb’s friction law with the coefficient
of friction p is considered. The frictionless contact pressure distribution is
described by the following function (see e.g. [Johnson 94])

Gn(p) =
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where p is a distance from the axis of symmetry. Note that due to this equation,
the mesh convergence cannot be obtained for this problem, because of the
singularity on the edge of the flat punch p = a. However, a rather good
numerical estimation can be given.

Figure 6.1: Indentation of an elastic half space by a rigid axisymmetric flat
punch: a — radius on the punch, s — radius of the stick zone.

The problem is solved with an axisymmetric mesh. All relevant data are
listed in the box below, all quantities are given in force units (f.u.) and length
units (L.u.), which consequently will be omitted. The finite element mesh of
the halfspace consists of a half circle fixed along the radial perimeter R = 9a.
The indenter (master) is constructed in such a way that its nodes coincide
with the nodes on the opposite contact surface of the half space (slave).
Such a construction of the finite element mesh allows to avoid the inherent
problem of the node to segment discretization — inability to transfer a uniform
pressure through the contact interface for an arbitrary discretization. Three
finite element meshes were used with 41, 201 and 401 nodes on the active slave
surface, the finest mesh is represented in Fig. 6.2. The meshes contain 4183,
60533 and 95872 nodes respectively.
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Figure 6.2: Whole finite element mesh and zoom on the contact region, 400
slave nodes in contact.

Linearly elastic material, small deformations:

Young’s modulus E = 1000 [fu./lu?]

Poisson’s ration v = 0.

Boundary conditions and geometry:

Punch radiusa = 1. [Lu.]
Pressure on the indenter p = 1.61 [f.u. /1u?]
Friction coefficient p = 0.2063, 0.2986, 0.4013

Solution conditions:

Method: augmented Lagrangian
Penalty coefficients ¢, = ¢; = 100 [f.u. /Lu?]

Increment 1

Finite element mesh:

linear full integration quadrilateral axisymmetric elements
(4 nodes, 4 integration points)

In his article [Spence 75], the author gives semi-analytical estimations of the
friction coefficients p for different stick regions s/a and different Poisson’s
ratios v. His estimations are presented for v = 0 in Tab. 6.2. Here the problem
is inverse and for the given friction coefficient, the stick region is measured,
the results for different finite element meshes are presented in Tab. 6.3. The
convergence is quite slow and the correct values of the stick zone taken from
[Spence 75] have not been reached. Contour plots of shear stress o1y, stress
022, von Mises stress o, and horizontal displacement u; distributions are
represented in Fig. 6.3.
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Table 6.2: Semi-analytical estimations (from [Spence 75]) for the friction
coefficient ensuring stick zone of radius c for v = 0.

pu | 0.2063 | 0.2986 | 0.4013 | 0.4862
s/a | 0.24 0.5 0.7 0.8

Table 6.3: Finite element estimation of the stick region radii for given friction
coefficients (v = 0), convergence by mesh.

| Frictiony | 02063 ] 0.2986 | 04013 |
FE mesh N; | stick zone s/a

41 0.300 0.550 0.750
201 0.260 0.534 0.735
401 0.255 0.520 0.717
exact 0.240 0.50 0.700

The stress distribution (extrapolation from Gauss points to nodes) in the
contact interface is represented in Fig. 6.3
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'd 4

Shear stress 0j2 Von Mises stress 0y,
min=-1.35, max=8.23 min=0, max=16.26
0.4e- 4@ I ' l' i
-5. 7e 4
Horizontal displacement 11, Stress component 022,
min=-5.7e-4, max=0.4e-4 min=-11.78, max=0

Figure 6.3: Contour plots of shear stress 12, von Mises stress o,, horizontal
displacement 17 and stress component o2, for u = 0.2063.
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Figure 6.4: Distribution of the contact pressure for different coefficients of
friction.
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6.1.2 Elastic disk embedded in an elastic bored plane

The geometry presents a thin elastic infinite plane with a hole of almost the
same radius as a thin elastic disk, embedded in the hole. A concentrated force
is applied in the middle of the disk, the value of the force is chosen such that
the contact occurs at one third (120°) of the interface between the hole and the
disk (Fig.6.5).

contact zone
120°

N stick zone

Figure 6.5: Setting of the problem: a thin elastic disk embedded in a thin elastic
infinite plane with a circular hole.

Figure 6.6: Finite element mesh (2502 nodes, 54 active slave nodes in the
interface) and zoom on the contact region.

Coulomb’s friction law is assumed in the interface. Again due to the
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inability of the Node-to-segment discretization to transfer a uniform pressure
through an arbitrary discretization, the finite element mesh is created in the
way that master and slave nodes coincide in the interface.

A solution for this problem has been given by Klang [Klang 79], numerical
treatments can be found in [Alart 91], [Pietrzak 97] or in [Pietrzak 99]. The
finite element mesh is represented in Fig. 6.6. As one can see in the middle of
the embedded disk, there is a circular hole in the center, where the concentrated
force is applied to a node on the axis of symmetry and MPC boundary
conditions are applied to all other nodes of this hole to retain its circular
form. The concentrated load is applied in several increments. As proposed
in [Alart 91] the force value changes quadratically with increments:

t2
Fi=F maxz_lz

max

where Fax is the load and ¢; € [0; tmax] is the incremental time with t; = i tmTaX,
where 7 is a number of increments and tax is the total solution time. The
remaining data are given in the box below.

e Linear elastic material, small deformations:

Young’s modulus E = 2.1¢7 [f.u. /lu?]

Poisson’s ration v = 0.3
e Boundary conditions and geometry:

plane stress

Disk radius r = 5.999

Hole radius R = 6

Concentrated force F = 9375¢%/15

Friction coefficient u = 0.4
e Solution conditions:

Method: augmented Lagrangian
Penalty coefficients ¢, = ¢; = 500 [f.u./ l.u.z]
Increment 1, 5,10, 25,50, 100

e Finite element mesh:

linear full integration quadrilateral axisymmetric elements
(4 nodes, 4 integration points); 2502 nodes, 54 active slave
nodes in the interface
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The experience shows that the shear contact stress distribution in the slip
zone and the limit of the stick zone (—40° < a; < 40°) as well as the contact zone
width —60° < as < 60° are easily achieved in at least two increments. However,
the shear stress distribution in the stick zone appears to be strongly dependent
on the mesh density and on the number of increments. The correct shear stress
distribution in the stick zone for the considered finite element mesh is achieved
only when the load is applied in more than 50 increments. The distribution
of the shear stress in the contact zone for different number of increments is
represented in Fig. 6.7. Our experience demonstrated, that the precision of
the mesh node positioning in the interface must be very accurate: for example
the relative error (respectively to the size of element) in node positioning is
about 51073%, which seems to be negligible leads to severe oscillations of the
solution in the interface, the maximal allowed precision in node positioning
(51077%) yields a smooth result.
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Figure 6.7: Shear stress distribution in the contact interface for different number
of increments are compared with analytical results and numerical results
from [Alart 91].
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6.1.3 Indentation of an elastic rectangle by a circular indenter

This short example illustrated the PDN method performance for a non flat
rigid surface in contact with a deformable body. The geometry of the problem
is depicted in Fig. 6.8. All data are given in the box below.

Linearly elastic material, small deformations:

Young’s modulus E = 210

Poisson’s ration v = 0.3

Boundary conditions and geometry:

Indenter radius R =1

Rectangle L =4,H = 2

Friction coefficient y = 0.

Bottom of the block is fixed and moved towards the indenter

uy=0,uy =1

Solution conditions:

Method: PDN

Increments 10

Finite element mesh:

linear and quadratic full integration quadrilateral plane-
strain elements (4 nodes, 4 integration points for linear and
8 nodes, 9 integration points); 200 elements

The von Mises stress distributions in Gauss points and nodal reactions in
the interface due to MPC boundary conditions, arising from application of the
PDN method, are represented in Fig. 6.9 for linear and quadratic meshes.
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Figure 6.8: Scheme of the problem: indentation of an elastic rectangle by a

rigid circle.
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Figure 6.9: Von Mises stress distribution and nodal reactions for linear (left)
and quadratic (right) meshes.
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6.1.4 Axisymmetric deep cup drawing

Metal forming process is one of the important engineering applications of the
computational contact mechanics, many examples can be found in scientific
literature. Here we consider an axisymmetric deep cup drawing problem,
stated in [Rousselier 09], see Fig. 6.10. This problem engenders many non-
linearities: large deformations within the updated Lagrangian framework,
frictional contact and nonlinear material model (elasto-visco-plastic with
exponential hardening). All parameters of the problem are stated in the box
below. The problem is mixed force-displacement driven: the holding pressure
p is applied linearly within the first 100 time units, and the die is gradually
moved down up to t = 335, then removed. In order to stabilize the solution a
soft spring (700 times softer than the material of the sheet) is attached to the
edge of the sheet, as shown in Fig. 6.10.

p p
vy vyl N Jrvvvy,

L

e A -
- >

Figure 6.10: Geometrical setting of the deep cup drawing problem: rounded
cylindrical die and metal sheet fixed within the tool.

Figure 6.11: Finite element mesh for the axisymmetric deep cup drawing
problem.
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¢ Finite deformation elasto-plasticity (updated Lagrangian):

Young’s modulus E = 69.
Poisson’s ration v = 0.33
Yield criterion: von Mises Ry = 0.22

Norton creep power law:
A=(f/K)', K=05n=7
Isotropic power hardening law
R=Ro+K(eo+p)", K=099, eg=7e*, n=7

e Boundary conditions and geometry:

Applied pressure p = 1.86e—2

Die is gradually moved down u, = —33.5t/t; and removed
u; = ~335+55; =%

Die diameter d = 97.46

Rounding radius R = 12.7

Die opening w = 101.48

Sheet thickness h = 1.6

Sheet diameter L = 158.76

Friction coefficient u = 0.1
e Solution conditions:

Method: augmented Lagrangian

Penalty coefficients ¢, = ¢; = 200

Increments 1414

Full solution time: loading ¢, = [0,335] and unloading ¢; =
[335,420]

e Finite element mesh:

linear full integration quadrilateral axisymmetric elements
(4 nodes, 4 integration points for linear and 8 nodes, 9
integration points); 6063 elements (Fig. 6.11)

In average, on each time step 1000 contact elements are created, 400 of them
are active. In average convergence on each time step is achieved within 10-
15 iterations. The distribution of accumulated plastic strain for different time
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steps is represented in Fig. 6.12. The force-displacement curve is represented
in Fig. 6.13. Note that even in presence of viscosity the reaction force oscillates
(see Fig. 6.14). This is due to the fact that at this stage the sheet slides along
the surface of the holder, which is not smooth. That is why in case of large
sliding, it is more advantageous to use either smoothing of the master surface
or determine the holder and the punch as analytical surfaces, or use the PDN
method described in previous chapters.

t=100, t=200,

inc=178, inc=472,
d=-10, d=-20,
pmax= 10% pmax= 1 7%

t=200, t=420,

max

pmax = 3 2 % ’ /

5% 10% 15%

accumulated plastic strain

Figure 6.12: Distribution of accumulated plastic strain (in Gauss points) on
different time steps.
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Figure 6.13: Evolution of the reaction on the punch with time, time = 10x
vertical displacement of the punch before t = 335.
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Figure 6.14: Oscillations of the reaction on the punch, zoom on the region
marked in Fig. 6.13 by a rectangle.
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6.1.5 Shallow ironing

The example shown in this paragraph consist in sliding of a deformable
indenter along a deformable rectangle. The geometrical setting of the problem
as well as the finite element mesh are presented in Fig. 6.15. This example has
been proposed and solved in [Fischer 06] with the mortar based method using
moving friction cone (see [Wriggers 06]), and resolved with contact domain
method in [Hartmann 09]. Here the problem is solved using the augmented
Lagrangian method and the Node-to-Segment discretization. Our results are
compared with results of the cited authors in Fig. 6.16. Contrary to [Fischer 06],
here and in [Hartmann 09] linear elements are used, however the total number
of dofs is in average preserved.

The surface of the rectangle is set as slave and the surfaces of the indenter
are considered as masters. Note that both the lower surface of the indenter and
the front come in contact as depicted in Fig. 6.15. A two dimensional plane
strain displacement driven problem is considered, the indenter is pushed down
on uy, = 1in 10 increments then to the right u, = 10 within 500 increments, the
rectangle is ten times softer than the indenter. A zoom on the contact topology
in the vicinity of indenter’s corner is given in Fig. 6.17 for several consecutive
increments. This behavior explains the oscillations in the tangential reaction
(Fig. 6.16). The distribution of shear stress for several increments is represented
in Fig. 6.18. All input data is summarized in the box below.
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e Neo-Hookean material, large deformations:

Indenter: Young’s modulus E* = 68.96, Poisson’s ratio v* =
0.32

Rectangle: Young’s modulus E = 6.896, Poisson’s ratio v =
0.32

e Boundary conditions and geometry:

Displacement on the indenter
uy =t t=1[0;1, u, =1, t>1

uy =0, t=1[0;1], u, =10(t - 1), t =[1,2]
is prescribed on the top surface
The rectangle is fixed in all directions on the lower edge
Geometry: dy =0.2,d, =1.2,d3 = 10.6
r=0.75h =095 hy, =12,a1 =0.3,a, =0.2
Friction coefficient u = 0.3

e Solution conditions:

Method: augmented Lagrangian
Penalty coefficients ¢, = ¢; = 0.5
Increments: 10 for ¢ € [0; 1] and 500 for ¢ € [1;2]

e Finite element mesh:

linear full integration quadrilateral plane strain elements (4
nodes, 4 integration points); 3672 elements
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Figure 6.15: Geometrical setting of the problem and finite element mesh.
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Figure 6.16: Results of the finite element simulation: comparison of vertical

and horizontal reactions on the indenter, data of Fischer, Wriggers [Fischer 06],
Hartmann and Oliver [Hartmann 09] and our results.
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Figure 6.17: Zoom on the contact zone in the neighborhood of the indenter’s

angle, 6 consecutive increments.
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6.1.6 Axisymmetric post buckling of a thin-walled cylinder

This axisymmetric problem combines large plastic deformations, buckling,
Signorini contact and self-contact phenomena. A force driven elasto-plastic
cylinder is forced towards a rigid fixture, where, after some deformations,
it gets stuck, and further a series of buckles occur; besides the contact
between the cylinder and parts of the fixture, neighboring bends also come
in contact. Since the master-slave discretization is not known a priori, the
Single Surface algorithm (proposed in [Benson 90] and discussed in Chapter 3)
has to be employed. The original numerical solution of this problem was given
in [Laursen 92], here we use the same penalty method, but a finer finite element
mesh. All details of the problem setting are given in the box below, geometry
and a part of the finite element mesh are given in Fig. 6.19. Four independent
contact zones can be distinguished a: self-contact within interior and exterior
surfaces of the cylinder and Signorini contact between interior and exterior
parts of the fixture and the corresponding surfaces of the cylinder.
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Figure 6.19: Geometrical setting of the problem and finite element mesh.

