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Abstract

In this thesis, we introduce a new finite element method to discretize the equations of elasticity.
It is analyzed thoroughly both in the infinite-dimensional and in the discrete setting, where
finite element schemes of arbitrary order are presented. As the main result of this work, we
prove that the new method is locking-free with respect to volume and shear locking, i.e that
it is applicable for both nearly incompressible materials and the discretization of the thin
structures using flat elements.

To date, several well-known methods for the discretization and subsequent solution of
the equations of elasticity have been introduced: the primal method using continuous finite
element functions for the displacement, the mixed method due to Hellinger and Reissner,
where the stress tensor is considered as a separate unknown, and mixed methods with weak
symmetry, where the symmetry of the stress tensor holds only in weak sense. However, each
of these methods has its drawbacks, which motivates the need for yet another formulation.
The primal method breaks down for both nearly incompressible materials and thin structures,
i.e. it suffers from volume and shear locking phenomena. Mixed methods can be shown to be
stable with respect to volume locking; however, the construction of finite elements can only
be done at high polynomial orders, and therefore high computational cost. Mixed methods
with weak symmetry are easier to construct, but the exact symmetry of the stress tensor is
lost.

The new method lies “in between” the primal method and the mixed Hellinger-Reissner
method. The vector-valued displacement function is chosen in the space H(curl), which
ensures continuity of the tangential component across interfaces. This choice implies to search
for the stresses in the newly introduced space H (div div) consisting of symmetric tensor valued
functions, whose divergence again allows for a distributional divergence lying in H~'. Tt is
shown that such tensor fields have their normal-normal component continuous. The resulting
mixed formulation is referred to as “Tangential-Displacement-Normal-Normal-Stress (TD-
NNS) formulation”. Its stability in the infinite-dimensional setting is analyzed.

To discretize the TD-NNS formulation, a stable pair of finite elements is introduced. For
the displacement space, Nédélec elements as standard choice for an H (curl) conforming dis-
cretization are used. For the stress space, a new family of symmetric tensor-valued finite
elements of arbitrary order is constructed. Stability and approximation properties of the
resulting finite element method are provided, the method shows an optimal order of conver-
gence.

A major drawback of mixed methods is the indefiniteness of the resulting system matrix.
In order to obtain a positive definite matrix, we apply hybridization. The normal-normal
continuity of the stresses is torn, and re-enforced by Lagrangian multipliers resembling the
normal displacement on interfaces. After a static condensation of the stresses on the element
level, one is left with a positive definite matrix. In this setup, stability with respect to volume
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locking is provided. An additive Schwarz block preconditioner is shown to be an optimal
choice, also in case of nearly incompressible materials.

Finally, the TD-NNS method is used on thin structures, where flat prismatic elements are
used. Stability and error estimates which are independent of the aspect ratio of the elements
are derived. All results are confirmed by computational examples.



Zusammenfassung

Diese Dissertation widmet sich der Entwicklung einer neuen Finite-Elemente-Methode zur
Diskretisierung der Gleichungen der Elastizitétstheorie. Es werden sowohl die unendlich-
dimensionale Formulierung, als auch die darauf basierende Finite-Elemente-Methode griindlich
analysiert. Zur Diskretisierung werden Finite-Elemente-Basen beliebiger Ordnung bereit-
gestellt. Unser Hauptaugenmerk liegt darauf zu zeigen, dass die Methode nicht von sogenan-
nten “Locking”-Phénomenen betroffen ist, die im Zusammenhang mit fast inkompressiblen
Materialien (“volume locking”) oder flachen Elementen zur Diskretisierung von diinnen Struk-
turen (“shear locking”) auftreten. Solche Phénomene sind fiir den Verlust von Stabilitat und
Approximationsgiite verantwortlich.

Es sind mehrere verschiedene Varianten zur Diskretisierung und darauffolgenden Auflésung
der Gleichungen der Elastizitdtstheorie bekannt: die primale Methode, in der stetige Finite-
Elemente-Funktionen fiir die Verschiebungen verwendet werden, die gemischte Methode von
Hellinger und Reissner, wo der Spannungstensor als zuséatzliche Unbekannte eingefiihrt wird,
und gemischte Methoden mit schwacher Symmetrie, wo die Symmetrie des Spannungsten-
sors im schwachen Sinn gefordert wird. Jede dieser Methoden hat jedoch ihre Nachteile, was
uns die Motivation fiir die Entwicklung einer neuen Formulierung liefert. Die primale Meth-
ode zeigt volume- und shear-locking, sie bricht im Fall von fast inkompressiblen Materialien
und flach strukturierten Gittern zusammen. Fiir gemischte Methoden lésst sich zeigen, dass
sie auch fir fast inkompressible Materialien stabil bleiben. Allerdings ist die Konstruktion
von Finite-Elemente-Basen technisch schwierig; Formfunktionen hoher polynomialer Ordnung
werden bendétigt, was den Aufwand stark vergrofiert. Gemischte Methoden mit schwacher
Symmetriebedingung sind einfacher zu konstruieren, allerdings ist die Symmetrie der berech-
neten Spannungen nicht mehr gegeben.

Die neue Methode liegt nun “zwischen” der primalen und der Hellinger-Reissner-Methode.
Der Verschiebungsvektor wird im Raum H (curl) gesucht, was die Tangentialstetigkeit der Ver-
schiebung liefert. Das impliziert, den Spannungstensor im neu eingefithrten Raum H (div div)
zu suchen, der tensorwertige Funktionen enthélt, deren Divergenzvektor wiederum eine Di-
vergenz besitzt, die in H ! liegt. Solche Tensorfelder sind durch eine stetige Normal-Normal-
Komponente gekennzeichnet. Wir nennen die sich ergebende gemischte Formulierung “Tangential-
Displacement-Normal-Normal-Stress (TD-NNS)-Formulierung”. Ihre Stabilitdt wird unter-
sucht.

Fiir die Diskretisierung der TD-NNS-Methode prasentieren wir ein stabiles Paar von
Finiten Elementen. Wir verwenden Nédélec-Elemente fiir die H (curl)-konforme Verschiebung,
und stellen eine Familie von symmetrischen, tensorwertigen Finiten Elementen fiir die Span-
nungen zur Verfiigung. Wir untersuchen Stabilitdt und Approximationseigenschaften der
Methode, die von optimaler Ordnung sind.

Fin grofler Nachteil von gemischten Methoden ist die Indefinitheit der Systemmatrix. Um
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die Positivitat der primalen Formulierung wiederherzustellen, verwenden wir Hybridisierung.
Die Normal-Normal-Stetigkeit des Spannungtensors iiber Elementgrenzen wird dabei verletzt,
und durch Lagrangemultiplikatoren wiederhergestellt. Diese Multiplikatoren entsprechen der
Normalverschiebung auf den Element-Flichen. Die Spannungen werden am Elementlevel
statisch kondensiert, das Schur-Komplement ist symmetrisch und positiv definit. Wir préasen-
tieren einen Additiv-Schwarz-Blockvorkonditionierer, der auch im Fall von fast inkompress-
iblen Materialien optimal ist.

Letztendlich wenden wir die TD-NNS-Methode auf diinne Strukturen an, die wir mit
flachen Tensorproduktelementen diskretisieren. Stabilitdt und Fehlerabschatzungen kénnen
unabhéngig vom Verhaltnis der Diskretisierungsfeinheiten in Dicken- und Horizonalrichtung
gezeigt werden.
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Chapter 1

Introduction

1.1 State of the art

Today, the need for computational simulations of mechanical problems arises in many different
fields, such as engineering sciences, medicine, or industry. In general, one wants to calculate
the deformation of a body under certain loads and the corresponding stress fields. Widely
known examples are virtual car crash tests, the simulation of stresses arising in mechanical
constructions, but also the optimal design of artificial joints. Often, the problems are not of
purely mechanical nature, but coupled, such as the simulation of power transformers, where
the arising forces stem from the unknown electromagnetic field.

Mechanical problems can be modeled using partial differential equations (PDEs). The full
set of equations for the time-dependent problem consists of certain conservation equations,
such as the conservation of mass and momentum, and additional material laws, which have
to be chosen for the specific type of solid under consideration. The whole system of PDEs
is non-linear, both due to the non-linear nature of the fundamental equations of continuum
mechanics, and possibly also to due non-linear material laws. However, in theory as well as in
applications, it is necessary to have a good understanding of the underlying linear problem.
Linearization of the equations is possible under the assumption of small deformations; one
of the simplest material laws is Hooke’s law, which states a linear dependence between stress
and deformation.

Different formulations of the problem of linear elasticity have been derived in the past.
Starting from the conservation equations, which are posed in integral sense, it is possible to
show equivalence to the classical formulation, which consists of partial differential equations,
and is well-defined for differentiable stresses and displacements. A very common formulation is
the primal variational formulation, or pure displacement formulation, where the displacements
are sought in the Sobolev space H! of weakly differentiable functions. The stress tensor is
eliminated in this formulation, as it can be expressed in terms of the displacement. One
obtains a symmetric, coercive problem, for which existence and uniqueness of a solution can
be guaranteed. However, this formulation has its drawbacks: in particular, one may expect
stability problems in case of nearly incompressible materials. This is due to the fact that
the compliance tensor, which links stress and strain, becomes singular in the incompressible
limit. The inverse of this tensor acts as a coefficient in the pure displacement formulation,
which deteriorates with growing incompressibility of the material. In the incompressible
limit, the inverse does not exist, hence the stress tensor cannot be expressed in terms of the
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displacement. It is not possible to pose the pure displacement formulation in this case.