An updated Lagrangian formulation is used. The loading conditions
are very severe. The accumulated plastic deformation in the interior of the
bends reaches 190%. In post buckling regime, the contact topology changes

295



6.1 Two dimensional problems

significantly during forming of each new bend. Due to the redistribution
of momentum, self-contact between already formed bends vanishes on a
part of the surface; Fig. 6.21 depicts the accumulated plastic strain and post
buckling shapes on different time steps. It is interesting to note that the
penalty parameter influences significantly the post-buckling behavior. The
number of contact elements in the final stage of the post buckling deformation
reaches 90 elements. PDN method, instead of penalty, is used to enforce the
nonpenetration conditions on the interior surface of the fixture. The contact is
assumed frictionless.

Finite deformation elasto-plasticity (updated Lagrangian):

Young’s modulus E = 210, Poisson’s ratio v = 0.3
Von Mises yield strength Ry = 0.7

Nonlinear isotropic hardening:

R=Ry+Q(1-¢"),0=10,b=10

Boundary conditions and geometry:

Displacement on the top of the cylinder u, = —100¢, t €
[0;13]

Friction coefficient y = 0.

Solution conditions:

Methods: PDN, penalty

Penalty coefficients ¢, = 5 10* for selfcontact, ¢, = 110° for
contact with fixture

Time t € [0;13] increments N = 15, t € [0;1.5], N =240, t €
[1.5;10], N =80, t € [10;13]

Finite element mesh:

linear full integration quadrilateral plane strain elements (4
nodes, 4 integration points); 2117 nodes, 1803 elements

A totally different post buckling behavior (see Fig. 6.21) is obtained in the
simulation with a two times higher penalty coefficient (¢, = 10° instead of
en = 510%) and a slightly more coarse finite element mesh (765 nodes, 603
elements). No contact occurs between the cylinder and the horizontal surface
of the fixture. This example emphasizes that the penalty method should be
used very carefully for such error dependending simulation as buckling. It is
possible that assuming a nonzero friction in the self-contact interface would
lead to a more stable solution.
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Figure 6.20: Accumulated plastic strain (Gauss points) at different time steps
and corresponding geometry, scale bar is limited by 110% of accumulated
plastic strain, however the maximal extrapolated value reaches 194%, maximal
value at Gauss points is 181%; penalty value ¢, = 510%.
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Figure 6.21: Another post buckling behavior (penalty value ¢, = 110°):
accumulated plastic strain (Gauss points) at different time steps and
corresponding geometry, scale bar is limited by 110% of accumulated plastic
strain, however the maximal extrapolated value reaches 156%, maximal value
at Gauss points is 148%.
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6.2 Three dimensional problems

6.2.1 Accordion post buckling folding of a thin-walled tube

This problem is similar to the axisymmetric post buckling behavior considered
in the previous section. One quarter of an elasto-plastic thin walled tube, fixed
on both edges, is compressed beyond the critical load, so that it starts to buckle
tirst in axisymmetric mode, then in accordion mode. The problems considered
in the two last sections are encountered in crashwortiness research; during post
buckling folding of metal thin walled structures, large amounts of energy due
to an impact are consummed. Such structures are thus used for improvement
of vehicles safety.

The axisymmetry of the problem is disturbed by small errors due to
numerical precision, that is why classical axisymmetric post buckling changes
quickly to an accordion mode. Note that the numerical treatment of this
problem is impossible without using symmetric contact boundary conditions
which prevent the forming bends from penetration beyond the planes of
symmetry, so the penalty method is combined with the PDN method. The
geometrical setting and the finite element mesh of the problem are presented
in Fig. 6.22. All necessary data are listed in the box below.
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Figure 6.22: Geometric setting of the problem, boundary conditions and finite
element mesh.
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e Finite deformation elasto-plasticity [Weber 90] (updated La-
grangian):

Young’s modulus E = 69, Poisson’s ration v = 0.33
Von Mises yield strength Ry = 0.25

Isotropic hardening constant Q = 1.5
e Boundary conditions and geometry:

Inner radius R = 14.5

Tube thickness h = 0.5

Tube height H = 150

Displacement on the top of the cylinder

uy ==7t, t €[0;10], u, = =70 - 3 (t - 10), t € [10;15]
uy = —85-13(t - 15), t € [15;16]
Friction coefficient p = 0.
e Solution conditions:

Methods: PDN, penalty (with updating coefficients)

Initial penalty coefficients ¢J = 102, tolerable penetration
gn = 0.01

Time t € [0;16]; increments N = 100, ¢ € [0;4]

N =1500, t € [4;15], N =300, t € [15;16]

e Finite element mesh:

linear full integration brick elements (8 nodes, 8 integration
points); 2662 nodes, 1200 elements

Fig. 6.23 depicts post buckling geometry and the corresponding
accumulated plastic strain at several time steps, the minimal accumulated
plastic strain reaches 7% and the maximal 73% at final time. The reaction-
displacement curve is represented in Fig. 6.24.
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6.2.2 Hydrostatic extrusion of a square plate through a circular hole

This problem deals with an artificial hydrostatic extrusion process: a thin
square plate is loaded by a hydrostatic pressure from one side. On the other
side, the motion of the plate is limited by a rigid foundation with a hole.
Elastic and elasto-plastic material models, small and large deformations and
different configurations are considered. We do not relate this simulation with
any particular industrial problem, it presents simply a demonstration of the
PDN method performance in case of large three dimensional contact problems
between a deformable body and a flat rigid foundation with an edge, Fig. 6.25.
Two finite element meshes (coarse — 900 linear element and fine — 13946 linear
elements) are presented in Fig. 6.26.

d

Y

symmetry

Figure 6.25: Geometrical setting of the problem.

Figure 6.26: Finite element meshes: coarse and fine.

Note that the problem is not axisymmetric, but there is a symmetry of
8th order. However, to demonstrate the performance of the algorithm a
quarter of the problem is considered. Regardless a high hydrostatic pressure,
a detachment in the contact zone close to the hole can be observed. Due
to this detachment the determination of the active contact zone takes up to 11
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6.2 Three dimensional problems

iterations for the fine mesh. The problem with the coarse mesh has been solved
for an elastic and elasto-plastic material models within small deformations,
ratio of the plate side to the diameter of the hole is 5/2. A fine mesh is associated
with a problem in large deformations and linear material, to highlight the lack
of axisymmetry the ratio of the plate side to the diameter of the hole is chosen
3/2. All input data can be found in the box below:

e Finite deformation elasticity (updated Lagrangian) for fine mesh;
small deformation elasticity and elasto-plasticity for coarse mesh.
Young’s modulus E = 210, Poisson’s ration v = 0.3
Von Mises yield strength Ry = 0.25

Nonlinear isotropic hardening:
R=Ry+Q(1-¢"),0=10,b=10

e Boundary conditions and geometry:

Hole radius r = 10
Plate thickness & = 0.1
Plate half-side a = 25 (coarse mesh), a = 15 (fine mesh)

Hydrostatic pressure p = 0.0125 (coarse mesh), p = 0.0008
(fine mesh)

Friction coefficient y = 0.
e Solution conditions:

Methods: PDN

Time t € [0; 1]; increments N = 1 (coarse mesh), N = 12 (fine
mesh)

e Finite element mesh:

coarse mesh —linear full integration brick elements (8 nodes,
8 integration points); 1922 nodes, 900 elements

fine mesh — linear full integration brick (8 nodes, 8
integration points) and prismatic elements (6 nodes, 6
integration points); 25350 nodes, 13946 elements

The comparison of the deformed shape and the vertical displacement in the
detachment zone are presented in Fig. 6.27. The maximal vertical displacement
of the middle point is about —3 for the case of elasto-plastic material model.
It is about 30% lower for the elastic material —2.15. Detachment (positive
vertical displacement) seems to be similar in both cases. A detailed zoom on
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accumulated plastic strains are plotted on the nonscaled deformed geometry
in Fig. 6.30. The maximal value of the accumulated plastic strain is situated on

due to the applied hydrostatic pressure. Von Mises stress distribution and
the edge of the contact zone and does not overpass 2.4%.

the detachment zone shows a slight difference in Fig. 6.28. The displacements
in the radial plane are represented in Fig. 6.29 for coarse meshes, besides
the quantitative difference, a qualitative difference can be observed in the
detachment zone. Note that for the given configuration (ratio of the plate side to
the diameter of the hole is 5/2) the entire lower surface of the sheet is expanding

A qualitatively different result has been obtained for the fine mesh, a central
region of radial expansion is followed by a contraction region, see Fig. 6.31 and

see Fig. 6.33.

The distribution of von Mises stress for this case is given in Fig. 6.34. Slight

Also for the fine mesh the vertical displacement both in
this plot allows to visualize two things: the nonregularity of the

edges of the circular hole are sharp and the detachment effect takes place, the
contact on the edge of the hole and the size of the detachment zone.

contact zone in the vicinity of the hole edge is given by several nodes with

radial coordinate r = 10, then r = 10 — ¢ are not in contact and r = 10 + ¢ are
normally in the detachment region. In Fig. 6.35 only nodes which are in contact

oscillations appear in the stress distribution due to numerical errors. Since the

extrusion and detachment zones appears to be axisymmetric,

in plot Fig. 6.32.
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scale=600%

scale=10%

a. " b,

Figure 6.28: Zoom on the vertical displacement on the lower surface of
the deforming plate; different scales for extrusion zone r < 10 (10%) and
detachment zone r > 10 (600%): a — elasto-plastic, b — elastic material models.
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Figure 6.29: Displacement on the lower surface of the deforming plate in
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max Von Mises stress =2.86 max acc. plastic strain =2.4%

Figure 6.30: Distribution of von Mises stress at Gauss points for the elasto-
plastic material (a), accumulated plastic strain (b); scale 100% .
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0.65
max von Mises stress=1.87

Figure 6.34: Distribution of von Mises stress (contour plot) for elastic material,
large deformations and fine mesh, scale 300% .
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Figure 6.35: Nodes in contact (lower surface of the deforming plate in case of
finite elastic deformations and fine mesh) .
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6.2.3 Frictional sliding of a cube on a rigid plane

A frictional sliding of a deformable block on a rigid plane demonstrates the
difference between local and global (measured) coefficients of friction. The
geometry and the finite element mesh are presented in Fig. 6.36. A deformable
cube is moved towards a rigid plane and further is moved along the plane,
three coefficients of friction are considered: p = 0.2, 0.5, 0.8; for the latter a
detachment of a part of a cube takes place in the sliding motion. Rigorously this
problem is not well posed, because of sharp angles resulting in infinite stresses;
a given finite element discretization can be considered as a regularization of
the problem. The mesh of the cube contains 1000 equal linear brick elements.
All data are given in the box below.

e Small deformation elasticity:
Young’s modulus E = 210, Poisson’s ratio v = 0.3
e Boundary conditions and geometry:

Cube sidea =1

Friction coefficient u = 0.2, 0.5, 0.8

Vertical displacement on the top of cube u, = —0.05¢, t €
[0;1], u, = —0.05, t > 1

Horizontal displacement on the top of cube u, = 0, t €
[0;1], ux =1/6(t 1), t €[1;3]

e Solution conditions:

Methods: PDN

Time ¢t € [0; 3], increments:
u=02:te[0;12],N =12, €[1.2;3],N = 36
p=0.5:te[0;3], N =30

pu=08:1te[0;2], N=20,t€[2;3], N=20

e Finite element mesh:

linear full integration quadrilateral plane strain elements (4
nodes, 4 integration points); 2117 nodes, 1803 elements

Deformed geometries and the corresponding shear stress oy, distributions
are assembled in Fig. 6.37 for the three considered friction coefficients u =
0.2, 0.5, 0.8 and three time points t = 1, 2, 3. The case of friction u = 0.8
is qualitatively different from the two other, since detachment occurs in the
contact zone. As a consequence, there is some stress redistribution in the
contact interface and a change of the sliding velocity. Contrary to expectations,
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due to this detachment, the box with a higher friction y = 0.8 slides further
than the box with a lower friction p = 0.5. The total vertical reaction scaled
by the friction coefficient u|P| and the tangential reaction |T,| are plotted in
Fig. 6.38. Remark that in slip state the absolute value of the tangential reaction
isnot equal to the absolute value of the contact pressure multiplied by a friction
coefficient u|P| # |T|, but

ulP| > [T,

This is due to the fact that the shear stress in the direction orthogonal to sliding
02y is not zero. Nevertheless, the problem remains symmetric respectively to
the XOZ plane passing through the middle of the cube, so the integral of 0., over
the contact interface is zero. To make it evident, nodal tangential reactions in
the contact zone are represented in Fig. 6.39. The difference between the global
coefficient of friction fi and the predefined local one p remains low. Relative
error (u — f1)/p is 3% for p = 0.2, 2% for yu = 0.5 and only 1.1% for u = 0.8.

A

Y Yo
> u,
Y » Y’u
yr X
Y > Y 5
Y >
Y >

Figure 6.36: Geometrical setting of the sliding cube problem: finite element
mesh and boundary conditions.
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different plots.
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Chapter 7

Conclusions and perspectives

B B Résumé de Chapitre 7 «Conclusions»

Ce chapitre énumere les contributions originales de la theése et donne des perspectives
pour les travaux futurs. Les contributions originales peuvent étre distinguées par les
themes dans lesquels elles se situent : géométrie, détection et résolution.

e Géometrie :
— définition rigoureuse du point le plus proche pour le cas d’une surface lisse
par morceaux ;

— nouvelle procédure de projection de type «ombre portée» ;

— expressions «prétes-a-implémenter» pour les quantités cinétiques sont
dérivés pour la discrétisation arbitraire de la surface maitre ;

— méthode d’enrichissement de la géométrie de contact ;

— nouvel algebre de s-structure.

e Détection :

utilisation de boites englobantes pour accélérer le processus ;

parallélisation de la méthode de «bucket sort» ;

établissement des parametres optimaux pour le «bucket sort» ;

nouvelle procédure de détection basée sur une définition rigoureuse du
point le plus proche.

e Résolution :

— nouvelle approche de résolution des problemes de contact unilatéral (PDN) ;

— considération de fonctions de pénalisation non linéaires et de différentes
stratégies «active set» pour la méthode des multiplicateurs de Lagrange.
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Les méthodes développées dans cette thése sont applicables a une trés grande
variété de problemes de contact. L'une des prolongations en cours concerne le
probleme de contact entre surfaces rugueuses, pour lequel une discrétisation tres
fine est indispensable, afin de bien représenter le caractére fractal de la surface
réelle. La résolution de ce type de probleme demande un traitement sur machine
paralléle [Yastrebov 11b]. Une autre application qui est prévue dans un avenir proche
présente I'analyse sous chargement cyclique d'un composant aéronautique constitué
de trois grandes pieces assemblées par 45 boulons.

The goal of this work is to derive a consistent framework for the treatment of
contact problems within the Finite Element Method using the Node-to-Segment
discretization. Three main components of the computational contact have been
considered: geometry, detection and resolution techniques. For the sake of
completeness, the mechanical aspects of contact as well as numerous numerical
algorithms and methods have been discussed. A new mathematical formalism
called “s-structures” has been employed through the entire dissertation. It
results in a comprehensive coordinate-free notations and provides an elegant
apparatus, available for other mechanical and physical applications. Several
original ideas and extensions of standard techniques have been proposed
and implemented in the finite element software ZéBuLoN (Z-set). Numerical
case studies, presented in the dissertation, demonstrate the performance and
robustness of the employed detection and resolution schemes.

7.1 Original contributions

711 Geometry

The classical normal projection technique for searching for the closest point
is widely used in computational contact; however this formulation has some
inherent problems: the objective distance function used for the determination
of the closest point may be not smooth and the minimum point may be not
unique. The latter results in a discontinuous projection when the point slides
along a surface. To provide an always existing normal projection 1) we have
proposed to seek for an infimum of the minimal distance on the union of open sets
of master edges and segments as well as on the discrete set of master nodes, see
Section 2.2.1. 2) A new technique, shadow projection, has been proposed (see
Section 2.2.3), which ensures an always existing and unique projection of
any point onto the surface. Moreover this projection is continuous, i.e. a
small change of the geometry results in a small change of the projection point.
However, this method is not applicable for arbitrary surfaces and the imaginary
“emitting light” point has to be chosen carefully.

In Sections 2.2.5 and 2.2.6 the first and second order variations of the
geometrical quantities are derived for continuous geometries. Arbitrary gaps,
normal and 3) shadow projections have been considered. The accuracy of derived
expressions have been validated by several numerical tests (see Section 2.3). 4)
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Statistical analysis of these tests allowed to demonstrate the difference between
the real variations of geometrical quantities and the designed analytical
expressions. Moreover the tests allowed to compare the error limits and their
deviations between the rigorous expressions and their truncated versions with
and without use of the assumption of infinitely small gaps.

In Section 2.4 the 5) ready-to-implement expressions for variations of geometrical
quantities have been derived. The expressions are valid for any discretization of
the master surface including smoothing techniques. It remains only to choose
the appropriate shape functions.

In order to enrich the contact geometry on the submesh scale or to take
into account its change due to loading, 6) an analytical description of the enriched
geometry and needed variations have been derived in Section 2.5. An example of
closed form expressions is given for the two-dimensional linear frictionless
element.

All geometrical computations have been carried out using 7) the new
mathematical formalism of s-structures. The s-structures or set-structures consist
in a generalization of a set of tensor components with related internal and
external operations. In Appendix A the notion of s-structures is extended and
an attempt to construct invariant structures has been undertaken. Moreover
8) an extended introduction to tensor algebra is given within the s-structure
formalism. The s-structures have been initially introduced in order to carry out
computations with objects of different dimensions and to provide a coordinate-
free framework.

7.1.2 Detection

A comprehensive framework for the NTS contact detection inspired from the
bucket sort method is derived. The original approach proposed in [Benson 90]
has been complemented by the 9) bounding box concept and 10) extended to the
parallel case [Yastrebov 09]. Two approaches for parallel detection have been
proposed in Section 3.6 and implemented in the finite element code: the Single
Detection, Multiple Resolution (SDMR) and the Multiple Detection, Multiple
Resolution (MDMR). The MDMR scheme has been inspired from the Linked
Cell Method widely used in the Molecular Dynamic simulations with short
range potentials. The parallel test of a contact between two rough surfaces has
demonstrated a good scalability of the approach.

For the closest node based detection 11) a strong connection between the
master mesh, the maximal detection distance and the optimal bucket cell size has
been established and validated on various numerical tests in Section 3.3.2. Contact
detection based on the closest node requires additional verifications due to
blind angles and passing by nodes. The techniques allowing to overcome these
difficulties have been discussed. The derived numerical scheme is valid both
for known and unknown a priori master-slave discretizations [Yastrebov 11a].

Next we have demonstrated that the contact searching algorithms based
on the closest node detection are not robust (see Remark 3.1), that is why
in Section 3.3 we have proposed to 12) construct a detection procedure based on
the rigorous definition of the closest point. The performance of the method has
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been tested on large contact problems (up to 2 million nodes in contact), the
designed algorithm in sequential case works up to 160000 times faster than a
simple all-to-all technique.

7.1.3 Resolution

Based on a simple case of contact between a deformable solid and a rigid
plane, the classical Hertz-Signorini-Moreau contact conditions and frictional
conditions are replaced by partial Dirichlet-Neumann boundary conditions on
the active contact zone. Further this approach has been extended for the case
of an arbitrary rigid surface. Within this representation, 13) a simple and robust
approach to treat frictionless and frictional contact problems has been derived.

After consideration of the variational inequalities approach, we focus on
the implementation of three basic methods in the framework of variational
equalities: penalty (PM), Lagrange multiplier (LMM) and augmented
Lagrangian (ALM) methods. The variational formulation for each method has
been derived; the principle of operation has been demonstrated on a simple
test. 14) Nonlinear penalty functions are considered within the PM (Section 4.5.3)
and different local active set strategies are compared within the LMM (Section 4.6.3).

For the sake of completeness the basic ingredients of the Newton’s scheme
(Section 5.1) and the return mapping algorithm (Section 5.2) have been
presented in the context of the computational contact. 15) A geometrical
interpretation of subdifferential formalism has been proposed in Section 5.1.4. This
interpretation is also valid to establish an always existing normal projection.
Further the finite element formalism has been presented using the s-structures
(Section 5.3).. Elementary contribution of the NTS contact elements to the
virtual work of the system and its linearization has been derived for the
PM (Sections 5.4.1, 5.4.1 for frictionless and frictional cases) and the ALM
(Sections 5.4.3, 5.4.4)). Some relevant technical details have been discussed in
Section 5.6.

The accuracy, performance and robustness of the implemented techniques
and methods have been validated on nine two- and three-dimensional contact
problems, among them:

e two with available analytical solutions (Section 6.1.1 — indentation of
a half space by a rigid cylindrical punch, Section 6.1.2 — elastic disk
embedded in an elastic bored plane);

e two problems with numerical solutions obtained by other authors
(Section 6.1.5 — shallow ironing, Section 6.1.6 — post-buckling folding
of a thin-walled tube);

e two highly nonlinear problems with frictional contact and finite strain
plasticity (Section 6.1.4 — axisymmetric deep cup drawing, Section 6.2.1 —
accordion post-buckling folding of a thin-walled tube);
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7.2 Intermediate results and perspectives

The fast and robust parallel framework established in the PhD dissertation
allows to perform large parallel computations including frictional contact. Two
large applications are to be considered:

1. analysis of the normal contact between rough metallic surfaces;

2. simulation of the aeronautic turbine disk consisting of three separate
parts assembled by 45 bolts.

Further investigations are required to improve the stability of the parallel
scheme. Different types of contact element distribution among the subdomains
have tobeinvestigated. A standard test procedure has to be established in order
to analyze the performance of detection/resolution steps in parallel treatment
of contact problems.

7.2.1 Normal contact of rough surface

The problem of the normal contact between two metallic rough surfaces arises,
for example, in metal-to-metal water seals. The aim of the study, carried
out in close collaboration with Julian Durand (PhD student at the Centre des
Matériaux, Mines ParisTech) and Electricité de France (EDF), is to predict the
leakage through such water seals for a specific material, used in nuclear power
plants.

An accurate measurements of various rough surface 3D profiles have been
carried out by C. Vallet [Vallet 09]. Based on these measurement (610 ym x 460
um and 736 x 480 pixels), a Representative Surface Element has been chosen
(54 um x 63 um) based on the height distribution. Further the resulting surface
profile has been enriched by a bi-cubic Bézier surface. The resulting profile
has been projected on a flat finite element mesh. The finite element analysis
has been carried out on a mesh containing 964 000 nodes. More than 945 000 of
these nodes are located in 8 layers forming a regularly meshed zone adjacent
to the contacting surface (Fig. 7.1). An elasto-plastic material model with an
isotropic exponential hardening has been used within the updated Lagrangian
formulation for finite strain plasticity. Symmetric boundary conditions have
been imposed on the lateral sides of the specimen. The maximum applied
normal load generates a contact area equal to 6% of the nominal area. The PDN
method for contact and the FETT (Finite Element Tearing and Interconnecting,
[Farhat 94]) method have been used to perform the full computation. The finite
element analysis demonstrated:

e alinear increase of the real contact area with increasing normal load;
e astrong interaction between asperities;

e the evolution of the real contact area and of the residual volume as well
as their topologies to analyze the percolation;
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e a statistical study of the three-dimensional rough surface has shown the
that distribution of asperity relative heights is not Gaussian.

The maximal accumulated plastic deformation in the test on the Representative
Surface Element reached 200%, i.e. since the metal cannot sustain such a large
deformations, a damage and/or a fracture mechanism have to be introduced
in the material model in order to make the simulation more realistic. The von
Mises stress distribution on the surface and the vertical displacement for the
ultimate load are depicted in Fig. 7.2.

a. — b. I

Figure 7.1: The finite element mesh used for the analysis of rough surface in
contact: a — assembly of 9 elements to get a fast transition from coarse mesh
to fine mesh; b — full finite element mesh containing 964 000 nodes, more than
945000 of these nodes are located in 8 regularly meshed layers close to the
surface; different color designate subdomains for the parallel computation .

At the same time a reduced model has been proposed based on the
finite element simulations of a single asperity and periodic structures of
similar asperities. Different asperity shapes and geometrical characteristics,
coefficients of friction and meshes have been used. The reduced model is
based on the accurate analysis of the rough surface (location and geometrical
characteristics of each asperity) and in the reconstruction of the surface
consisting of super-elements — asperities with a prescribed force-displacement
behavior. The interaction between asperities has been also taken into account
by an analytical function of the relative displacement, distance and geometrical
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Figure 7.2: Results of the FEA of the normal contact between a metallic
rough surface and a rigid plane: a — von Mises stress distribution, b — vertical
displacement (blue color correspond to the real contact area) .

characteristics of each asperity. This function has been calibrated by means of
a series of finite element analyses. The displacement—force, force-contact area
and force-residual volume curves, predicted by the reduced model are in
good agreement with large parallel finite element simulations as well as the
topology of the real contact area and the residual volume. For more details,
see [Yastrebov 11b].

In perspective, the parallel framework and the augmented Lagrangian
method will be used to simulate a contact between two rough deformable
surfaces. Such an analysis will allow to determine the application limits of the
Johnson’s assumption?.

7.2.2 Aeronautical applications

A large aeronautical engineering problem has been considered. Three parts
of a turbine disk are assembled by 45 bolts and loaded by a centrifugal load.
The difficulty of the problem arises, first, from the fact that all parts of the disk
allow rigid-body motions, which should be removed by contact constraints
and second, due to the relatively large size of the mesh (180000 nodes coarse
mesh, 820000 fine mesh) the number of contact elements and the number of
independent contact zones. Moreover the aim of this study is to investigate the
cycling loading of a turbine disk due to a) the presence of a small eccentricity,
which results in an oscillation of the load and b) the start-up and shut-down
cycles. That is why many time steps are needed. The need to consider the full

ohnson’s assumption affirms that the contact between two elastic frictionless rough surfaces
canbe replaced by the contact between a rigid plane and a body with effective material properties
and with a roughness obtained by the “sum” of the roughnesses of two undeformed surfaces.
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assembly instead of a sector, stems out of the need to investigate the behavior
of precracked disks.