A possible remedy to stability problems are mized variational formulations, where the
stresses are considered as separate unknowns. Here, the compliance tensor itself acts as
coefficient. In the framework of mixed problems, it was shown in [ADG84] that then stability
estimates do not deteriorate for nearly incompressible materials, the formulation can also be
used in the incompressible limit. Due to the singularity of the compliance tensor, compatibility
conditions have to be satisfied for certain types of boundary conditions.

The results on existence and uniqueness of solutions in the different formulations as well
as the corresponding stability estimates can then be used in more complicated setups. The
analysis of the linear case provides the necessary background for both geometrically nonlinear
problems, where large deformations are concerned, and non-linear material laws.

Usually, it is not possible to solve the partial differential equations arising from mechanical
problems analytically. Therefore, one aims at finding approximate solutions, which solve a
discrete system stemming from the infinite-dimensional one. A well known and widely used
technique for the discretization of PDEs is the finite element method (FEM). This method
is based on the variational formulation of the corresponding PDE. Its main advantage is
probably the fact that it is applicable to a huge class of problems, be they linear or non-linear,
with varying coefficients, on complex domains with different types of boundary conditions. It
has been used and analyzed in different fields, the best-known one the Poisson equation and
its variants. Important contributions were made within the context of electromagnetic field
problems or fluid mechanics. For an extensive introduction into the finite element method,
we refer to [Bra92, BS02].

The general idea of the finite element method is to project the variational formulation
posed in some infinite-dimensional space onto a discrete subspace, and solve the corresponding
finite-dimensional problem. There are different ideas how to choose these subspaces: probably,
the one most commonly used is to take piecewise linear functions on finer and finer meshes. As
the mesh size of such triangulations is usually denoted by h, this kind of method is referred to
as h-FEM. A different approach is to use piecewise polynomials of increasing order on some
prescribed mesh, which results in the p-FEM method (see [BSK81]). In case of analytical
solutions, this method results in exponential convergence of the solutions; however, when
singularities arise, the h-FEM is better suited to resolve them. The hp-FEM now couples
the two approaches, using high order elements, where the solution is smooth, and employing
mesh refinement towards singularities. These methods were introduced in [BSK81, BD81].
We refer to the monographs by [Sch98, KS99] for an introduction into hp-FEM, and to
[Dem07, DKP08], where also implementation and automatization of the hp method are
treated.

As the number of degrees of freedom in computations is usually large, it is not possible
to solve the resulting linear system of equations directly. Instead, iterative solvers such
as preconditioned conjugate gradient methods are used. Preconditioning is necessary, as the
condition of the system deteriorates with shrinking mesh-size and growing polynomial degree.
Symmetry and positive definiteness of the system matrix prove to be of advantage. Different
techniques have been developed, and optimal preconditioners for such problems have been
designed. When systems stemming from h-FEM discretization are concerned, we mention
multilevel and multigrid methods (see [Hac85, BPX90, Bra93, BZ00]), algebraic multigrid
methods (see [RS85, RS87]), and domain decomposition methods (see [DW90, TWO05]). In
context with high-order methods, mostly two-level preconditioners are used. There, one level
corresponds to the lowest-order problem, for which either a direct solver, or some optimal
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preconditioner is applied. For the high-order degrees of freedom, domain decomposition
methods induced by the triangulation are common. For details on and examples of such
preconditioners, we point the interested reader to [Man90, Sch98, Ain96a, Ain96b, SMPZ08].

There are now several possibilities to define finite element methods for elasticity, which
stem from the different variational formulations. Most straightforward is probably to start
from the pure displacement formulation and to use piecewise linear functions to approximate
the displacement. This approach corresponds to the h-version of the finite element method,
and has been analyzed thoroughly, see monographs such as [Bra92, BS02] for details. In
general settings, one obtains convergence of the approximate solution to the true one at
an optimal rate, as the mesh-size becomes smaller. Preconditioners, such as multigrid or
algebraic multigrid methods, have been designed to solve the resulting linear system in optimal
complexity, see e.g. [KM87, GOS03, Kra08|.

Also for the mixed formulation, finite element methods have been developed, as this
formulation shows better stability properties in case of nearly incompressible materials. These
methods are often summarized as Hellinger-Reissner methods, they go back to [Rei50]. It
proves surprisingly hard to construct a pair of finite elements for the displacement vector
and the symmetric stress tensor, which satisfies the stability conditions of Brezzi’s theory
[Bre74, BF91]. In [AW02] a pair of elements in two space dimensions was introduced, the
corresponding method in three space dimensions was first characterized in [AC05], a thorough
analysis and finite elements were provided in [AAWO08]. The construction of these elements
in a computational code is not simple, they are of high polynomial order, which implies
large costs even for the lowest-order scheme. These problems have been circumvented by yet
another mixed formulation, where the symmetry of the stress tensor is enforced only weakly
via Lagrangian multipliers. We refer to [Ste86, Ste88, ABD84, AFW07], where such methods
were constructed, not all of them conforming. Also the solution of the mixed problem is more
involved, we refer to [PWO06] for a multigrid method for the conforming mixed problem, which
uses the theory developed in [AFW97b, AFW98, AFWO00] for the mixed approximation of
the potential equation.

Known problems All of the methods mentioned above have their drawbacks, among them
locking phenomena such as volume and shear locking. Here, volume locking happens for
nearly incompressible materials, while shear locking is usually observed for slim elements.
Such elements are natural for the discretization of thin domains, such as plates or shells. In
both of these cases, the condition number of the linear system deteriorates, and the computed
solutions are of poor quality. We shortly summarize known results and remedies for these
problems

e Nearly incompressible materials. As one may expect from the analysis in the infinite-
dimensional setting, the primal finite element method breaks down, as the material tends
to the incompressible limit. Mixed methods are a remedy to this problem; however, we
saw that these methods, whether conforming or with weak symmetry, are much more
costly than the primal one. For linear elastic, isotropic materials, it is possible to reduce
the elasticity problem to a mixed formulation similar to the Stokes problem. Here, not
the full stress tensor, but only the scalar-valued pressure is introduced as a separate
unknown. This method is shown to be stable also in the incompressible limit. In
both cases, the analysis of solution algorithms for the resulting linear system requires
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additional effort. Apart from [PWO06]|, where multigrid for the full mixed problem is
discussed, we refer to [Sch99, Wie00] for suitable preconditioning techniques.

e Slim domains. A second difficulty in the discretization of mechanical problems is the
aspect ratio of the domain. The standard theory for convergence of the finite element
method relies on a shape-regular triangulation of the domain. This means, that the
shape of the elements must not deteriorate. When a slim domain, such as a plate or
shell, is concerned, the overall mesh size has to be of the order of the thickness of the
domain. This implies an enormous amount of elements necessary for discretization. A
natural idea is now, to use meshes consisting of flat, prismatic or hexahedral elements,
which are aligned with the domain. However, many standard methods fail on such a
mesh. This effect is known as shear locking. 1t is closely linked to the constant in Korn’s
inequality [Nit81, DL76], which deteriorates with the aspect ratio of the domain (here
element). In engineering sciences, plate and shell models have been developed to cir-
cumvent this problem. There, the system of PDEs on the three-dimensional domain is
reduced to a problem on the mid-surface of the structure. Well known are the Reissner-
Mindlin [Rei45, Min51] or the Kirchhhoff plate models [TW59]. For shells, the Koiter
model [Koi60] is often used. These approaches have been generalized under the notion
of hierarchical modeling. There, displacements and/or stresses are assumed to be poly-
nomial in normal direction to the mid-surface. Thereby, one obtains a family of models,
as one increases the polynomial order. This may be seen as a p-version of a related,
three-dimensional finite element method, and was introduced in [VB81]. We refer to
[DFY04] for an overview over different methods of discretization for plates and shells,
with an introduction into hierarchical models and asymptotic expansions. Analysis for
different approaches is given in [BL91, AAFM99, DBRO1]. A main difficulty related
to such methods is the fact, that one additionally obtains unknowns corresponding to
rotations or angles of deformation. Thus, coupling these methods to standard ones used
in non-degenerated parts of the domain is not straightforward. Also the solution of the
underlying system, when direct solvers are not applicable, is less developed than for
standard methods. We refer to [PRS90, Pei91, Bre96, AFW97a, SS06], where multigrid
methods for plates are analyzed.

1.2 On this work

In this thesis, we present a variational formulation of the elasticity problem, which allows us
to construct a finite element method which is stable with respect to volume and shear locking.
We propose to use a mixed formulation of the problem of elasticity, where the stresses and
displacements are considered as separate unknowns. For the displacement space, we use the
space H (curl), which is well known from the analysis and discretization of Maxwell’s equa-
tions. It can be shown that finite elements for this space must have a continuous tangential
component. Widely known as Nédélec elements or edge elements, they were first constructed
in [Néd80]. We refer to the monograph [Mon03] for an extensive introduction into the prop-
erties of H(curl) and conforming discretization techniques, and to [Dem07, DKP108] for the
treatment of the hp-version of Maxwell’s equations in two and three space dimensions.