The assembly of a disk without cracks has been analyzed by means of a
representative sector (the stress states for different time steps are presented in
Fig. 7.3). The next step is the parallel treatment of the entire assembly. The
partition on subdomains is depicted in Fig. 7.4.

200

Von Mises stress, MPa

Figure 7.3: Von Mises stress distribution for different rotational frequency in a
representative sector of the full mesh.
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Figure 7.4: Domain decomposition of the disk assembly.
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Appendix A

Vectors, tensors and s-structures

Here the vector-tensor formalism employed through the dissertation is briefly
presented. All computations have been carried out using a rigorous vector-
tensor apparatus and the associated notations — the direct “tensor language”.
In my honest opinion the used formalism - the direct (component-free) tensor
language — is an elegant and intuitive tool which can be easily employed
in mechanics; moreover it allows to decrease significantly the probability
of errors and/or misprints in comparison to index notations. In spite of all
forementioned, sometimes a rigorous proof can be more easily obtained in the
coordinate form of tensor with respect to a given basis. So here almost all
operations will be duplicated in index notations.

Generally in literature bold symbols or explicit indices are used both for
vectors and tensors; sometimes the “array” and “matrix” notations are used.
The notations used here are intentionally different and may look unusual.
Vectors are underlined by one line, tensors of 2nd and higher orders by two
lines. It is due to the fact that we will distinguish two different vector spaces
and their elements. This task is hard to accomplish using standard notations.

The first systematic exposition of the tensor language was given by Josiah
Willard Gibbs [Gibbs 84], improved and extended in [Gibbs 60]. We follow
the course of lectures given by Pavel A. Zhilin at the Saint-Petersburg State
Polytechnical University [Zhilin 01]. The originality of our description of the
tensor language consists in the introduction of new constructions — s-structures,
which results in fruitful extension of the tensor language and its application in
mathematics and physics.

A.1 Fundamentals

e A vector a of dimension 7 is an element of the vectorial oriented space
ac Tln

and should be associated with an oriented segment in this space, but not
with a set of n real numbers, which depend upon the choice of the basis.
This is the main difference between the direct (component-free) tensor
language and the component form.
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A.1 Fundamentals

e A special construction
Ty =T{"® Ty

—the tensor product of two vector spaces — will be called the second-order
tensor space and its elements second-order tensors

n
aeT,

The simplest element of this tensor space is a diad [Gibbs 84] —an ordered
pair of vectors
a®b.

Every diad is a second-order tensor but not every second-order tensor is
a diad. Any second order tensor is a formal sum of a finite number of
diads

IS

=a®b+c®d+ - +m®n
¢ In the same manner, higher order tensor spaces can be introduced

Tnm =T{"T{"® - T/

m times
For example, the third-order tensor is a formal finite sum of triads

3g:Q®Q®g+p_i®g®f+m+m®g®g.
In the following, the notation of tensor spaces without upper index T,
will define vectors and tensors in the three dimensional space.

¢ To move to component notations the oriented vector space T;" has to be
complemented by a basis B; every vector can be associated with a unique
set of coordinates in the basis B and vice versa, i.e. spaces T{' and R"
are bijective. By basis we mean a material point in space, with associated
linearly independent axes, and a clock! - reference frame — and established
coordinate system.

e Scalars can be considered as zero-order tensors; a scalar is determined by
one real number which does not depend on the choice of the coordinate
system. So coordinates of a vector cannot be considered a scalar. Scalars
may depend on the reference frame (kinetic energy) or not (temperature,
internal energy, etc.)

e For the sake of generality here and below the expressions in the
direct tensor language are followed by the corresponding expressions
in component form in dark gray. Each vector is associated with n
real numbers — its components in the given coordinate system in the
reference frame. In this paragraph, for simplicity, the coordinate system
is supposed to be orthonormal. The basis unit vectors of the system are

!clock is not necessary for the tensor formalism, but for physics for which this formalism is
used, the clock is necessary.
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Chapter A. Vectors, tensors and s-structures

e, e,...,epsuchase;-ej = 6;, where “-” denotes the dot product (defined

below), and 6{ is Kronecker delta

g U ifi=]
P70, ifi# ]

For such a choice any vector can be splitted as follows
_ 1 2 n I
a=ae +ae+---+a'e,=ae,

where a' = a - e; are the components of the vector. So each vector for
a fixed coordinate system has a one-to-one correspondence with n real
numbers

ao ai, i=1,n

The Einstein summation from 1 to n by identical upper-lower indices is
. n .
used, e.g. a'b; = )}, a'b;. In details, the basis and all related questions will

i=1
be considered in the following section.

Each vector is characterized by a direction and by a length — the vector’s
norm
Il: T > R :||a] > 0.

Let || || be the Euclidean norm, so in component form

lall = {Ja?> = Va-a; |lall = aa;

Two types of vectors are distinguished: straight vectors and spin-
vectors (denoted with %, e.g. a.). The first ones intuitively describe
forward motions (translation), while the second ones characterize proper
rotations. There is a correspondence between straight vectors and spin-
vectors: this correspondence is uniquely defined if the reference frame is
oriented (left-hand or right-hand oriented). A straight vector is called
polar if it does not change its direction when the orientation of the
reference frame changes. Anaxial vectoris a straight vector which changes
its direction to the opposite if the orientation is changed. Tensors of any
order can be polar or axial. The type of tensor is determined by the
sensitivity to orientation change: axial tensors are multiplied by -1,
polar remain the same, if the orientation changes (independently from
left-hand oriented to right-hand of vice versa). Axial tensors of zero order
are called pseudoscalar.

Vectors summation.

Contrary to mathematics, in physics, vectors summation is not abstract
and is determined by the well known triangle or parallelogram rules.
The result of the summation is a vector.
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- Commutativity: a+b=b+a; a,+b;=b; +a;
- Associativity: (a+b)+c=a+(b+c¢c); (a;+b)+c;=Db+(a;+c)
— Zerovector0: a+0=0+a=a;, 0;,+0=0+a; =4

e Product of a vector and a scalar
The product of a vector a4 and a scalar a € R is a vector b

Q = aa, b,‘ = aa;,

such as ||b]| = |alllall and if @ > 0, then vectors a and b are similarly
directed. If @ < 0 — oppositely directed.

a@+b)=aa+ab;, «aa;+Db;)=aa; +ab;

(a+pa=aa+pa;, (a+pa;=aa;+ pa;
e Scalar product or dot product of vectors
The dot product of two vectors is a scalar
{}: TyxT{—» R
@ =a-b=llallbllcos(); a=alb =ab,
where ¢ is the angle between vectors.
- Commutativity: a-b=b-a; b’ =ba
— Distributivity: a-(b+c¢)=a-b+a-¢; a(b' +c') =ab' +a;c
e Orthogonality
Vectors are orthogonal if their dot product is zero

alb © a-b=0;, ab =0

e Unit vector
The unit vector of a nonzero vector a is the vector 4 such that
a [Zl'

- . ﬁi:_
llall’ llall

|

e Projections
Projection of the vector a on the vector b is a vector p such as

P= (E'E)Q} pi = ajl;«/lai.

By projection we often mean a scalar p

p=a-b; p=al

The projection of the vector a on the plane with normal b is a vector p

such that } ,
) ‘a;, pi= ((‘)l/ - bl'b])ﬂj.

1S

p=(1-be
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Chapter A. Vectors, tensors and s-structures

Vector product or cross product

The vector product can be introduced only in oriented reference frames,
contrary to previously defined operations which are valid also for non-
orientation reference frames. Moreover the vector product is meaningful
only in three dimensional spaces T = T4. So if there is a vector product
in equation, spaces are implicitly supposed to be T5. The vector product
of two vectors a and b is a vector

G <i si
(31 62 (53
EZQXQ; c;i=det|lay ap as
by by b3

such that
c-a=0; c-b=0;lcl| = llallllbllsin(¢)

cia' = 0;cib’ = 0; licll = llall 1b]l sin(¢)

Two vectors fulfill these conditions: ¢ and —c. To determine the direction
of the vector ¢ we employ a spin-vector ¢., whose axis is parallel to
the vector ¢ and whose rotation is oriented from vector a to b through
the minimal angle. If the minimal angle is 0 or 27t then by definition
llcll = 0 so the orientation is meaningless. Finally the vector ¢ or —c is
associated with the spin-vector ¢, respectively to the orientation of the
reference frame. For two polar vectors a4 and b, vector c is axial. As can
be demonstrated [Zhilin 01] vector product of two polar vectors a, b is
more meaningful for the spin-vector c. than for the axial-vector ¢, since
the spin-vector remains valid for mirror symmetries.

N i i i N i

. 0y 05 03 0y 05 04

EZQXQ:—QXE; ¢ =det|ay ap az|=—det|by by b3

b] bz b3 ay dpx 4as

axb+c)=axb+axg

i N/ Si i i i S i i
o8 & 5 o5 ol o o ol
det| m a» as =det|ay ap az|+det|lay ap az
bl +C1 by + ¢ b3 + C3 bl b, b3 c1 Cp C3

e Three vector products
The mixed product of vectors

B=a-(bxc)=c-(axXb)=b-(cxa)

ap a 4as
ﬁ:det by by byl=---=...
(1 C €3
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A.2  Vector space basis

The double vector product of vectors

d=ax{bXc)=ba-c)-—c(a-b)

O1i Ooi O3i
a1 a as
d; = det = bijcj — ciajb;.
det [bz b3] —det [bl b3] det [bl bz]
Cy (3 c1 C3 1 C

Note that brackets which points the order of operations, i.e. which vector
product should be evaluated first are mandatory since

ax(bxe) #(@axbxe

A.2 Vector space basis

A basis is any set of linearly independent vectors e;, i = 1,n. Vectors ¢; are
linearly independent if and only if

giai =0 a =0
It can be shown that in 3D this condition is equivalent to the condition
e1-(e2Xe3) #0
Any vector a € T{" can be presented as
a=de;,

where o are the coordinates of the vector a in the basis e;. For two arbitrary
bases ‘ o
a-b=ae bej=able e,

The dual basis e’ is constructed such that
ei-e =0

Naturally vectors of the dual basis are linearly independent. If vectors of the
basis e; are normalized, i.e. |lej|| = 1, then the norms of the vectors of the dual
basis are not smaller than one

, ) , , , 1
lle'll >0, sincee;-e' = llell lle'llcos(p) =1 = ||l = os(@)’
cos(¢p
=1

where ¢ is the angle between vectors e; and ¢'.

Now the summation by upper and lower repeated indices becomes more
clear. Coordinates a' of the vector a in the basis e; are determined by the dot
product of a with the corresponding coordinate of the dual basis and vise versa

a=a-e; a=a-e
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Chapter A. Vectors, tensors and s-structures

where g; are the coordinates of the vector a in the basis e'. If the basis e; is
orthonormal, then the dual basis is identical to it

gej=0 o ¢=¢.

and the coordinates of vectors in both bases are equal a' = a;. Objects with
upper and lower index will be called respectively contravariant and covariant
objects. A more detailed explanation and definition is given below.

To read the end of this section, it is recommended to check briefly the
S-structure notations introduced in Section A.6. S-structures are special
constructions under the space of tensors of all ranks, which have been
introduced in the dissertation to simplify the formalism and to avoid the
indices. In the following, where it will be possible, instead of index notations,
s-structure notations will be employed

Qo 2

Using this notations we introduce a special t-scalar A called the first

fundamental matrix or metric matrix, which is symmetric dueto commutativity
of the scalar product

A=ee=AT; Aj=cig=4;

The term “matrix” is used to follow the tradition. It is important to remark
that this object formally is not an object of tensor space A € T, since elements
of the tensor space are invariant objects and this objegt is double covariant.
However in coordinate form the metric matrix seems very similar to tensor
and is called the metric tensor. From the previous definition it follows directly
that

g:

Qx>

g e =(eeje

In the same manner the t-scalar A - metric matrix for the dual basis is
determined; it is also symmetric

Considering the dot product of two bases.

= Ae- LA; &= -¢j=Ale- Ay = A5 Ay

l:

MY
U
QP>
U
R

é:

Q>

Directly due to the symmetry of fundamental t-scalars

cofactor (A f,/)
det A; i ’

W
>
Il
u—
R

=A™ AVAx =96, AT =
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A.2  Vector space basis

where by cofactor (Ai j) we mean the determinant of matrix 4; j with suppressed
i-th line and j-th column and multiplied by (—1)**/. It follows directly

Following the derived formulae, any vector a can be easily written in both
bases
a=3

Zlm
ZQJ|

g a=dae =ape

where a and a are the v-scalars of coordinates of the vector a in the basis &

and e respectively

a = a; = A,'/'Llj, ai = Ai/a/

w3
]
oI
1l
R
L

A.21 Transformation matrices, covariant and contravariant objects

The choice of the basis is arbitrary. Vectors does not depend on this choice, so
for any basis the following equality holds:

Z: :Q

48

]
U
LR

¢ =4z

ZIN

where e and e are the new basis and its dual basis respectively. As done

for the dual bas1s, the transformation t-scalar can be constructed to determine
coordinates of vectors in the new basis from known coordinates in the initial
basis and vice versa. Vectors of the new basis are expressed by the vectors of
the initial basis as follows

/

Q

)e;

~

=(e- er = (er - )e;

U

the transition t-scalar P, traditionally referred as the pushforward
transformation matrix, is then constructed as follows

P=¢-2 P,=e¢-¢

For backward transition, the t-scalar P’ — pullback transformation matrix —is
given by

Note that these transformation matrices in general are not symmetric, so
indices are ordered
L#RT DD

It is easy to show that the t-scalars PT and P’ are inversely proportional:

. .. cofactor (P;{)
BTEI:L’ EI: E—T’. P/,P;( :6{, P]/ = —
~x ¥x R 7 o det P!
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We clearly see that the initial basis and the new basis are related by the forward
transition P; The corresponding dual bases are related by the backward

transition P’:

U
1l

QI

U

o

Il
g
U

U

he definition of the covariant and

-

One of the key notions of the theory is
contravariant objects.

If an object ¢ of order n depends on the basis choice, then this object is
called

o n-order covariant if it follows the same transformation as the initial basis:

n times
e e,

’ = . _pi pl n
¢c=PP... 1,3 c; Ca";"...y/ - Pa’P .. .PV, Cz'j...n

~ ~ ~ ‘[))/
NN

n times

|

o n-order contravariant if it follows the same transformation as the dual

basis:
n times n times
I N
rpr oA ’ 3/ v
g/ — E/ E/ o Ij’ ,(::,; P gy — Pir P‘f B P” cl-n

e p-order covariant, q-order contravariant, p + q = n if it changes p times
according to the transformation of the initial basis and g times according
to the transformation of the dual basis:

p times g times p times g times
rcs C/ . 5 ’ cr r
QIZEE'--PI:’E,---P’C} oL :piy,pl ‘..P]:,,P[& P;r'-P; Clm...n

= ~ o~ By’ B ij..k

An object of the first order ¢ which does not follow covariant or contravariant
transformation rules are called non tensorial object and the position of the
index is not important. In such cases, the index is often put in brackets
cg)- If an object is m-order covariant and m-order contravariant, then the
object is invariant with respect to the change of basis. This is the case for a
vector, which consists of covariant coordinates and contravariant basis vector
or contravariant coordinates and covariant basis vectors. Since tensors of
higher ranks are constructed by means of tensor products of vectors, a tensor
of rank m is m-order covariant and m-order contravariant, so it is also invariant
in any basis change. The Kronecker delta 6? = ¢; - €/ is a first-order covariant
and first-order contravariant object, so is also invariant, and can be considered
as the coordinates of the second order unity tensor. Another example is the
metric matrix A which is second order covariant; the metric matrix of the dual

basis A is second order contravariant and naturally their product A A = I is
an invariant object.
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A.2  Vector space basis

A.2.2 Gradient operator or Hamilton’s operator

Let e be a moving coordinate system in the reference frame, then the vector r

of each point, fixed in the frame of reference, is determined as
r=1(y,1b),

where § = ¥ (t) are the coordinates of r in the basis e at time ¢, i.e.

~

r=ye
and
_or . o
=y LT~

For an observer in the moving coordinate system e, a change of point r leads
to a change of coordinates §. Logically there exists changes of r in which
only one coordinate changes, for example . So for a smooth function r(y)

at a given time, there exists one curve in space determined by the vector
r(y',...,y,...,y") where all ¥/ = const and only 3’ changes. The tangent
vector for such a curve is determined by

ar
v = a_yl

A set of such tangent vectors is a covariant v-vector

Dr= i_ )
~ - a y -
where D is a covariant operator
D=2

The dual local basis can be constructed in a standard manner

v
< ||Sa'J‘
I
2
5|

where A = A~ 1and

Q
Q

Q>
Il
QO
< ||%’
NS
< ||3=J

Covariant or contravariant sets of such tangent vectors can be chosen as a
basis. Since the basis depends on the points in the reference frame, such a
basis is called local. It can be shown that the basis constructed in such a way is
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Chapter A. Vectors, tensors and s-structures

covariant. It is worth mentioning, that in [Kagan 47], these sets of vectors were
interpreted as first rank tensors with vector components — an interpretation of
v-vectors.

Finally the well known gradient operator (invariant differential operator)
is written as

V= oD

NS
2'\<|||$')‘

The gradient vector is an objective operator, which does not depend on the
choice of the coordinate system, since it is first order covariant due to covariant

. . ar
operator D and first order contravariant due to 7 Another example of an

objective operator is the full time derivative %. An example of a non-objective
operator is the partial time derivative (%. The two following statements can be
easily proven

d d d d
a-a YaTal

The gradient operator is very important for mechanical and physical
theories. For a scalar field s(r) = s(r(¥)), the influence of the gradient operator

is uniquely defined by

grad(s) = Vs =

NS
2\<1|||3')‘

NS
2k<||a')

The gradient notation “grad” is equivalent to the tensor product of the gradient
operator and the field; in the case of a scalar field, the tensor product is
meaningless and so omitted. The gradient vector can act differently on tensor
fields of first and higher orders T(r) = T(r(y)). The side (left-hand or right-

hand) and intermediate operators are important. Gradient of a tensor field:

grad(!) =VeT=

Remark that the following equality is correct only for vectors and symmetric
second-order tensors:

The rotor of a tensor field:

or
rot(T):Vx!:gox



A.3 Sub-basis, vector function of v-scalar argument

VXt=-txV

Div and rot are alternative notations for the scalar and vector products of the
gradient operator with a tensor field.

Another important operator in physics and mechanics is the Laplace
operator or Laplacian A, which is defined as

A=V-V=V?

It should not be confused with V® V # A.
Some examples:

e Balance of momentum in the deformable body

Veo+fu=0

Cauchy’s strain tensor

N =

é:

Compeatibility of (small) deformations

Vx(Vxg)=0

Compeatibility of (finite) deformations

VXE=0
e Maxwell’s equations
v.E=P
€0
V-B=0
VXE= —8—5
= ot

JE
\Y XE = {,lol+ [.10605

A.3 Sub-basis, vector function of v-scalar argument
Let us consider a vector function p of v-scalar argument ¢ such as
p(&) :R" > T, m<n

If for each 3 there exists only one element p(§ ) € T{", where T{* is a vector

space with a reference frame, then the image of the space R" in Ty" is a set of
points. If p(<) = p(t, ), then this set of points changes in time. For instance,

in the 3D s_pace at_given time, the image ImR™ in the space is
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a point, if m = 0;

acurve,ifm=1;

a surface, if m = 2;

a volume if m = 3.
At each time at point p(t, ¢ ) a local sub-basis e can be established if the function

p(t, &) e Cl(é ) is sufficiently smooth versus its second argument &

€:

|

For the given time ° and point £ 0 this basis determines a local subspace T1"

of the full space T{" c Ty":

e astraight line, tangential to the curve at p(to, 3 0), ifm=1;
e atangential plane of the surface at p(t°, 3 0)if m = 2;

e a full space, if m = 3.
If needed, the basis e can be complemented by vectors orthogonal to the

subspace T{" 5 ¢; L Ty. Moreover in the particular case of three dimensional
space n = 3 and m = 2, the third basis vector can be constructed as the vector

product of the basis vectors e
e =e1Xe.
However if we are interested only in the object described by the function p(t, <)

there is no need for such a completion.
The metric matrix associated with the object p(t, £) is nothing but:

] P P
= -1 _ —_— . = = T
where A = A =38 aé_é'
A corresponding sub-gradient operator is constructed like in the previous
paragraph, (to avoid any confusions the order of the operator is marked):

__d d
YRt
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A.3 Sub-basis, vector function of v-scalar argument

Such a sub-gradient operator is used in theory of deformable rods (m = 1) and
shells (m = 2).

As one can note, the metric matrix associated with an object in a n
dimensional space has a dimension m X m instead of n X n. It is a normal
situation in differential geometry. But the classical rule of summations by
indices can not be used anymore, since the classical summation by indices
is defined according to the dimension of the full space, i.e. from 1 to n.
One possible solution employed in the literature is to introduce a reduced
summation from 1 to m, this summation will be performed only within, for
example small Greek indices or capital letter indices like

d d d d
b = p _ Aa/) E eP — E — APQ _B
SNFET 0Eg © T 9EP &g

Let us demonstrate the difference between an intuitive form constructed with
the direct tensor language and a half-index form based on Greek letters. For
quantities related to the surface, both of them are equivalent, but as in practice
the probability of error is lower if one uses the first formalism (this example is
taken from Chapter 2:)

. dp dpT dp dp 32
AOE =(¢nH — A)” O0— AE+A=—0|+A o0& —
= (@l - )7 5F |0gp AL+ AR | E o5 o

~

% 0%
— gun- (6—A5 + Aa—éé

3
nA — [6¢

[ dp I dp _ d
+18n|0== + =—0E |- == A —6gnl (Q-A——+I~{A5J+

(A1)

2

ASEY = CoP _p( AEY + 5)/)+Aﬂpl SEN —
¢ {a 36, M T e T T T
P 2 i 3 i
% 8p p ) .
— guni |6 AEY + 58| — guA&Y | nj=—e—=— | 5"
g ( 95,02, Nag08, ) gn ( 95906 ) ¢
8p % dp’ dp’ (8.2
! 4 e _ wl(,, A T
gn( 75 agﬁ (95/55 ) 3<SnA 6gn6ﬁ](n1A JE. + H A& )+
8pi apl y ap nK _ K apl
+[g” (Aa_é,g * 35,08, )8_5,7‘4 Ogulsg | 105, + HerbE!

where C = (§nHap — Aa[g)_l, herea,f,...,x€1,2andi€1,2,3.
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A.4 Tensors

Scalars and vectors are not sufficient for physical and mechanical theories.
More complicated structures, higher order tensors, are required. Second-
order tensors seem to be much more abstract and hardly imaginary objects
than vectors and scalars. However, a second-order tensor is not a purely
mathematical construction. In mechanics it appeared first as a mathematical
formalization of intuitive associations not connected with coordinate systems.

The first second-order tensors (tensor of inertia of a rigid body and rotation
tensor) have been introduced by Leonhard Euler in 1758. The term “tensor”
has been proposed by W. Voigt only in 1900. In 1788 Joseph-Louis Lagrange
introduced the second-order tensor of small deformations. In 1822 Augustin-
Louis Cauchy introduced a second-order tensor to characterize the stress state
— the stress tensor o — and gave a consistent mathematical framework for
the tensor space. Tensors became unavoidable objects for the description of
deformable continua. Ever since, this stress tensor is called Cauchy’s stress
tensor.

e Definition
The second-order tensor space is defined as tensor product of first order
tensor spaces (vector spaces).

T = T @ T"

Note, that the direct product of such spaces T{" x T{* does not lead
to a tensor space; such a space is even not a linear space. Although,
tensors are “physical” in 3D space (n = 3), for the sake of generality, the
formalism will be derived for an arbitrary n dimensional space, except
some particularities related, for example, to vector product. Any element
of the constructed space - second-order tensor A € T7 — can be written
as a formal sum of tensor products of vectors

A=a®b © c®d @ ... ® e®f

Note that a tensor product of vectors a ® b is an ordered combination of
two vectors called diads

a®b+#b®a.

The maximum number of independent diads forming the tensor is equal
to the dimension of the space n. For diads we require that

a(a®b)=(aa)®b=a®(ab)=aa®b
Following this axiom, a zero diad is determined if « is put to zero
0a®b=00b=a®0
(@+pa®b=aa®b+pa®b
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If « =1, =0 then
(1+0)a®b=a®b+0®b=a®b
So a zero diad is a zero element of the diad space and can be noted as 0.
a®(b+c)=a®b+a®c

(a+b)®c=a®c+bc¢

The formal sums of diads @ will be replaced by usual symbol +, which
should be understood as a sign of union like in complex numbers x + iy.

e Composition/union of tensors
The sum of diads is not ordered and any their combination defines the
same tensor

A=a®b+c@d+---+e®f =
=c®d+a®b+---+e®f = (A.3)
=---=cRd+e®f+---+a®b

The product with a scalar results in

aA=(aa)®b+(a0)®@d+ - +(ae)®f

(a+pA=aA+pA
Composition, sum or union of tensors is a tensor from the same space

4+B=C

As it can be easily shown, tensors are invariant objects, i.e. they do not
depend on the choice of basis. The second order tensor space is shown
to be linear.

e Coordinates of tensors

In coordinate form, any second-order tensor for a given basis and a dual
basis can be written in four ways

A=Alde=Alei0e = Aje ®cj=Ale e

To avoid any confusions of components” order the use of stars is
mandatory for mixed coordinates (co-covariant and co-contravariant),
the same for higher order tensors

34 =ATed e e

= k= = =] T =

By analogy with the s-structure formalism, in the basis e and its dual g, a
tensor can be written also in four ways:

B=

sl

00E = BooE = BooE =B ooE
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Chapter A. Vectors, tensors and s-structures

where t-tensor E contains tensor product of basis vectors and t-scalar B

contains coordinates of tensor in this basis:

F - o = F - T -
E=e®e; E=e®e; E=e®e E =e®e

All possible coordinates of tensors are connected by the fundamental
metric matrices A and A. To avoid any confusion, in a component

form, these matrices will be put in square bracket [A;;], [A]:

Bii = [Aik]B;]* = [A¥]BY, = [A*][AT]By

The change of basis is defined as the pushforward and the pullback

transformations:
’

~

/

1
g,

€,

(o]

Il
g}
k]

4l

~

in component form:
er =[P)lej; ¢ =[Pl

square brackets imply that components [P?,] do not represent tensors.
Using the transformation matrices the coordinates of tensors can be
defined in the new basis e’ or its dual &, if coordinates in the basis e

or € are known.