The specific choice of H(curl) as displacement space implies a certain space to be used
for the stresses. It turns out to be the space of tensor-valued symmetric L? functions, whose
divergence vector has a divergence, that lies in H~'. We refer to this space as H(div div).
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Tensor fields in H (div div) have their normal-normal component continuous across interfaces.
We thus see that it is necessary to construct tensor-valued symmetric stress finite elements,
whose normal-normal component is continuous across element faces. We call the resulting
scheme the Tangential-Displacement-Normal-Normal-Stress (TD-NNS) method. We present
an analysis of this new problem formulation in both the infinite-dimensional and the discrete
setting. We verify the conditions of Brezzi’s theory. In the infinite-dimensional setting,
this directly implies stability with respect to nearly incompressible materials. To discretize
the displacement space H(curl), we use high-order Nédélec finite elements introduced in
[Néd80, Néd86]. We explicitly construct shape functions for the stress space of arbitrary
polynomial degree greater or equal to one, such that the corresponding finite element method
is stable. Using nodal Nédélec interpolation operators for the displacements, and newly
defined operators for the stress space, we are able to provide interpolation error estimates
with respect to the relevant norms. These estimates then ensure a-priori error bounds, which
are of optimal order with respect to mesh refinement.

The resulting discrete linear system is symmetric, but indefinite. We apply a hybridization
technique to gain back the positivity, which characterizes the pure displacement formulation
of elasticity. Hybridization is a method stemming from domain decomposition. There, the
inter-element continuity of the flux variable (which are the stresses in our case) is cut, and
re-imposed via Lagrangian multipliers living on the interfaces. These multipliers can be
seen as approximations to the primal variable. The flux field is then discontinuous, and
can be eliminated locally on each element. One ends up with a symmetric positive definite
(SPD) system in terms of the Lagrangian multiplier. Such a method was first introduced
in [dV65] as an implementation technique for the mixed formulation of Poisson’s problem.
These techniques were further developed in [AB85], where also an a-priori error bound for
the multiplier is given. More recently, hybridization of variable-order Raviart-Thomas and
Brezzi-Douglas-Marini elements has been analyzed in [CG04], error estimates can be found
in [CGO05¢].

In the setting of the TD-NNS method, we enforce normal-normal continuity of the stress
variable via a Lagrangian multiplier, which then corresponds to the normal displacement.
The stress degrees of freedom are local to only one element, and can be eliminated locally.
After this elimination, we obtain a SPD system in terms of the displacement quantities (i.e.
of the displacement and the Lagrangian multiplier) only. We propose an additive Schwarz
preconditioner to use in a preconditioned conjugate gradient method, and prove its spectral
equivalence to the SPD system. We show that the hybridized problem is well-suited for the
treatment of nearly incompressible materials. In that case, we propose to add a consistent,
local stabilization term. Then, the condition of the preconditioned system can be shown to
be independent as well of the mesh size, as of the material tending to the incompressible
limit. We provide error estimates for the displacement quantities, which are independent of
the Poisson ratio of the material, which tends to 1/2 for nearly incompressible materials.

A major task is the application of the TD-NNS method to anisotropic domains, such
as plates or shells. We propose to use flat quadrilateral or prismatic elements aligned with
the domain. Prismatic or quadrilateral, H(curl) conforming elements are well known, see
e.g. [Néd80, Néd86, Mon03, DKP108]. We explicitely construct finite element bases on for
corresponding stress finite elements. We provide stability and approximation estimates, which
are independent of the aspect ratio of the elements. This is possible, as we use a broken H!
norm for the displacements, which contains only the strain tensor, and not the full gradient of
the displacement. Also interpolation error estimates are provided with respect to the strain
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tensor only. This way, we are able to avoid the use of Korn’s inequality on the element.
Thus, it is possible to use flat elements of high order in the in-plane direction, which allows us
to save a considerable number of degrees of freedom compared to standard methods, where
a shape-regular mesh of overall mesh size similar to the thickness of the domain has to be
used. In comparison to standard plate or shell models, we retain more flexibility regarding the
polynomial order in our method, as also coupling to well-shaped parts of the computational
domain can easily be done.

The TD-NNS method, as described in this thesis, has been implemented in the finite
element open-source software package Netgen/NgSolve

http://www.hpfem. jku.at/.

The proposed stress elements are available of arbitrary order and for all types of elements
considered in this work. All computations have been done using this code.

This thesis is organized as follows.

In Chapter 2, the fundamental equations of continuum mechanics are presented. The ma-
terial law of linear elasticity (Hooke’s law) is stated, and the notion of (near) incompressibility
is introduced. Different kinds of boundary conditions to guarantee unique solvability of the
underlying boundary value problem are prescribed.

In Chapter 3, first a background concerning Sobolev spaces, their properties and trace
maps, is given. Then, variational formulations for the problem of mixed elasticity are de-
duced. Among them, well-known are the primal pure displacement, the Hellinger-Reissner,
and mixed-symmetry schemes. Last, we present the TD-NNS formulation, which is analyzed
subsequently.

Chapter 4 deals with finite element methods for elasticity. After a short summary on basic
notions concerning FEM for mixed problems, we state existing methods, before proceeding to
the development of finite elements for the TD-NNS method. A thorough analysis of stability
and a-priori error estimates follows.

Hybridization techniques are considered in Chapter 5. There, we deal with preconditioning
for the positive definite problem. Subsequently, the method is applied to nearly incompressible
materials, where independence of the degree of incompressibility can be shown.

Chapter 6 is devoted to the analysis of the TD-NNS method on anisotropic domains.
Tensor product elements of arbitrary order are constructed and analyzed. Error estimates
independently of the aspect ratio of the finite elements are given.

1.3 Notations

In this thesis, we use the following symbols and notations. Precise definitions of non-standard
items are given at the indicated pages. Let D € R?, d = 2,3 be a domain, A C 9D a part of
its boundary, v, w vector fields and o a tensor field of second order.

VW inner product of two vectors

V& w tensor product vw’ of two vectors
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Un, Ur

Mot (D)

CH(D), €¢*(D)

H(curl; D)
H(div; D)
P*(D), H*(D)

normal and tangential component of v on surface with normal n;
Up =V N, Uy =V — UpN

surface vector of a tensor field, o, = on

normal and tangential component of o,;
Onn = nLon, Opr = 0p — Tpnt

rotation in two dimensions (—ng,nq)?
the sets of symmetric and skew-symmetric matrices

absolute value of a scalar, Euclidean norm of a vector, and Frobenius
norm of a matrix-valued quantity

smallest and largest eigenvalue of a matrix

spectral norm of a matrix, |o]s; = Mnaz (0! o)

dual space of V'

adjoint operator of A;

polynomial space on the domain D of order at most k, page 51

subspace of P¥(D) satisfying zero boundary conditions on 0D, page 52
Kty kin

polynomial space of mixed order, Qg "z (D) = Pfll - - '®Pfg, page 113

space of k-times/infinitely often continuously differentiable functions on
D, page 11

subspaces of C¥(D) satisfying homogenous boundary conditions for the
function and its first k — 1 derivatives on 0D or the boundary part
A C 0D, respectively, page 19

subspace of C*°(D) of functions of compact support in the open domain
D, or D U A respectively, page 19

Sobolev space of order k, page 19

subspaces of H*(D) satisfying homogeneous boundary conditions for the
function and its first k — 1 derivatives on 0D, A respectively, page 19

Space allowing for a weak curl operator, page 19
Space allowing for a weak divergence operator, page 19

for a domain decomposition D are defined piecewise without continuity
assumptions, page 51

tensor product of spaces, page 10

similarity of a,b € R; there exist global constants c1,co > 0 such that
c1a < b < cqa, possible (in)dependencies of ¢, ¢o are pointed out
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Chapter 2

Elasticity

This chapter is devoted to the basic principles of continuum mechanics. We recall the theory
as provided in standard literature on elasticity, such as [MH94, Cia88, FAV79]. Starting from
some reference configuration of the body of interest, we first define the notions of deforma-
tion, displacement, velocity and acceleration. We further introduce the strain tensor, which
describes the change of length and angles in the body. Under the assumption of small defor-
mations, we identify reference and deformed configuration. It is then rectified to replace the
non-linear strain tensor by its linearization.

The balance of mass and momentum are the basic equations of kinematics. For the stress
tensor, the balance of angular momentum implies its symmetry. In the steady state case, the
conservation of mass and momentum reduce to the equilibrium equation, which relates the
divergence of the stress tensor with the given volume forces.

We further discuss material laws, which relate stress and strain, and thereby characterize
also the relation between stress and displacement. We restrict ourselves to the case of linear
elastic materials, which are governed by Hooke’s law. It states a linear dependence between
the stress and strain tensor. A homogenous, isotropic material is determined by two constants.
In the classical theory of mechanics, one mostly uses Young’s modulus and Poisson’s ratio.
We introduce the notion of nearly incompressible and incompressible materials in this case.

In Section 2.1, we introduce some standard vector, matrix and differential operators. In
Section 2.2, we provide the governing equations of continuum mechanics, and their lineariza-
tion. Section 2.3 contains material laws for elastic bodies, while in Section 2.4 the boundary
value problem of linear elasticity is stated.