B=B"Te; ®e; = Ble,®e = BYPIIP] ler @ ey

So the four pushforward transformation formulae for tensor coordinates

are: N ' '
B/ =[P{1B" [P]; By =[PS]By [P;»]

B, =[P1BL[P,]; B, =I[Ps]B [P)]

The pullback transformations can be obtained by simple substitution of
indices without prime by indices with prime and vice versa. Ins-structure
notations, this set of transformations can be written as follows:

E/:P/OEOP/T; B/:EOEOET,

~ ~
~ ~ ~

Transposition
LetA =)D ,whereD. are diads. The transposition for diads D =a®b
2T LoZ; = =

is definecll as follows:
D'=@®b =boa
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A4 Tensors

Transposition of tensor:
T T. 40 _ gt 4T
A=) D, A =A., A .=A; ..
= = i* *] ij J
i

A tensor is called symmetric if:

A tensor is called antisymmetric if:

AT=-2

Any tensor can be splitted into a sum of symmetric and antisymmetric
tensors:
B=B’+B" B'=B"-B'
so the symmetric and antisymmetric parts of a tensor are defined as
follows: , ,
s_ 1 T A_L(p_pT
B°=,(B+B"), B'=5(B-B')

The inverse and transposed second-order tensor often noted as

A—T

e Dot product

— The inner product (contraction) of second-order tensors gives a
second-order tensor

{}: T8 X T — T

A=B-C= (gT . ET)T; Al/ = B*C’

ks

— The double inner product (double contraction) of second-order
tensors gives a scalar

{: Ty xT; - R

A:B=B:d=a AlBj=a

— The double scalar product of second-order tensors gives a scalar (in
general different from the double inner product)

{-}: T XT) - R

[+
1153
IS

:l:;T:E..éT:a; A;B{:B;Ai/:a
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Chapter A. Vectors, tensors and s-structures

The difference between the double inner product and the double
scalar product consists in the following: if A--A = 0 then A = 0.

For double inner product, the equality A : AT = 0 does not mean
that A = 0. By definition, the double inner product and the double
scalar product coincide if at least one of the tensors (in operation) is
symmetric. A general rule for the scalar product of g-th order is:

'][‘31 - T? - T?+m—2q'
q times
It is obvious that I + m > 2qgas wellas [ > gand m > g.
e Operations with vectors

— Left and right scalar products of vector and second-order tensor are
defines as:

(1T xT" - T {}:T"xT; > T
22:2;&0_1:22, C‘/:ﬂiB{:?&dj:B;iﬂi

T

a- a

lls~
Il
lls~

- Left and right vector products of vector and second-order tensor are
defined in 3D space:

{X}:szTl—) Ty; {X} T x T, - T,

— If the space of third order tensors is defined T7 = T @ T{" ® T{,
then left and right tensor products of a vector and a second-order
tensor are defined by:

®: Ty xT{" > T%;, {®:T{"xT; > T3

W

lls~!
ey

®a= ¢3Q:g®1:5’; c :B?jak

ixk

e Trace of a second-order tensor: scalar and vector invariants
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A4 Tensors

- Important for mechanics trace “tr”, or first invariant of a tensor, is
also denoted as I or I;. If a second-order tensor is written as a sum
of diadsA=a®b+---+c®d then

[A)=trtA=a-b+-+c-d [(A])=A"

tr(A+B) = trA + trB
trd = tréT
trd-B)=tr(B-4)=4:B
trd-B) = tr(d"-B))
trB = trB°, trB* =0
tr(B- %) =tr(8°- C)

- Avectorinvariant of any second-order tensor B = a®b+---+c®d € T
is a vector I:3>< such that

Bx=axb+---+exd;, Bl =Blexe

(A4 +B)x = Ax + Bx
B.=0&B=F
Any antisymmetric tensor can be written as:

1
Bl=wxI=Ixw, w=-=-BA
= _— = = — —_— 2_><

- Note the following useful formulae:
axIxb=bxa-(a-bl
(ax1), =-2a
axb=(axD-b

axl=1IXa

e Invariants of second-order tensors
Besides the trace or first invariant I, two other invariants can be defined
for the second-order tensors. These three invariants are called principle
invariants of the tensor:

11 = trél
b =2 | AP - ula”] |

1 1 1
I3 = detA = g(tré)?’ — ztrétr(éz) + 5tr(éﬁ)

The determinant of a tensor will be introduced later in Section A.5.
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Chapter A. Vectors, tensors and s-structures

e Unit second-order tensor
The unit second order tensor (denoted I) such that

a=I1-a=a-1 If:b{; a,-:(S;a/

= 1

consequently

e Projection tensors
A tensor P is called a projection if

T

7

I~
Il
llge]
I~
I~
Il
I~

For example,
ndn

projects any vector on the direction n; and tensor

I-nen

projects any vector on the space orthogonal to the vector n.

e Spherical and deviatoric tensors
A tensor B is called spherical if it can be written as

B:ag, aeR

The spherical part of n-dimensional tensor C is by definition:

1
trCl=—trC°1

n =

|-

Any symmetric tensor C = (ZZT for which trC = 0 s called deviatoric tensor.
Note that for gT = —(:3 = tr(zf = 0 but the inverse statement is not true.

Any symmetric tensor B = BT can be written as a sum of its spherical
part and its deviatoric part

d

[lsv
S L

tr1:3£+

lls~]

Any tensor B = 1:5’5 + I:3A can be splitted into spherical and deviatoric part
plus its antisymmetric part

1
B= uBI+B'+B
In most mechanical and physical theories n = 3.
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A5 Tensor as a linear operator on vector space

A.5 Tensor as a linear operator on vector space

It can be shown that any linear vector operator on vector space, i.e. an operator
which transforms one vector into another

f:Ti-=Th  y=fx

can be written as a right scalar product of a second-order tensor with the
argument
y=B-x

By definition tensors fulfill the requirements of linearity
B-(aa+pb)=aB-a+pB-b

Let us writes the conditions for an operator to be isomorphic, i.e. that
it transforms uniquely the space T in itself and that a unique inverse
transformation exists. For an arbitrary tensor operator B € T, the kernel
is all vector space, but the image is rigorously a subset of this space

Imlzi’ =T, Kerg cTy

Let us derive the condition KerB = T; If B transforms three linearly
independent vectors into three independent vectors, then KerB = Ty Let
us consider three linearly independent vectors a, b, ¢, they are independent if
and only if

(axb)-c#0

Their images

2':2- , b =

Q)
[ls~]

‘b, =

[ls~]

s
are linearly independent if and only if
(@' xb')-c'#0

The Determinant of the tensor det B is introduced as follows

- C
detB = ————-— (A.4)

Such a definition of the determinant makes it invariant, i.e. independent on
the choice of the basis. It is easy to show that

_ = _ 1 _ 51 _ 5T
detB = det[é]det[g] = JoHA] det[g] = det[g] = det[g ]
. 1 ‘ .

= .. 1] - R l*_ — *_l
detB = det[A;j] detB detlA;] detB;; = det B det B,

where A or [Aj;] is the covariant fundamental metric matrix and

sl

i1 D % _T %]
,B7; BBl BB} B,B;

#o=
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Chapter A. Vectors, tensors and s-structures

are the contravariant, contra-covariant, co-contravariant and covariant
coordinates of the tensor B.

It is worth noting that a tensor cannot be defined as the set of the matrix
of its covariant or contravariant coordinates and the associated transformation
rule:

B =[P{1BY [P, Byj =[P§] By [P}]

because the determinant of these matrices changes with a basis change:
detB"/" = det[P} |* det BY,
since det[P} * # 1
detB'/" # detBY

A tensor is an invariant object and its determinant detB should be also

invariant. The determinant of a tensor is invariantif it is defined as in (A.4) or as

the determinant of the matrix of co-contravariant or co-covariant coordinates.
It is easy to show that

detl =1; detA= detéT; det[A - B] = detAdetB

Now it is possible to introduce the inverse tensor Q‘l such as

B'-B=

lle~
1159

=] = detBdetB'=1 = detB! = !
= = = = detB

The inverse tensor of B exists if and only if det B # 0.
Similarly to the linear vector operator on the space of vectors, a linear tensor
operator on the space of tensors can be introduced.

Z:T—)T

Such a linear operator can be interpreted as a fourth order tensor ‘C. Good
examples are the Young-Cauchy elasticity tensor and its inverse are linear
bijective operators which state that stress tensor is a linear function of strain
tensor and vice versa.

A.6 S-structures

In practice, in physical and mechanical theories, among widely employed
“spaces on spaces” there are the following constructions: complex numbers,
vectors, tensors of higher orders and matrices. Sometimes it is necessary to
consider sets of such structures: basis (set of vectors), stress-strain state (set
of stress and strain tensors), metric matrix (set of scalars), etc. To determine
elements of such sets we make use of indices: ¢; —i-th basis vector, A;; —element
of the metric matrix and so on. As practice demonstrates, sometimes it is more
convenient to consider such sets not as sets of elements but as “one-piece”
elements of “higher” spaces and to work directly with them. To “work” means
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A.6 S-structures

perform some operations on these elements in order to obtain some results.
For example, it seems very natural to determine bases e;, e_zi, i =1,m as
vectors of vectors e, & and to introduce operations to get the metric matrix not
in component form A;j = ¢; - ¢j, but directly A =e%e.

From an abstract mathematical point of view, a space defined on the
elements of another space — also called exterior algebra — has been employed
since a long time. A good example, a similar to one type of s-structures,
is a multivector — element of exterior algebra on a vector space, which
consists in linear combinations of k-vectors also called blades: bivectors a A b,
trivectors (a A b) A c. Operator A is called the wedge operator and somehow
is similar in our notations of a tensor product. A generalization of this algebra
complemented by relations to exterior algebras is called the Clifford algebra
[Lounesto 01], named after William Kingdon Clifford (1845-1879).

A similar idea of structure of structures appears in programming languages
as “container” class which contain elements of another class. Such container
can be used simply to keep some information. To make better use of such
containers a set of operations should be defined: comparison of element,
summation, subtraction, multiplication by scalar, etc. The operation result
can be of the same class as container or of another class. In such a way
the following structures are introduced in the programming code: complex
numbers, vectors, tensors and matrices with related operations. It is also
natural for programming languages to use sets of such structures: array of
vectors, matrix of tensors, etc. However, to make use of it, a consistent set of
operations has to be also defined as well as a suitable application.

A considerable part of the dissertation is devoted to the description of
surface-point interaction in the framework of classical differential geometry.
First, all computations have been performed using index notations. Both points
and surfaces are determined in the three dimensional space n = 3, all points
r(x'), i = 1,2,3 are determined by coordinates x' in three dimensional basis
e;. However, a local coordinate system can be established on the surface &,
and so it can be parametrized by a vector p(&,). To avoid any confusion
we are forced to determine new indices @ = 1,2. So we have to work with
different dimensions: 3 dimensional space and 2 dimensional surface. In three
dimensions we use established formalism of direct tensor language and in two
dimensions Greek indices. Why not to say that &1, &, are covariant coordinates
of a two dimensional vector? In order not to mix up 3D and 2D vector the last
will be underlined by a wave ¢&.

We are now facing the need to evaluate the full variation of the vector p(¢);
in index form, it is straightforward: B

op
5 op + —
p=0p+ 5 0la
With our new notations of 2D vectors it is less trivial
op

S = =7
68 6E+85 .6§

~
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Chapter A. Vectors, tensors and s-structures

What s the relation between the two last terms? The first component is nothing
but a set of two 3D vectors and the second component is a 2D vector; their
product should be a 3D vector. So we need to define a product operation
between a 2D vector and a set of 3D vectors in a way that it gives a 3D vector.
Moreover this operation should be commutative and the notation should differ
from 3D notations. We propose:

2: O(S

V| QU
zm||‘c
LA
Il
>
LA
(@]

V| QU
zm||‘c

It is not so hard to introduce such a product. The situation becomes more
complicated when we need to evaluate the surface (induced) metric matrix

dp Jp
Aa - .=
P™ o8, 95

In new notations we get
dp Idp
— ? = =2
J 3 a§

On the left-hand side of the latter expression we have an operation between a
pair of sets of two 3D vectors. The right-hand side should be a 2 X 2 symmetric
matrix Aag. In the vector space, there is only one operation which converts two
vectors into a scalar: the dot product, so the left-hand part should contain a 3D
dot product. On the other hand the two structures on the left-hand side can be
considered as 2D vectors. In a vector space there is only one operation which
converts two vectors into a higher order tensor — the tensor product. Finally
it can be seen that between structures on the left-hand side one has to get two
operations respectively to 2D and 3D vectors and in the right part a kind of 2D
tensor. By analogy with 3D notations, 2D tensors will be underlined by two
waves. The s-tensor product “®” for 2D structure is combined with the dot
product “” for 3D structures, so finally we obtain the following definition for
the induced metric matrix:

ap . ap

T
Here and further the upper operation (here ®) relates to 2D structure and lower
(here -) to 3D.

The initial attempt to introduce s-structure over 2D and 3D vector spaces
was inspired from this example. After some trials to elaborate a more general
form of s-structures, we realized that the use of such structures is much more
richboth in mathematical and physical senses. Due to the complicated nature of
mixed spaces the setting of a consistent s-structure “language” is not a trivial
task. It is not yet fully elaborated, neither fully exploited. Below we make
an attempt to derive a consistent framework for the space of generalized s-
structures with related operations. The full formalism of diad-operations, like

op

in i = i, will be derived as well as its simplified form based on transpose

operations, which is valid for several limited cases.
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A.6.1 Formal definition, notations and types

The s-structure formalism consists in the introduction of ordered sets of tensors.
The “S” in the name refers to “set” or “super” (higher structure). S-structure
can be interpreted as k order “tensor” on the m dimensional space of I order
tensors of dimension #; all s-structures are elements of S-spaces:

m_n m_n m_n
3 =19 ®"‘®ISI

k times

The sign ® means that elements are ordered, however contrary to objects of
spaces 7, S-space elements are not mandatory invariant, i.e. they do not
change according to the standard rules with change of the basis, that is why
“tensor” is put in quotes. To avoid any confusion instead of the previously
employed notation of tensor spaces a new one will be used for corresponding
s-structures "JT;. By definition:

1.1 ~ 1 _n 1 ~ 1 n
®o = R, 150:T1ﬂ/ 0S1:T111/ 250:Tg1f 0‘52:11"3

It is worth noting that s-structures are introduced in such a way, that:
n_n n n_n ~ n
Ok F T 8 # Ty

For instance it is easy to show that ;S; # T", if one considers the derivative of
the simple vector r(p ) over v-scalar of its contravariant coordinates p in basis

em=n

or  wn o

£ €5, 5 #T,, S #TJ.
This expression is neither an ordinary tensor nor an s-tensor, but a v-vector —
an element of ;S; space. Other definitions are possible but they may destroy
the invariance of the vectors.

Let us suppose that a zero order s-structure is equal to a tensor space over
which it is constructed:
S =T

Following this equivalence, one could consider an s-space is a super structure
over s-space of zero order.

An s-structure of order k is a generalization of a first order s-structure.
It would be convenient to define the space TSZ” and the related operations.
Elements of this space, are considered as generalized vectors. They are
underlined by a single wave and will be called v-elements or v-tensors, since
these “vectors” are defined over a tensor space. However, since the nature of
these elements can be different, depending on the order I of the tensor space
over which they are constructed, it would be more convenient to distinguish
three types of v-tensors (see below). All the newly introduced operations will
be similar to vector operations.
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e V-scalars

V-scalars are elements of a linear space TSS = Tl"’ln ; note that the dimension
of the internal space 7, as will be shown later, makes sense and has to
be retained. V-scalars and all s-structures are defined through a basis
in s-space of dimension m. The sub-space or tensor space basis (of
dimension 1) should not be mixed up with the basis in the s-space.
Invariance of such s-elements will be discussed later. As the invariance
of s-structures is not always ensured, we put a tilde over the notation
of this vector space TI"T. So it is better to consider these structures as
ordered set of scalars or simply as a matrix 1 X m. But contrary to matrix
algebra the operation of transposition will not be introduced?. If needed,
the dimension m will be mentioned as the left top index "b. Even if
m = n, i.e. vectors and v-scalars are both defined in an n dimensional
space, they remain elements of different spaces a € T, b € T} and
no invariant operations can be defined between them. In such a case
they are considered as vectors of completely different reference frames
(see the difference between reference frame and coordinate system in
Section A.1). Physically we would say that v-scalars and vectors are
elements of physical spaces associated with different observers. These
spaces are different, see illustration A.1. However, it does not make
sense if there is no connection between those two spaces, further we will
consider interdependent spaces. Some examples of v-scalar:

o
X b

b

Figure A.1: A physical space for an observer A and two reference frames
(two other observers) - blue and red corresponding to space T; and to two
dimensional m = 2 v-scalar space %Sg respectively. Corresponding vector and
v-scalar are represented both in the physical space, as observer A can they see,
and in their frames of reference on the right.

- a vector of dimension m, b, invariant for any choice of the s-space

*Transposition of v-scalars will appear in reduced form of s-structures, which can be
employed as apparatus of a limited use. The aim is to avoid cumbersome two-level operations
appearing in consistent description of s-structures as well as to represent not invariant structures.
See Section A.7.
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basis;

— a set of vector coordinates a in any basis of dimension m; in this
sense, the dimension of s-space should be limited to m < n; here this
v-scalar is invariant respectively to the change of the s-space basis,
but covariant or contravariant respectively to the n space basis;

- values of shape functions for 3D finite element as function of local
coordinate 3 a, which is a set of three coordinates: ¢ (°a), here m is

equal to the number of shape functions.

e V-vectors
V-vectors are elements of a linear space '1"5;11 = "J~F’1” seen as ordered sets
of invariant vectors. V-vectors are vectors of dimension m. In the given
basis in s-space, components of such vectors are vectors. As this structure
is invariant with respect to the vector space it cannot be invariant with
respect to the s-space. Some examples of v-vectors:

- a set of vectors of covariant basis "¢’ is a v-vector of dimension n
over vector space 1;

- a set of vectors of contravariant sub-basis & is a v-vector of

~

dimension m over the vector space n;
- a set of node vectors of a 3D finite element "7, where m is number

of element, each vector r is a three dimensional vector r € T;.

e V-tensors
They are a generalization of v-scalars and v-vectors for higher order
tensor ranks. Further elements of linear space A € '1”51" will be called

v-tensors of order I. By “v-tensors” we will simply understand v-tensors

of order 2, B € ;IS;.

The generalization of v-structures are t-structures (“t” for tensor). A t-
structure of order k is defined as the tensor product of k v-spaces. Here we
confine ourself to second order t-structures k = 2

2% =15 ® 13
In this sense, this s-space is a generalization of the tensor concept in a space of
tensors, consequently all operations to be introduced will be similar to tensor
operations. By analogy with tensor theory notations, elements of such s-spaces
will be underlined by two waves. We will distinguish
e T-scalars elements of space ;"Sg

n

o T-vectors elements of space ;Sl

e T-tensors elements of space ZSZ"

Now we need to determine internal operations in all s-spaces and external
operations connecting all s-spaces.
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A.6.2 Simple operations
V-scalars

The most simple elements of s-spaces are v-scalars. All operations are similar
to ordinary vector. Let a, b, ¢ € T} and «, € R. A typical list is:

Internal operations of type T/ x T?" — T%, T/ x R — T

(a+p)a =aa +pa; (0(+[5)ai :(m"+ﬁaf

Fora=0,=1,(0+1)a =0a + a = a,sozeroelement0 =0 =0a

External operations of type T x T"" — R

e Scalar or dot product on s-space will be called s-dot product a o b =

boa=a; a,-gl'o gjb/:a'bfélj. =a'b=a

~

=0; al-gV e bl =a'b; =

e Orthogonal v-scalars a o b = b o e

0§

e NormVa df[al|>0:[la][=0¢ a =0,
llall= (Jaoa=>=0, Ya+b=c:llall+lbll=llcll
. . a
e Unit v-scalar: if [|a]| # 0 = 3'4 = Tal

External 0perati~ons of type T} x T} — T7".
Let C,D eTY}

e Stensorproduct a Rb=C#D=b®a se'Reb/#bje/Ren

A,

V-vectors

man

All internal operations are formally similar to v-scalars. Let a,b,c € |5,

e f, g eTl"Tanda,ﬁe]R
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Internal operations of type |5, X |5, =5, and |5, xR — |5,

ec=a+b=b+a =a"+0b" ="+ 4", all indices are put in
brackets as vectors are invariant in vector space T”; but in s-space they
are either covariant or contravariant coordinates of points in space ’;S;,
so the position of the index tells it, here, for example, that these vectors

are considered to be contravariant coordinates of v-vector in s-space.

[ ]
=
+
S
+
N
Il
U
+
S
+
U
BN
+
IS
+
o
I
SN
+
S
+
1o

o aa=aa=b; aa®=ala=p?

(@+Pa=aa+pa; (a+pa?=aa?+pal)

Fora=0,=1,(0+1)

UK

=0a+a = a, so zero element 0 = 0 = Oa

A.6.3 Invariant s-structures
Invariant v-scalars

To make the s-structure language consistent, we need to prove that s-structures
do not depend upon the change of basis. For v-scalars it is trivial, they are
invariant by definition, as vectors. Let us derive the operations which allow to
determine coordinates of a v-scalar in all bases.

Statement: the v-scalar a does not depend on the change of basis. Let us
introduce a basis of m v-scalars e;, such that all these v-scalars are linearly
independent, i.e.

ed=0 & a'=0
Then we construct a dual basis e 3 following the standard scheme

eioel =0

So now we can write a v-scalar a in these two bases
a=dgi=ag (A5)
Then the s-dot product with e; of the last equality gives:
deioej=aie'og;
By definition of the dual basis e’ o e ; = 6;'. and we get
a'[Sij] = a;,

where [S;;] = e; o e is the fundamental metric matrix. The same operations
are performed with the dual basis: we evaluate the s-dot product of (A.5) with
vectors of the dual basis and get
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If e; are linearly independent, then det[S"/] # 0 and
(57115l =

Following the process used for vectors, the pushforward and pullback
transformation of coordinates can be derived. Introducing a new basis e and

. . e
its dual basis e’ :

_ _ i
a=agr=dag;

The dot product of this expression with the new dual basis vectors gives
al’ = aigjl °oej,
where ,
el oei=[P]
is the pushforward transformation matrix. In the same way
a=ae’ =ae = ap=sejoe
epoe =Pl
is the pullback transformation matrix. Finally

e/ =[P/le’ ey =IP;le;

o = [pl] la ay = [P}]ai

and § §
[PS1P,] =0,

V-vectors

The next question is: are v-vectors invariant or not? Yes and no, they are
invariant in a certain sense, precisely each component of a v-vector is invariant
with respect to the vector space, by definition of a vector, at the same time
the set of these vectors is invariant in s-space. But a v-vector is not invariant
respectively to both spaces simultaneously. Further we will call an element of a
s-structure invariant if its components are invariant in tensor space (i.e. follow
the transormation rules) and if the whole structure is invariant in the s-space,
i.e. it follows the transformation rules defined in the s-space.
Let a v-vector a be invariant in s-space, then

U

= Z(i)gi = Z(i)ﬁj?
from this expression and the previous paragraph it follows:
a =[5"]a [Sjila?

= [P} ]a

I

S A6
) = [P/ 1a® (A.6)

Ay Q)"

As expected, vectors al”) change in vector space with a changing basis in s-space.
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Remark on induced metric and local basis

To describe a surface in a three dimensional space, we use the induced metric
t-scalar A and another t-scalar H. These structures are defined as follows

8p 8p 823

~

None of these structures are invariant in the aforementioned sense, because

ap
the components of v-vector é determining the local basis do not follow the

rule

The latter statement is true only if A = S/, which is not the case in general.
That is why the whole developed theory of invariant s-structures remains for
the moment a “thing-in-itself” and is applicable for considering problems only
if the basis in s-space is fixed which is the case for the parent space in the Finite
Element Method formalism. However, the range of possible application is not
limited by the considered situation.

A.6.4 Scalar products of V-vectors
Scalar product of v-vector and vector

The first product operation which will be introduced is the scalar product
between a v-vector and a vector. This operation associates one v-scalar to each
pair of a v-vector and a vector

m_n

15 X T} — S

Let ¢ € 1SO,u € 1Sl,b € T1n then:

g:

UK

Q:Q

UK

This operation is easy to introduce:
cei=a" b=l a"e;

Let us demonstrate that the resulting s-scalar is bi-invariant, i.e. it does not
depend on the choice of the basis, neither in vector space nor in s-space. Since
vectors a) and b do not depend on the choice of the basis in the vector space,
it remains to show that:

dei=(a"-bei=(a; be’
According to (A.6), the latter equalities can be transformed into:

([Sl]]u(]) b)[sik]gk = (ﬂ(k) 'Q)gk,

since [S7][Si] = 6£, the bi-invariance of such a v-scalar ¢ has been
demonstrated.
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Scalar product of v-vector and v-scalar

By analogy we define the scalar product operation between a v-vector and a
v-scalar. For each such pair, this operation associates one vector:

m_n

15 x5 —>T

Let a € 151' b e 180,0 € T1n, then

K}
Il
UK
o
ion
Il
ion
o
U

In component form:

ces=a(eiob)=a’(boe))

~

To show that ¢ is bi-invariant with respect to a basis change in s-space and
vector space, it remains to show that

cei=a¥eiob) = Z(i)(gi °b)

~

By analogy with the previous paragraph, according to (A.6), the last equalities
can be transformed into:

[S71a;)([Sule* o b) = ay(ef o b)
since [S7][Si] = 6]];, the bi-invariance of this vector ¢ is demonstrated.

Double scalar product

Let us show that there is a scalar product operation such that for each pair of
v-vector it associates a unique real number. This operation will be called full
scalar product or double scalar product:

m._n m._n

151 %15 > R
The requirement of obtaining a unique scalar implies that such an operation
does not depend on basis change both in vector space and s-space. Let a,b €

151' a € R for any value of m and n

ZI&

b>=ab=a

This operation can be introduced as follows:

= 40 . =g . j
a=a’-b,=a"-b (%
which is equal to

a=a"b;eioe =[a"°[b el
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Let us demonstrate that the SS-product, introduced in such a way, is bi-
invariant. For this purpose, let us write the v-vector in the s-space basis

UK

:Z(i)ﬁi :ﬂ(i)gi b:Q(j)Ei :Q(]‘)Ei

~

Due to the invariance in the s-space, it is necessary and sufficient that:

aV¢;°bVej=a";%b; e/ =a,e bV ej=aje b e/

Carrying e; 0 ¢; = [5;j] and gi ) gj = [S] we get

Z(i) -Q(j)[Sij] = Z(i) 'Q(i) =a; .Q(i) =a; -Q(].)[Sif].

According to (A.6) and the symmetry of the fundamental metric matrices:

(511510 - by, = a9 - b, = [S;115%1a" - by, = [SullT1a® - by,

Since [Sij][Sjk] = 6;‘ and [SY] = [§/], the equality is proven. So the SS-product
is a bi-invariant operation.