2.1 Notations

In this thesis, we do not differ in our notation between scalar, vectorial and tensor-valued
quantities, and we identify matrices and tensors of second order. Let d € N be fixed, and let
v € R% be a d-dimensional vector. We refer to its i-th component as v;, and denote

o= (01, 00)7

A vector can also be seen as d x 1-matrix. For general di,ds € N, v € R%"*% i a tensor of
dimension d; x dz, with components v;;. A quadratic tensor v € R4 ig called symmetric,
iff it coincides with its transpose, v = 77, and skew-symmetric, iff v = —77. We refer to the

9
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respective real spaces as Rds% and RdS}dW. If the dimension is clear from the context, we

simply write Rgyps and Rggyy .
We use the dot for the inner product between vector fields v, w € R?, and the column for
the matrix inner product between v, § € R x4z

di  da

d
vew = UT?U:ZWUH, ’y:é::ZZ’yijdij.
i=1

i=1 j=1
In case of d = 3, we introduce the cross product
VW3 — WaV3

VX W= V3w — w3v1
1wz — W12

The tensor product ® shall denote the outer product between two vectors v € R4 w € R%
v w = vw! € Rxdz,

We use | - | to denote the absolute value of a scalar, as well as the Euclidean norm of
a vector, and the Frobenius norm of a tensor. For a domain or surface D, |D| shall be its
volume or area, respectively. The spectral norm | - |5 of a second order tensor is defined by

h/’s =\ )\max(’YT’Y)a

where A\jpqq(6) denotes the maximal eigenvalue of the matrix d.
Let now I be the identity matrix of dimension d. For a quadratic tensor v &
define the trace and deviator by

RdXd, we

tr(y) =~v:1, dev(y) :=~v — = tr(y)I.

Note that there holds tr(dev(y)) = 0.

Let now d,k € N be fixed, and 2 = (x1,...,24)7. We denote the set of polynomial
functions in = up to order k on R? by P¥(R?). For ky,...k; € N, the space Qlrha (R9) shall
be the polynomial space of mixed order,

Q- (RY) = PRL(R) @ -~ @ Prd(R).
There, the tensor product ® between spaces is defined by
VeW. .= span{vw[ veV,we W}

If clear from the context, the subscript = can also be omitted. By Pgw (RY) and PgKW(]Rd),
we abbreviate the spaces of tensor-valued, d x d-dimensional, symmetric and skew-symmetric
polynomials, respectively.

Let now D C R? be an open domain with smooth boundary. By P*(D), Q" *4(D),
PgW(D) and PgKW(D) we mean the respective spaces of polynomial functions restricted
to D. Next, we consider some smooth function w : D — R. Then the gradient operator
V.= (8%1, ce a%d)T applied to w yields

ow ow\7T
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For a vector-valued function v : D — R?, its gradient is a tensor, where each of its rows is
the gradient of the respective component of v,
T
Vi
Vv = :
T
Vv
In two dimensions, there exist two curl operators: the vector Curl mapping scalar to vector
fields, and the scalar curl operator acting vice versa,

ow Ow ) 81)1 81)2

- curlv i:= — — —
8332781’1

8332 8&31 '

In three space dimensions, there is only one curl operator, which maps vector fields to vector
fields

Curlw := <

curlv := Curlv :=V x 0.

The divergence of a vector-valued function ¢ is defined as

For a tensor-valued function 7 : D — R4 ¢ = 2,3, curl and divergence are defined row-wise
curl(m11, ..., T14) div(m11, -+ -, T14)
curl 7 := : ; divr := :
curl(741, -+, Tdd) div(7a1, -+ s Tdd)
They map to R>4d=1/2 and RY, respectively. Throughout this work, we denote

e C(D) the sets of continuous functions on D,

e CH(D), C>(D) the set of k times/infinitely often continuously differentiable functions
on D,

e CF(D) the subset of C*(D) with vanishing traces of the function and its first k — 1
derivatives on the boundary 9D,

e C5°(D) the set of functions in C*°(D) with compact support.

Given a non-overlapping domain-decomposition D := { Dy, ..., Dg} of D into sub-domains
D;, we define all above spaces also for this decomposition. There, we do not pose any assump-
tions on the continuity between the different domains, i.e. the spaces are defined piecewise.
For example P*(D) = {v: D — R | v|p, € P*(D;) fori=1,...,5}.

2.2 The equations of elasticity

In this section, we introduce the basics of continuum mechanics. Let @ € R%, d = 2,3 be a
domain in space, which is identified with the body of interest at some initial time. We call
the reference configuration. We provide a framework for the description of the motion of €2 in
time and space under given surface and volume forces. We always assume that € is open and
connected. So far, let the boundary of 2 be smooth, we will consider more general settings
later in this thesis.
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2.2.1 Kinematics

Kinematics is the mathematical description of the deformation and motion of a piece of
material, cf. [MH94]. Let Q C R? d = 2,3 be identified with this piece at time ¢y = 0. We
are then interested in its movement in the time interval [0,7]. We call a smooth mapping
d : Q — R a configuration or deformation of €, if it preserves orientations and is invertible,
ie. if
det(Vx®(X)) >0 for all X € Q.

A point X € Q is called material point, while some point z € R is called spatial point. We
will denote quantities related to the reference configuration by uppercase letters. For the
same quantity on the deformed configuration, the respective lowercase letter is then used, e.g.
the material point X matches the spatial point z = ®(X).

A time-dependent, continuous family of deformations (®(-,t)) is called motion. At time
t, any X € 2 is mapped to some spatial point x = ®(X,t). For such a point x = ®(X,t) we
define the

displacement U(X,t) :=o(X,t) — X, u(z,t) = U(X, 1),
velocity V(X,t) := %@(X, t), v(z,t) :=V(X,1),
2
acceleration A(X,t) = %@(X, t), a(x,t) = A(X, 1),

with respect to material and spatial coordinates.

We now introduce the notion of strain. Let Vx® be the gradient of ® with respect to
X, which is referred to as the deformation gradient. The local deformation of the medium is
characterized by the right Cauchy-Green tensor

C(X,t) = Vx®(X, )T Vx®(X, 1),

or, equivalently, Green’s strain tensor
1 1
BU)(X.1) = 5 (C(X, )~ 1) = 5 (VXU(X, 1)+ VxU(X, )T + VxU(X, )TV xU(X, t)).

Note that these tensors are nonlinear with respect to deformation or displacement. A detailed
analysis of the properties of these tensors can e.g. be found in [MH94]. We state that the
strain vanishes, if the motion is a rigid body transformation, i.e. if

B(X,t) = Q(t)X +b(t)

for some smooth vector field b : [0, 7] — R? and a smooth, orthogonal tensor field Q : [0,1] —
R4 Q(t)TQ(t) = I. For such a motion, @ corresponds to the rotation, while b is related to
the translation of the body.

So far, we provided basic notions of continuum mechanics for arbitrary motions. In the
following, we will restrict ourselves to “small deformations”. Thus, it is rectified to identify
the material point X with its image x at time t. We can replace material coordinates by
spatial ones, setting X = x. We will use u(z,t),v(z,t) and a(x,t) for displacement, velocity
and acceleration. In this setup, the nonlinear Green tensor can be replaced by

OE

c(w)(2,1) = S (0)(X, 1) = %(qu(a:,t) V(e 7).
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Here the nabla operator V, denotes the gradient with respect to the spatial variable z. We
note, that the linearized strain vanishes for infinitesimal rigid body motions

u(z,t) = v(t)x + a(t),

where a : [0,7] — R? and 7 : [0,T] — Rgxw are smooth.

2.2.2 Balance equations

In the previous section, we introduced the basic quantities considered in continuum mechanics.
In the following, we present the fundamental equations related to the motion of a body.
We consider the balance of mass and momentum, and state the equations implied by these
conservation laws. We do not give an insight into the derivation of these equations; we point
the interested reader to monographs such as [MH94, FAV79, Cia88].

Let now  C R?, d = 2,3 be a smooth, connected domain. Let ® : Q x [0,T] be a motion
of the body. We assume that all deformations are small, such that a linearization of the strain
tensor is rectified. For z € Q,t € [0,T], we introduce the quantities of

mass density p(x,t),

specific force density f(z,t).

Let now w C € be some connected, smooth sub-domain of €. Let moreover w; := ®(w,t) be
the deformed configuration of w at time ¢. In any surface point x € dw, we denote by n the
outer unit normal vector. Then, we define the

surface force density t(z,t,n),

which describes the forces acting in point z at time t onto a surface with normal n. If the
balance of momentum below is satisfied, it can be shown that this vector-valued quantity
depends linearly on the normal vector n. This statement is referred to as Cauchy’s theorem,
and proven e.g. in [MH94]. Then there exists a tensor field o(z,t) on Q such that #(x,t,n) =
o(x,t)n on the boundary. This tensor field is called

stress field o(x,t).

Conservation of mass Let w be some sub-body of 2 as described above, and w; its de-
formed configuration at time t. Let pp be the (prescribed) mass density of the reference
configuration. Then, the law of conservation of mass states that

/pR(:E) dx = / p(x,t)dz for t € (0,T]. (2.1)

Using Reynold’s Transport Theorem (Theorem 1.1 in Chapter 2 of [MH94]), one can show
that having (2.1) for any w C Q is equivalent to a partial differential equation, provided the
mass density p and velocity v are smooth enough. Indeed, if both functions are differentiable,
it is equivalent to impose
Op . .
5 —div(pv) in Q x (0,77, (2.2)
p(0) = pr in Q. (2.3)
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Balance of momentum Under the same assumptions as above, Newton’s second law states
that for any smooth sub-domain w the balance of linear momentum holds true,

é/ pvdw:/ f(a:,t,n)ds—i—/ pf dx for t € (0,T7.
ot wt Owy

Wt

Similarly, the balance of angular momentum asserts that

%/ xxpvdx:/ xxf(m,t,n)ds—i—/ x x pfdx for t € (0, 7.
wt 8wt wt

Similar to the conservation of mass, one can deduce an equivalent formulation as a partial
differential equation, given all involved fields are smooth enough. Then the two equations
above imply Cauchy’s equation of motion and the symmetry of the stress tensor

p% = divo+ f in Q x (0,7, (2.4)
o= ol in Q x (0,7). (2.5)

-,

Here, we use the volume force density f := pf, and the characterization of #(z,¢,n) by the
stress tensor o(z,t).

Steady state In this thesis, we do not treat time-dependent problems. We rather consider
steady state solutions, which do not change in time. We assume that all given quantities are
independent of time ¢, and then compute the steady state displacement u : Q — R?. Thus,
both velocity and acceleration vanish. The equations of balance of momentum (2.4), (2.5)
simplify to
0= divo+ f in €, (2.6)
o= ol in Q. (2.7)

If we also fix the mass density p to its initial value pg, the material is called incompressible.
Then, the equation of conservation of mass (2.2) reduces to

0=divu in Q. (2.8)

2.3 DMaterial laws

So far, the equations of balance of momentum (2.6), (2.7) provided a relation between the
stress tensor ¢ and the given volume forces f. In this section, we prescribe a material law,
which states a linear relation between the strain and the stress tensor (Hooke’s law).

Linear elastic materials A material is called linear elastic, if the stress tensor depends
linearly on the strain. Then, there exists a fourth order tensor field C'(x) such that

o= Ce(u) in Q. (2.9)

This relation is referred to as “Hooke’s law”. If C' does not depend on z, the material is called
homogenous. A material is isotropic, if it is independent of the direction of the main strains,



2.4. BOUNDARY VALUE PROBLEMS 15

i.e. of the eigenvectors of the strain tensor. One can show that a linear elastic, homogenous,
isotropic material is determined by two constant values. One often uses the Young modulus
FE and the Poisson ratio r to characterize C'. Then, the relation between stress and strain
reads

E v
=177 (1 —5 tr(e(u))l + E(u)> (2.10)
Physically sensible values of £ and 7 range between

0<v<1/2 and E>0.

Another possibility is to use the Lamé constants A and [i, which are related to E, 7 via

S Ev _E
T -2 T ouva)
Then, the stress-strain relation is defined by
o = Mr(e(u))I + 2fe(u) = Adivul + 2fie(u). (2.11)

The fourth order tensor C exists and is invertible as long as A < oo, or, equivalently, 7 < 1/2.
In this case, we may set
A=0"1

We call A the compliance tensor, its application to some stress function o is given by

- 1 1
Ao = % devo + A £ 27) tr(o)I. (2.12)
One sees from (2.11), that for A — oo, the divergence of the displacement field is penalized.
In the limiting case, the divergence of u has to vanish. Having in mind equation (2.8), we
see that this means that the material is incompressible. When using F and 7 as material
parameters, incompressibility is reached for # = 1/2. In this case, the fourth order tensor C
does not exist. The compliance tensor A can still be defined in the incompressible limit, it is
then singular, and its application to a stress function o is given by

Ao = —devo.
20
Thus, the strain depends only on the deviator of the stress. We talk of nearly incompressible
materials, if we mean that A\ — oo. In this case, straightforward analytical and numerical
methods fail, one runs into stability troubles. Thus, special methods, which are stable with
respect to A — oo are needed. In the scope of this thesis, we will present a method which is
feasible in this setup.

2.4 Boundary value problems

In this section, we add suitable conditions on the stress and displacement on the boundary
of the body . Later, we will see, that correctly chosen conditions ensure that the equations
of elasticity presented above have a unique solution. From intuition it seems clear, that the
deformation of and stresses occurring in the body are uniquely determined, if it is fixed along
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at least a part of its boundary, such that no rigid body motions can occur. If this is not the
case, the solution can only be unique up to such rigid body motions, which do not affect the
strains and stresses in the body.

Let now Q C R? d = 2,3 be an open, connected domain with suitably smooth boundary.
Which smoothness assumptions on the boundary really are required will be discussed later
in this thesis. We divide the boundary I' = 902 into two parts, ' = I'p UI'yy. These parts
shall not intersect, I'p NT'y = (). There, I'p is regarded as closed set, while I'y is regarded
as open. We further assume that I'p is non-trivial, i.e. of positive d — 1 dimensional measure
IT'p| > 0. We include the case of I'y = 0.

On the boundary part I'p, we impose Dirichlet boundary conditions, i.e. we fix the dis-
placement u to some given surface displacement up,

U =up onI'p.

The remaining part I'y is governed by traction or Neumann boundary conditions. There, the
surface tractions t(z,n) = o(z)n are prescribed,

Jn:t_}\/ on I'y.

There are more physically sensible types of boundary conditions, such as the pressure
boundary condition, where the pressure is prescribed. Then, the surface traction points in
normal direction, and the tangential tractions vanish. This is obtained setting

on = pn.

However, we do not treat this kind of condition separately, it can be viewed within the more
general framework of traction boundary conditions.



Chapter 3

Variational Framework

In this chapter, we present several variational formulations for the elasticity problem on a
suitable, bounded and connected domain  C R?, d = 2,3.

Problem 3.1 (Elasticity problem). Find u : Q — R%, and o : Q — R symmetric such
that

Ao —e(u) = 0 in €, (3.1)
—div(e) = f in Q,

with boundary conditions

u = up on I'p, (3.3)

on = tn onI'y. (3.4

We introduce the scalar-valued function space H'(f2), as well as the vector-valued spaces
H(curl;Q) and H(div;). As the stress is a tensor-valued symmetric quantity, we discuss
feasible spaces and some of their properties for such fields. Then, we present three well-known
variational formulations for the elasticity problem. The first is the primal formulation, where
all derivatives are applied to the displacement. The second one is the mixed formulation
by Hellinger and Reissner. Here, the displacement can be totally discontinuous, but the
divergence of the symmetric stress tensor must exist in a weak sense. The third is a mixed
formulation with weak symmetry, where, as the name suggests, the symmetry of the stress
tensor is imposed via Lagrangian multipliers.

In the second part of this chapter, we introduce a new mixed variational formulation,
which lies in between the first two concepts. We search for the displacement in H(curl; ),
which lies in between the primal and the Hellinger-Reissner choice. We provide a proper
space H(divdiv;) for the stress. We show existence and uniqueness for all the different
formulations, using abstract theory for mixed problems.

This chapter is organized as follows: In Section 3.1, spaces allowing for weak gradient, curl,
and divergence operators on domains and manifolds are introduced, and their basic properties
are recalled. In Section 3.2, abstract theory for mixed variational problems is presented, and
well-known mixed formulations of the elasticity problem are shortly described. Section 3.3
deals with the formulation and analysis of our new mixed approach.

17
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3.1 Function spaces

In the following, we define differential operators and function spaces on an exemplary do-
main D. Throughout this work, we will assume that any domain satisfies the conditions
below.

Assumption 3.2. Let D C R%,d = 2,3 be an open Lipschitz domain, i.e. its boundary can
be represented by a finite number of Lipschitz continuous functions. We assume that the
boundary 0D is

e either smooth, 0D € C*,

e or polygonal/polyhedral, consisting of straight open facets I';;i =1,...,s, such that

S
0D = U Iy, r;nr; =0, n; := nlp, = const.
i=1

In the following, we will call the boundary polyhedral, no matter whether in two or
three space dimensions. Note that, in the plane, the “facets” I'; are the edges of the polygon,
whereas facets in three-dimensional space are faces of a polyhedron. We will meet the concept
of facets again when finite element triangulations of the domain are concerned.

In this section, let D be of unit size, diam D ~ 1. Then, all constants depending on D
only depend on the shape of D, and not on its size; proper scalings of terms can be introduced
when needed.

The differential operators from Section 2.1 are defined for smooth functions. Let now

L3(D) = {w:D—>]R‘ /Dywy2dx<oo}

be the standard Lebesgue space of square integrable functions. It is equipped with the
following inner product and induced norm

(u7v)L2(D) = (U,U)D = /Duv da, HU’HL2(D) = HUHD = (U,U)D.

The gradient, curl and divergence operators can also be defined in weak sense:

Definition 3.3. For w € L*(D), g = Vw € [L*(D)]¢ is called weak gradient of w iff
/ g-¢dr = —/ wdivedr Yo € [C°(D))°.
D D
For v € [L*(D)]¢, ¢ = curlv € [L?(D)]%4=1/2 js called weak curl of v iff
/ c-pdr = / v-Curlgdr V¢ e [C(D))|Hd=1/2,
D D
For q € [L*(D)]?, d = divq € L%*(D) is called weak divergence of q iff

/d-¢dx:—/q~v¢dx Vo € C°(D).
D D
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3.1.1 Sobolev spaces on a domain

The weak differential operators define Hilbert spaces, which are appropriate for the analysis
of PDEs in variational form.

Definition 3.4. Define the Sobolev space H'(D), and the spaces H(curl; D), H(div; D) al-
lowing for weak curl- and divergence operators,

H'(D) = {we L*[D): Vw < [L*(D)]%},
H(curl; D) := {ve[L*(D)]?: curlv € [L*(D))44-1/2},
H(div; D) := {g€[L*(D)]?:divqe L*D)}.
When equipped with inner products
(w,v)grpy = (u,v)p + (Vu,Vv)p,
(u, v)H(curl;D) = (u, U)D + (curlu, CllI‘l’U)D,
(¢,P)H@v;p) = (¢,p)p + (divg,divp)p,
and the induced norms ||| g1 (py, || #(ewt;p) and ||| g(giv;p), they are Hilbert spaces.