Scalar product or dot product

Let us introduce another important bi-invariant operation which to each pair
of ordered v-vectors associates a unique t-scalar. T-scalars being invariant by
definition in s-space, let us introduce the operation where the resulting t-scalar
is invariant to the change of basis in vector space:

m_n m_n m_n

{15 %48 =55,

mn mn
Let g,g € 181, g € 250

[a,b] =

It is worth mentioning that n and m can take any value and that the resulting
t-scalar may be not symmetric

UK
U
@)

+

UK
U
U
UK

This operation can be introduced in the following way:
=Cte; = (a® . . F=(a®e.).-(pDe .
C=Ciemel=(a"bj)eime/=(a%;) (7))
The following condition is requested to ensure the invariance of t-scalar C:
Cieime/=Cleime;=Cie'me/ =Cle'me),

which, according to the relations between the basis and the dual basis, is equal
to:

Ci*j?,i Re =Cle;m Sk[s]’k] = Cz‘j[Sik]gk Rel= C;][Sik]gk = gl[Sﬂ]
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which, in turn, is equivalent to:
Cly = C¥[Sk] = Cy[S"] = CLLISM ISy 1, (A7)

where the coefficients C are different scalar products of v-vector components.
By definition, they are determined as follows:

C* =g . p ck = 40 . p®
*] —_ iy —_

=

a d_ a0
Chj = ag by C=2a4kb

which according to (A.6) can be rewritten as

C=a®-b

ik _ | k
9 c" = ﬂ(l) : Q(m)[s "

Cij = [Sknla™ b, Cpl = [Sula™ - by, [S™]

Substituting of these expressions in (A.7) gives
a¥ b = a® b, [S"[Sk] = [Seula™ - b [S] = [Semla™ - by, [S™SI[S)]

These three equalities are true as [Skm][Skj] = 6;71, so the bi-invariance of this

scalar product has been proven. This operation associates only one t-scalar
with each ordered pair of v-vectors. This t-scalar is invariant in the s-space.

S-Scalar product or s-dot product

By analogy, another bi-variant scalar operation associates a unique tensor for
each ordered pair of v-vectors:

m_n m_n m_n

{o} © 15 X5 = o3,

n

Leta,be S, C €,5

250
{a,b}=aob=

ey

It is defined in the following way:
ao k = ﬂ(i)gi o h(])gj — Z(Z) ®Q(j)£i oej
As previously made this operation is introduced for any 7, m and in general:

ao

U

#bo

UK

Again, it can be shown that this operation is bi-invariant and the resulting
tensor is invariant in tensor space.
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A.6.5 Inverse v-vector

A v-vector B € Z’S; v-vector will be called inverse of a v-vector A € ;"S;

respectively to the s-space, if the following conditions are fulfilled

___Iemsﬂ

~ o~

According to its definition, a unit t-scalar in any basis can be presented as
I =¢;®e’. Then

Zrb
(D
Il
0 D>
2 U:t
Il
D>

B e] [A B()]e |Z|e

In order to fulfill this equality we should require that

40)-@(].):5; e 40)-13._11_] AY.B B, =0,i#]

if AD = A(.i)ej and B, = Bj ~e; the previous condition implies that
A7 =4yeand 3 = Bej

A0
Bo=—__ B =0=> (A.8)
(O] (i)\2’ (@)
(47)
A(i) A0
0. gl = AD(pi —1. AD.Bk = ADpi . kK _
A7 By = A o) =1 A7 By =P e =0
A ) (Ak)

So the reasonable requirement for the inverse v-vector existence for A is
Agf') #0. (A.9)

The inverse on the s-space v-vector to the v-vector A will be denoted by A",

where the small index s recalls that this is an inverse in the s-space. It can be
shown that if A" is the inverse of a v-vector A on s-space, then A™!" is the

inversed v-vector on tensor space and vice versa:

A-AT=1 & AocAV=1

~ o~

Let us split the second equality:
AcA™ =AY eo(e/IAT") ) = (A" eo(e AT hen) = (A eiolA™ ) e/)é'@en,
to get a unit tensor we should require the following:

(AP eio AT &) = 8,
which is equivalent to:

(Al eiofa™ e =1 (A eiclA™ ) e =0m =k
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AT =1 AP =0

which according to (A.8) is for k = m

40 4®
AIE’) 52:0+««-+0+A]((k) k2+0+ +0=1;
(A(l)) (A(k))
k k
and for k # m
=0; m#i #0
+0 N =0; m#i N
) A(i) — A(k) — A(m)
]((l)—"”2:0+---+0+ AI((k) — I((m>L2 +0=0
(A(l)) (A(k)) (A(m))
m m m

Thus it is demonstrated that the inverse v-vector on s-space is the inverse
on tensor space. Since all transitions are sufficient and necessary, the inverse
statement is also true. From now on, we will note 4_1 all inverse v-vectors; if

such a v-vector exists, the following statements are true:

AoA™ =1, A-A"=1

~ o~

|1~

|1~
.4

Since I = 1T and

o

U
U

_1=A_104 o 4

U

=414

~

A.6.6 Isomorphism of s-space and tensor space

If the dimensions of the s-space and the tensor space are equivalent n = m, then
they are isomorphic, i.e. for each element of the s-space of dimension n and
order k there is only one element of the k-th order tensor space of dimension n
and vice versa. All structures and operations are also preserved. Isomorphism

. n~n .
between vectors and v-scalars is ensured by v-vector A € |$,, which can be

considered as bijective linear function:
é:ZSg—fJF;’ and é:TT_)ZSg
Not all v-vectors can establish an isomorphism. A should be defined such that
if KerA =S, then ImA = T,

if KerA = T, thenImA = ;Sg,

It means that 7 linear independent vectors (or v-scalars) are transformed into
n linear independent v-scalars (or vectors).

Theorem. Ifé € ';S; andé =A;e !, where A ; aren linearly independent vectors

and e’ are n linearly independent v-scalars, then A is a bijection from the v-scalar
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(vector) space to the vector (v-scalar space) space and the unique inverse bijection B

from the vector (v-scalar space) space to the v-scalar (vector space) space exists, such
that B = A~1.
Proof. Let
Vx eS8, x =x'e;, V' #0,

where the v-scalars e; are linearly independent, then A is a bijection

n_n

A5 — Ty,
if and only if
yeT, y=ye ) #0,

where ¢, are linearly independent vectors. The bijection A is as follows
y=Aox & ye=A4pclore; o Ja=A4,0"

if y* = 0, then
Agyx =0
since all x* are non-zero by default, then vectors 4(k) are linearly dependent,
which contradicts the condition of theorem, so yk # 0 and A is a bijection from
'S! to T )
Let an inverse bijection B exists such that

L gt n
g Y
then it transforms elements:
x'=B-y
Substituting y as image of x gives:

’

X' = °X),

U
U

to get X’ = x, we require that B- A = I, and by definition B = A™!. The

theorem is proven.

Unit v-vector

At first glance it seems to be meaningfull to introduce a special kind of bijective
function — a unit v-vector I — which is its own inverse. The first form for this
v-vector which crosses on mind can be defined only if n = m in the following

way

(eie'+e'ei), (A.10)
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where e;, e; are vectors and v-scalars of bases and ¢/, e’ are vectors and v-

scalars of dual bases in vector space and s-space respectively. Then we require
men

that for any vector a € T} and v-scalar g €5

a=loa a=

I~

ca  I=I"

Let us proof, that I defined like in (A.10) is its own inverse:

I1=1
_1 i i j ] —
I-I=7(eig'+eei) (gje/+elej)=
—l(ee eiel +eie e’e'+eie--e-e7'+eie--eje-)—
_4 X ] = ! = x] =Xt I =Xt =ZX])™
1 4 ‘
:Z([Ajk][sfm]gi-gkgllzg +6]e Re; +6e Rej+[A ][S,m] gg |Z|g]-)

If [A%][S;] = 5; and [S*][A4j] = 5; then

I-1= e

1 . . y 1 .

1 (SilIS™ e’ ® em +[STNSimle" m e} )+ I (6]+6)e'me;
But since [AY] and [S¥] are independent metric matrices in different spaces
there is no connection between them, so the unit v-vector can be defined in
spaces with equal metric in each point. Under this condition the following
statement is true

U~
Z|~

al=1.

»-lle

For arbitrary tensor space and s-space, the question of the unit v-vector remains
open.

Isomorphism between sub-spaces of s-space and tensor space

A more interesting case arises when the tensor space and the s-space are
of different dimensions, which is, by the way, the case considered in the
dissertation: the s-space, which relates to the surface, is two dimensional and
the tensor space is three dimensional.

Let us consider an isomorphism between a m dimensional s-space and a
sub-space of vector space of dimension T} c Tf, m < n. Then it exists a

v-vector S € TS; ensuring a bijective projection from one space into another:

m_n

. n
g e
and its inverse S~! € ’;S; ensuring the inverse projection:
m_n

ST -,

363



A.6 S-structures

such that:
s-s!

=1
Let us consider a sub-basis ey € T}" € T}
y’ in this subspace:

1 allowing us to express any vector

y/ — yi er
then there exists an isomorphism with a bijection function § such that for any
x €5,

y =Scox

If such a bijection exists, then the inverse also exists, such that:

X = g—l . z/
and:

Sos=1
but obviously:

S-st#1

A.6.7 Tensor product of v-vectors

The tensor product of two v-vectors or double tensor product (by analogy
with double scalar product) implies that the tensor product is evaluated both
between v-scalars and vectors. This product associates a t-tensor for each
ordered pair of v-vectors:

{81115 X415, =59,

Let 4, g €.5; and Ce ,3, then:

US

X
®

U
(@

This operation can be introduced as:

a8b=a";5bVe; = a" @bVe;me; = C

~

&l

To demonstrate that the resulting t-tensor is invariant in s-space, it is sufficient
and necessary to show that:

which according to (A.6) rewrites:
ﬂ(i) ® Q(j)gi Rej = [Sik]ﬂ(k) ®Q(j)€l = gj[Sil] _

O ; o (A.12)
=[Sikla”’ ® b e; ®e[S"] = [Sikl[Siilay, ® bep ® eg[ST[SM]

since [Si][SF] = 65, the invariance of the double tensor product is
demonstrated.
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A.7 Reduced form of s-structures

In Chapter 2 we make use of the reduced form of s-structures. The reduced
form of s-structure presents a matrix filled with scalars, vectors, tensors. To
define operations between matrices the transposition operation has to be
introduced. If the matrix is filled with tensors of second and higher order
two transposition operations should be distinguished. Since the matrix is a
two index construction, the use of the reduced form of s-structures is limited to
second order structures. So formally this form is of limited use, see Remark 2.5.
Here the main rules and forms of reduced s-structures are given.

For two v-vectors a,b € ;"Srll, two matrices of vectors [a]ixm), [Dljixm) are

defined then two scalar products are defined as (here and further the ~ symbol
means the equivalence between different representations

a=a’b| ~

UK

a:[a]T,[Q] ~ a:ﬂ(i)'b(i),i:1,m

~

A =

~
~

UK

Eb ~

[é]:[g][g]T ~ Aij:ﬂi'bj/ i,j:l,m

Note that an orthonormal basis in s-space is required. Remark also that

] (o1 = |81 17|

For example, t-scalar, v-tensor and t-tensor,
m_n m_n m_n
Dey5, Ce.5, E€,5

for which the following matrices are defined

~
~

[D limxmy [Clasimy, — [Elgnsanys

~
~

then the products with a v-vector can be presented in a reduced form as follows

[d=[al'[D] ~ d'=aDi ij=1m

[d=[DI"lal ~ d&=Did’ ij=1m
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] =[al" - [E] ~

[d=[E)[al ~ d=E"a

For A,B,C ¢ ;Sg the s-dot product in the reduced representation is

~

defined as follows

~

o

Q>
Il
R
@

[A]=[BIIC] ~ AY=pB*cY

For D, E € ;"S'll, the double dot product is defined as

o

é:

I~
RO
2

[Al=[BI-[C] ~ A=B* CY

Q|

And so on for other combinations, for example,
Ce LS5

~
~

m_n m_n o _
A8, BesS, A°B-=

Formally, the operations like the following are forbidden:

lal Bl lal-[Bl, [B]-[a]"

~ ~ ~
~ ~

but contrary to this restriction, we use such operations carrying in mind
that there exist higher order s-structures behind these matrix notations, see

Remark 2.5.
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Mécanique numérique du contact :
géomeétrie, détection et techniques de résolution

Résume : Le but de ce travail était de fournir un cadre cohérent pour le traitement des problémes
de contact en utilisant une discrétisation de type nceud a segment. Trois aspects principaux de la
mécanique numérique du contact ont été particulierement considérés : la description de la géométrie,
le probléme de détection de contact et les techniques de résolution. Le manuscrit contient cependant
une présentation compléte de la mécanique du contact et des algorithmes numériques qui lui sont
attachés. Un nouveau formalisme mathématique — les s-structures — est employé dans I'ensemble
de la thése. Il fournit un cadre de formulation intrinseque qui permet d’exprimer de fagon compacte
un grand nombre de problémes de mécanique et de physique. La these propose plusieurs idées
originales et des extensions des techniques classiques, qui ont toutes été mises en ceuvre dans
le code de calcul par éléments finis ZéBuLoN (Z-set). Plusieurs études de cas, présentées dans la
thése, viennent démontrer les performances et la robustesse des méthodes numériques utilisées pour
la détection et la résolution.

Mots clés : mécanique numérique du contact, méthode des éléments finis, technique de détec-
tion, parallélisation, géométrie précise du contact, méthode du Lagrangien augmenté, méthode de
pénalisation, discrétisation nceud-a-segment.

Computational contact mechanics:
geometry, detection and numerical techniques

Abstract: The goal of this work is to derive a consistent framework for the treatment of contact
problems within the Finite Element Method using the Node-to-Segment discretization. Three main
components of the computational contact have been considered: geometry, detection and resolu-
tion techniques. For the sake of completeness, the mechanical aspects of contact as well as nu-
merous numerical algorithms and methods have been discussed. A new mathematical formalism
called “s-structures” has been employed through the entire dissertation. It results in a comprehensive
coordinate-free notations and provides an elegant apparatus, available for other mechanical and phys-
ical applications. Several original ideas and extensions of standard techniques have been proposed
and implemented in the finite element software ZéBuLoN (Z-set). Numerical case studies, presented
in the dissertation, demonstrate the performance and robustness of the employed detection and reso-
lution schemes.

Keywords: computational contact mechanics, finite element method, detection techniques, paral-
lelization, geometrically precise theory of contact, augmented Lagrangian method, penalty method,
node-to-segment discretization.
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