Sobolev spaces of higher order can be defined similarly, for k£ € N we set

H*(D) = {we L*D): VFwe [LX(D))"},
HNewrl; D) = {ve [HHD))’: curlv € [HH(D) "D/},
H*(div;D) = {q € [H*D)): divq € H*(D)}.

When k = 0, we have H%(D) = L?(D). For the space H*(D), we use the following semi-norm
and norm

Wl gk (py = Hvkw”LQ(D)v HwH%k(D) = ”w”%2(D) + ’wﬁ{k(D)

The Sobolev spaces H*(D) with real index s > 0 can be defined using the Fourier trans-
form; see e.g. [GR86]. The spaces H*(curl; D) and H*®(div; D) can be defined accordingly. It
can be shown, that the spaces H'(D), H(curl; D), and H(div; D) are the closure of C**(D) in
the respective norms.

Let now A C 0D be a part of the boundary of the domain D. We define C&A(D) to be the
subset of C*(D) consisting of functions whose trace and first k — 1 derivatives vanish on the
boundary part A. By Cgf’A(D), we denote the set of infinitely often continuously differentiable
functions with compact support on D\ A. Then, we define

HEA(D) = TP, ke
Hoy a(curl; D) = WII'”H(CUM;D))
HO,A(diV; D) = W”'HH(&V;D) ‘

We write HE(D), Ho(curl; D) and Ho(div; D) in case of A = dD. These spaces satisfy cer-
tain kinds of homogenous boundary conditions on A, which we will see in more detail in
Section 3.1.3. We can now define distributional Sobolev spaces of negative index

H¥D):=H{(D)*,  H*D):=H{4(D)*, keN.
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These duality relations imply to use the norm

lgll sty = sup (¢ V) ()
Ha™ (D) veH§ (D) vl &% Dy

We denote the corresponding inner product by (-, -) H (D)

We introduce the Lebesgue spaces of symmetric and skew-symmetric, tensor-valued func-
tions

Li(D) i= {re[L*D)"" 7 ="},
Law(D) = {re[L* D)™ 7 =~}

Analogously, the space of symmetric tensor fields with weak divergence is
Hgyy (div; D) := {7 € Liy (D) : div T € [L*(div; D)]d}.

As their scalar- and vector-valued equivalents, these spaces are Hilbert spaces.

3.1.2 Sobolev spaces on a manifold

We again consider a domain D satisfying Assumption 3.2. Let A C 0D denote a bounded,
Lipschitzian manifold of dimension d — 1. Let moreover B := 0D\ A be its complement on
the boundary. Note that also the case A = 0D is included.

We can define the Lebesgue space L?(A) as the space of square integrable functions on
this manifold. We will heavily use the space

Here, ||.[|;y1/2(4) is the norm induced by the inner product

(W, v) gr2(a / / \x _(z’(:) _U(y))dsxdsy + /Auv ds,.

This definition is equivalent to one using the Fourier transform, as e.g. given in [GR86]. If
A # 0D, the space

Y (4) 1= () /2om

can be extended by zero to the whole boundary 0D, and the extension lies in H/2(0D). We
see that Hééz((‘)D) := H'/2(0D). Following [BC01a], we introduce the dual spaces

_ ¥ ~1/2 1/2
HTV2(A) = [HP A Hyg(4) = [Hgh*(A))"
The space H'/?(dD) is scalar-valued. Next, we define vector-valued spaces on the sur-

face. Therefore, on a polyhedral boundary consisting of facets {I';};=1,. s as described in
Assumption 3.2, we need to introduce the space of functions piecewise in H/2 (0D),

HY2(0D) := {w c L2(0D) : wlr, € H1/2(FZ-)} ,
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with norm
s 1/2
ool 2 oy = (Zuwnzmm)) |
i=1

In case of a smooth boundary, we simply set H;E(OD) := H'/2(dD). Of course, this space
can be restricted to H;,%)z(A) directly. Let us now define

L2(0D) = {qe [L2(@D)]?:q-n =0 ae. on oD},
HY*(0D) = {qe L%dD):qe [H}.

The first space is the vector-valued Lebesgue space of square integrable functions, which lie in
the tangential plane of 0D almost everywhere. The second space, Hi/ 2, consists of functions
in the tangential plane whose components are piecewise in H 1/2 Now, we provide a space,
which, as we will see later, is a proper trace space for the tangential component of [H'(D)]%.
For a smooth boundary, we already find this space in HTl/ 2 Now, we introduce such a space
for a polyhedral boundary consisting of facets {I';}i=1,.s. We first do so for the case of three
space dimensions. All following definitions are taken from [BCOla, BCO1b]. Let E;; := ;N[
be the edge between facets I';,I';, and let 7;; be the tangential vector along this edge. On
this edge, let 7; := 7;; X n; be the vector lying in I';, and orthogonal to the edge. We define

1/2

H|T/2((‘)D) = {q € HV2(oD) : qlr; - 7 /5 glr, - 7i; on all Ez'j},
1/2

H?(0D) = {g€ HY*OD): qlr, 7 L qlr, 7y o all By},

1/2
There, /- on an edge E;; means
2
1/2 () — g
i / gj on Ej; iff / / —\q,(x) qjgy)’ dsgds, < oo.
r; JTr; |z —y|

Intuitively, this means, that functions in H ﬁ/ 2(8D) have continuous tangential components

in the surface, as well as functions in H i/ 2 (0D) have continuous normal components.

For D C R? with polyhedral boundary, let Vi; be the vertex between facets I'; and I';.
Similarly to the 3d case, let n; be the normal to facet I';, and let 7; = nf be the tangent
vector. There exists no equivalent to the edge tangent vector 7;;. The spaces Hi/ 2((‘?D) and

H ﬁ/ 2 (0D) are then defined via

HI20D) = HY*OD),
1/2 ._ 1/2 : 12 . 3 —
H/'(0D) := {q € H/2(0D) : qlr, 7 = q|r; - 7; on Vw} for d = 2,

1/2 . . . : . .
where = on the vertex V;; is defined in a similar way as for an edge in three dimensions,

. — O 2
i 2 g; on Vj; iff / / —’%(T) _qﬂgy)‘ dsgds, < oo.
r; JTr, z —yl
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If the boundary 9D is smooth, we set H|T/2(8D) = Hi/2(8D) = Hi/2(8Q) in both two

and three dimensions. We set H||_1/2(8D) = [H|T/2(8D)]*, and HII/2(8D) = [Hi/2(8D)]*.

Now, we introduce even less regular vector-valued spaces on the surface. We do so for the
case of three space dimensions first. All following definitions are taken from [BC0la, BCO1b].
We need differential operators living on 0D: We use Vgp,curlygp and divgp, which are
defined for smooth domains e.g. in [Mon03, Section 3.4], for polyhedral domains in [BC01a].

We define

H P (ewlop;0D) = {q € H"*(0D) : curlop g € H~2(0D)},

H Y (divop;0D) = {q€ H; V*(0D): divopqe HT2(0D)}.
In two space dimensions, the boundary is of local dimension one, therefore the notion of
gradient and divergence is replaced by the tangential derivative. The curl operator does not
exist. Nevertheless, to unify notation in two and three space dimensions, we define for D C R?

H{"?(curlyp;0D) = H['*(0D),
H P (divop;0D) = H)/*(0D).

Later on, we will obtain the same trace theorems in both cases d = 2,3. Note that, also in
both two and three dimensions, the surface spaces are dual to each other, we have [BCO1b]

Hll/z(curlap; 0D) = [Hn_l/z(diV@D; oD)] "
All these spaces can be restricted to a part A of the boundary, we write

Hll/Z(curlA;A) and H”_1/2(divA;A).

If A has a boundary 9A, it is possible to define subspaces

Hll/z(curl%; A) and H||_1/2(diV0A; A)
such that functions can be extended conformingly by zero to the whole boundary 9D.
Well aware that spaces with negative index contain distributions, we call them function
spaces. We may even refer to their elements as functions, when it seems more intuitive to do
S0.

Last, we need to introduce one further space on a manifold, namely the Neumann trace
space of H?(D) N H} (D). We set

1/2 ._ 8_‘P . 2 1
Y3 0D) = {an . € H2(D) mHO(D)}, (3.5)
with its norm defined by
Iilyzom, = ,_inf Ioleo) (36)
9p/On=q

Note that, up to now, we did not introduce the notion of trace operators formally. In Sec-
tion 3.1.3, we will rectify this choice. For a smooth boundary dD, this space is equal to
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HY/? (0D). In case of a polyhedral domain with boundary facets {I';};=1..s, this space con-
. . . 1/2 o
sists of piecewise Hy,~ contributions,

H,/3(0D) = {w e L*(dD) : wlr, € Hyy’(T3)}.

This characterization can be derived from the more involved setup in [Gri85, Theorem 1.5.8.2].
For the case of mixed boundary conditions, we also introduce

HY? (0D) = {g—z: 6 € H(D) N H} 4(D) }. (3.7)

We denote the dual spaces

H;V0D) = H)JOD), (3.8)
m,'*(op) = HY; (D). (3.9)

)

3.1.3 Trace theorems

The spaces H'(D), H(curl; D), and H(div; D) allow different types of boundary conditions.
We provide trace and inverse trace theorems for all spaces. From these theorems, we deduce
interface conditions for piecewise defined vector fields.

3.1.3.1 Traces in the classical sense

For a continuous function, the trace operator
tragp : C(D) — C(OD), (trogp w)(x) := w(zx) for x € ID

is well defined on a Lipschitz domain. Note that, on the boundary 9D of a Lipschitz domain,
the outward unit normal vector n can be defined almost everywhere. For a vector v € RY, its
normal and tangential components with respect to n are given by

Vp = VN, Vr = U — UpN.

In three space dimensions, there holds v, = n x (vxn). Thus, for a vector valued, continuous
function v, we may also define the normal and tangential traces trpp ,v,trspp v almost
everywhere by

tr8D,n U = Un, trBD,T U = Vr.

Note that trop , v is a scalar quantity, whereas trgp ; v is vector-valued and lies in the tangen-
tial space of 0D, which is locally of dimension d — 1. For A C 0D, trace operators tra,tra -,
and trg , can be defined as the restriction of the respective traces to A.

We will see that the notion of a trace operator can be extended to H' functions, whereas
functions in H (curl) allow for a tangential trace, as well as functions in H(div) have a normal
trace.
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3.1.3.2 Traces of the space H'

The classical trace operator can be extended to the Sobolev space H'(D); its image is then
H'Y2(dD). Moreover, any function w in the trace space H'/2(D) can be extended to some
w € H'(D), and both the trace and extension operator are continuous. For the proof, we
refer to [Gri85].

Theorem 3.5 (Trace theorem for H'). Let D C R? d = 2,3 be a bounded Lipschitz domain
satisfying Assumption 3.2, diam D ~ 1,

1. The trace operator trap is well defined on HY(D) as an extension from C*°(D). It is
continuous from HY(D) to HY/?(OD); there exists a constant ¢, > 0 such that

ltrop ull g/zopy < corllullmpy — Yue HY(D).

2. For g € HY2(dD), there exists some u € H'(D) such that

tropu=g ondD  and  |ullgr(p) < ceatllgll g2 om)-

The constants ¢y, et are positive and only depend on the shape of the domain D.

The second statement is often referred to as inverse trace theorem or extension theo-
rem. Both directions are needed for the incorporation of boundary conditions in the primal
variational setting.

There exists also a trace theorem for the vector-valued space [H'(D)]?. For smooth
domains, it follows directly from Theorem 3.5, for polyhedral boundaries we refer to [BCO1a].

Theorem 3.6 (Tangential trace of (H')%). Let D C R d = 2,3 be a bounded Lipschitz
domain satisfying Assumption 3.2, diam D ~ 1,

1. The tangential trace operator tr,gp is continuous from [H(D)]? to Hﬁﬂ((‘)D), there
exists a constant ¢y > 0 such that

| trr.00 “”H‘l‘/z(ap) < cirllullgrpy  Vue [HY(D)"

2. For g€ Hﬁ/z(aD), there exists some u € [H'(D)]? such that

trropu =g on 0D and ullgrpy < Cemeg”H‘l‘ﬂ(aD)'

The constants cr iy, Crext are positive and only depend on the shape of the domain D.

Remark 3.7. Note that, in three dimensions, this statement is equivalent to posing continuity
and surjectivity of the rotated tangential trace w— w x n from [H*(D)] to Hi/2(8D).
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3.1.3.3 Traces of the space H (curl)

The space H(curl; D) allows the definition of a tangential trace operator, which coincides

with the tangential trace in the classical sense for smooth functions. The following theorem
holds by [BCO1b].

Theorem 3.8 (Trace theorem for H(curl)). Let D € R% d = 2,3 be a bounded Lipschitz
domain as in Assumption 3.2, diam D ~ 1.

1. The classical tangential trace operator trop r can be extended to H(curl; D). It is con-

tinuous from H(curl; D) to H11/2(curlaD;E?D), there exists a constant cy.. > 0 such
that

H traD’TUHHil/Q(curlaD;aD) < ct?“r”v”H(curlgD) Vo € H(Curl; D)

2. Any g € H11/2(curlaD; 0D) can be extended to v € H(curl; D) such that

troprv =g on oD and ||U||H(curl;D) < Cent, HgHHll/z(curl@D;@D)'

The constants Cyp., Ceqr. are positive and depend only on the shape of the domain D.

Remark 3.9. In three dimensions, we observe similarly to Remark 3.7, that we equivalently
have the rotated tangential trace operator u — uxn continuous and surjective from H (curl; D)

to H,, Y2(divyp; OD).

Theorem 3.8 is necessary for the analysis of boundary conditions for the tangential trace
of a function in H(curl). We will see later, that these conditions are essential in our mixed
variational formulation, while conditions on the normal trace can be imposed only weakly,
and are therefore natural.

3.1.3.4 Traces of the space H(div)

The normal trace operator trgp,, can be extended from [C*°(D)]¢ to H(div; D). The mapping
is continuous and surjective onto the space H~/ 2(0D), as the next theorem states. A proof
for the statement is given in [GR86, Corollary 2.8].

Theorem 3.10 (Trace theorem for H(div)). Let D C R% d = 2,3 be a bounded Lipschitz
domain satisfying Assumption 3.2, diam D ~ 1.

1. The trace operator trap ., is well defined on H(div; D) as an extension from [C>(D)]?.
It is continuous onto H~'/2(dD), there exists a constant ¢,., > 0 such that

Itrop.n dllzr-1/20p) < Ctralldll@ivioy Vg € H(div; D).
2. For g € H-Y2(OD), there exists some q € H(div; D) such that
tr8D,n q=4g on oD and HQHH(diV;D) < Ce:cthg”Hfl/z(aD)-

The constants ¢y, , Cext,, are positive and depend only on the shape of the domain D.

We will see that boundary conditions on the normal component of a function in H(div)
are essential, and have to be included into the solution space of a variational formulation.
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Boundary conditions Let again A C 9D be a part of the boundary. It can be shown that
the spaces H& A(D), Ho a(curl; D) and Hy a(div; D) satisfy the respective essential homoge-
nous boundary conditions on A,

Hy4(D) = {we H'(D):trgw=0},
Ho a(cur; D) = {ve H(curl; D) : try,v =0},
Hoa(div;D) = {qe€ H(div;D) : tra,q = 0}.

Functions in H}(D), Ho(curl; D), Ho(div; D) can be extended to H'(R?), H(curl;R%) and
H(div; R%) by zero.

In an abuse of notation, we will often write u|gp meaning troppu for v € H'(D), or
similarly v-|gp and g,|sp meaning the respective traces trgp . v,trgp g of v € H(curl; D)
and ¢ € H(div; D). When clear from the context that the evaluation is on the boundary 9D,
we may even use u, v, and g, only.

3.1.4 Green’s formulae

We recall some standard facts on integration by parts for the operators V, curl, and div. These
identities are well-known in the classical sense, but also hold in the weak setting, as long as
all arising integrals are well-defined at least in the sense of duality products. For boundary
integrals, the respective trace operators have to be used. In order not to complicate notation,
we write integrals in any case, well aware that duality products are necessary when considering
traces in Sobolev spaces of negative indices.

Theorem 3.11 (Green’s formulae). The following integration by parts formulae hold on a
Lipschitz domain D C R%,d = 2, 3:

/Vu-qu = —/udiqul‘+/ u gy ds Vu € HY(D),q € H(div; D),(3.10)
D D oD

/curlu-vdm = /u'Curlvdx—/ (uxn) -vds
D D aD
Vu € H(curl; D), v € [H'(D)]“4=D/2 (3.11)

/6(u)17’dl‘ = —/U'diVTd$—/ U~ Ty ds
D D oD

Vu € [HY (D)), 7 € Hsy(div; D). (3.12)

Here, we set u X n := ugny — uine in formula (3.11) in case of d = 2. Note that identity
(3.12) can be seen directly from equation (3.10) and the symmetry of all involved tensor-valued
quantities.

This theorem can be used to show interface conditions for piecewise defined functions.

Theorem 3.12 (Interface conditions). Let D = {Di,...,Dn} be a non-overlapping do-
main decomposition for D, i.e. D; N Dj = 0 fori # j € {1,...,N} and D = |JD;. Let
Iy :==0D; N OD; be the common interface of any two sub-domains D;, D; € D. Let u,v,
and q be defined piecewise such that u; = ulp, € HY(D;), v; := v|p, € H(curl;D;) and
¢i == q|p, € H(div; D;) for i =1,...N. Then there holds

e iftrr,, u; = trr,; u; fori,j=1,...,N, u lies in the global space HY(D), and (Vu)|p, =
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o if trp,, ;v; = trry; rv; fori,j = 1,...,N, v lies in the global space H(curl; D), and
(curlw)|p, = curl(v;).

® if trr,; nqi = trr,;mq; for i,j = 1,...,N, q lies in the global space H(div; D), and
(divg)[p; = div(g:).

From this theorem one can see that, when constructing finite element functions using
piecewise polynomials on some prescribed mesh, one has to keep continuity across interfaces
to be conforming for H'. Similarly, tangential continuity for H(curl) and normal continuity
for H(div) have to be satisfied. Boundary conditions of the respective types have to be

included into solution spaces of a variational formulation or finite element discretization, and
are therefore essential.

3.1.5 Dual space of H(curl)

Let again A C 0D be a part of the boundary. We investigate the dual space of Hg 4(curl; D).
This includes [H (curl; D)]*, [Ho(curl; D)]* by setting either A =) or A = dD. The following
lemma states, that the dual space we are looking for is a distributional space allowing for a
distributional divergence.

Lemma 3.13. Let D C R% d = 2,3 be a bounded, connected Lipschitz domain as described
in Assumption 3.2, and let A C 0D be a part of the boundary. Then

[Ho,a(curl; D)]* = H*(div; D). (3.13)
where H ' (div; D) := {q € [H,'(D)]? : divq € H (D)} is the space of all distributions from
[H ' (D)]?, such that the distributional divergence, in this context defined by

(divg,v) == —{g,Vv) Vo e (D),
lies in H' (D).
Proof. As we will see in Theorem 3.18, for v € Hy a(curl; D) there exists a reqular decompo-
sition
v=Vo+z, 9l 1oy + 121151 (D) = V]| (eurt; D)

for some ¢ € H&A(D) and z € [H&A(D)]d. We analyze the dual norm of Hy 4(curl; D).

For better readability, we drop the subscript in the duality product (.,.) Ho a(curl;D)- Let
q € [Ho,a(curl; D)J*, then we obtain for its dual norm

_ (g, v)
”qH[HOVA(curl;D)]* = sup SR —
veHo,a(curl; D) ||V] H(curt; D)
<q7 V¢ + Z>
o~ sup

peH) 4 (D) H¢|’H1(D) + Hz”Hl(D)
zE[H(%’A(D)]d

~ Sup M + su M
verl o) 10l oy sepm ,oyne 121 (0)

= sup o sup
¢>€H&A(D) H(b”Hl(D) ZG[H(%,A(D)W Hz”Hl(D)
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3.1.6 Inequalities

We list some important inequalities on Sobolev spaces, such as the Poincaré and Friedrichs
inequalities on H*(D), and Korn’s inequality on [H'(D)]?. We will heavily use these inequal-
ities for our analysis, both in the continuous and in the finite element setting. We state them
on a domain D of unit size, and take care of proper scalings when needed. Poincaré’s and
Friedrichs’ inequalities can be found in different forms e. g. in [Gri85, GR86, TWO05].

We first state Friedrichs’ inequality. It yields, that on the subspace of H” satisfying
homogenous boundary conditions for the functions at least on a part of the boundary, semi-
norm and norm are equivalent.

Theorem 3.14 (Friedrichs’ inequality). Let D C R?. d > 0 be a connected, bounded Lipschitz
domain of unit size diam(D) = 1. Let A C 9D be a non-trivial part of the boundary. Then,
for k € N, there exists a constant cp > 0 depending only on the shape of D, the boundary
part A, and k such that

k
Poincaré’s inequality can be used on spaces where no boundary conditions are prescribed.

Theorem 3.15 (Poincaré’s inequality). Let D C R, d > 0 be a connected, bounded Lipschitz
domain of unit size diam(D) = 1. Then there exists a constant ¢, > 0 depending only on the
shape of D, such that

o\ 1/2
|wlg1py < cp (Iwﬁ{l(D) + </Dwd:r> ) vYw e HY(D). (3.15)

Korn’s inequality states, that the gradient of a vector-valued function is bounded from
above by the strain tensor. For a proof of this theorem, we refer to [Nit81, DL76].

Theorem 3.16 (Korn’s inequality). Let D C R% d = 2,3 be a connected, bounded Lipschitz
domain of unit size diam(D) = 1. Then there exists a constant cx > 0 depending only on the
shape of D, such that

le()32 () + I0lBagy > ellolngpy Vo€ HY (D). (3.16)

The constant of boundedness depends on the shape of the domain: as the aspect ratio deteri-
orates, so does the Korn constant.

Remark 3.17. Assuming that A C 0D 1is a nontrivial part of the boundary, one can deduce
le@)l72(p) = S oltnpy Vv € [Hoa(D))" (3.17)

The proof of this and similar inequalities is usually done using the compact embedding of

HY(Q) in L3(Q). It moreover uses Friedrichs’ and Korn’s inequalities.

3.1.7 Regular decompositions of vector fields

In this section, we provide a regular decomposition of vector fields satisfying mixed bound-
ary conditions. Such decompositions satisfying homogenous Dirichlet or Neumann boundary
conditions have been shown e.g. by [PZ02, Hip02]. We utilize an extension operator first
introduced in [SchO8] to obtain results also in case of mixed boundary conditions.
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Figure 3.1: Extension of the domain D including neighborhood D4 of Dirichlet boundary A.

Theorem 3.18 (regular decomposition). Let D C R? satisfy Assumption 3.2, and let A C 0D
be a boundary part. For w € Hy a(curl; D) there exists a decomposition

u=Vp-+z,
where ¢ € H017A(D) and z € [HO{A(D)]d. The respective parts can be bounded by

el <cllullgeny — and  flzllg < clf curlullp2(p).

Proof. A proof for this theorem with homogenous Dirichlet boundary conditions (i.e. A = 9D)
is given in [PZ02], Neumann boundary conditions are treated in [Hip02].

We now proceed to the case of mixed boundary conditions. One can deduce the statement
of the theorem for non-trivial A C 9D by extending D to some domain D’ D D, see Figure 3.1.
Here, D4 C D’ is an outer neighborhood of the Dirichlet boundary A, while D = D'\(DUD )
is a stripe around domain and neighborhood. In [Sch08], an H(curl) conforming bounded
extension operator was constructed, which allows to extend u to v’ € H(curl; D’) such that
u=0on Dy. We now apply the theory of [Hip02] to «’, and find a decomposition

w =V +7,

where ¢/ € HY(D') and 2/ € [H*(D')]%. Note that we can avoid the usage of cohomology
spaces for domains which are not simply connected, since we do not require the gauging
condition div ¢’ = 0. Since ' = 0 on Dy, Lemma 2.6 in [Hip02] even ensures that ¢'|p, €
H?(D,4). We apply the extension operator from [Ste70, Theorem 5], to obtain an extension ¢
such that

e H* D) and  @lp, =¢|p,-
This allows for the decomposition
u=V(p —@)+7 +Vp.

We verify that ¢ := ¢/ — ¢ and 2z := z + V¢ satisfy homogenous boundary conditions on
A. Since ¢ = ¢’ — @ = 0 on the neighborhood D4 of A, this implies ¢|p € H&A(D). For
2 =2 + V@, we observe that

2=2+Vp=-V(¢ —p)=0 on Dy,
which implies z|p € [H&A(D)]d. O
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3.2 Variational formulations — State of the art

In this section, we first recall the theorem by Lax and Milgram, which ensures existence and
uniqueness for coercive variational problems. Then, we move to Brezzi’s abstract theory for
mixed problems. We then introduce several mixed formulations of the elasticity problem,
which fit into this framework. All these formulations are well-studied: the first one is equiv-
alent to the pure displacement formulation, whereas the second one is the Hellinger-Reissner
formulation of elasticity. The third one is a method where the symmetry of the stress tensor
is imposed weakly. We will shortly comment on existence and uniqueness of solutions, as well
as stability matters. This analysis will motivate our choice of approximation spaces and the
corresponding new variational formulation.

Let now  C R% d = 2,3 be a connected, Lipschitzian domain satisfying Assumption 3.2.
Let I'p C 022 be a non-trivial part of its boundary, and let I'y := 9Q\I'y be the remainder.
For the elasticity problem, we impose boundary conditions

u=up on I'p, o, =ty on I'y.

For all the different formulations, we specify Hilbert spaces V, 3 for the displacements and
stresses, respectively. We then define suitable subspaces Vj, ¥ satisfying the respective
essential, homogenous boundary conditions on I'p,I'y. The solution spaces Vp, Y5 are the
manifolds where essential boundary conditions are fulfilled. Due to the respective extension
and trace theorems, we will see that they are of the form

Vb =up + W, YN =ty + 2o,

where @p,ty are extensions of up, ¢y from the boundary into the full spaces V, X.

3.2.1 Existence and uniqueness for variational problems

We give a fundamental result on existence and uniqueness for coercive, linear variational
equations. We consider the following problem, where Vy C V are Hilbert spaces, and
a:V xV —=Rand F:V — R are bilinear and linear forms on V.

Problem 3.19 (Primal variational problem). Find u € V such that
a(u,v) = (F,v)y Yo e V.

The following theorem is used as a basic tool in many proofs in numerical analysis. It
can be found in almost every textbook dealing with numerical methods for partial differential
equations, among them [BS02, Joh87, Bra92]

Theorem 3.20 (Lax-Milgram). Let Vo C V be Hilbert spaces, and let a : V x V. — R be
bounded and coercive, i.e.

a(u,v) < capllullvvllv Yu,v € Vp,

a(v,v) > carllv| Vv e Vp.
Let moreover F' € V', then there exists a unique solution w € V' to Problem 3.19. It satisfies
the stability bound

1
lullv < —[1Flv;.

a,
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3.2.2 Brezzi’s theory of mixed methods

In the following, we recall basic facts on mixed systems, following the abstract theory in
[Bre74, BF91]. Let Vj, X be Hilbert spaces equipped with norms ||.||v, ||.||x. We analyze the
following problem.

Problem 3.21 (Abstract mixed formulation). Find u € Vy,0 € X such that

(1(0',7’) + b(Tvu) = <F177_>E v'7_6207

b(o, v) — (Boy el (3.18)

The bilinear forms naturally introduce linear operators A : ¥g — X, B : ¥g — V{ via
the relations

(Ao, )y = alo,T) Vo, € X,
<BT>U>V = b(T,’U) V71 € Yo, v € V).

The following assumptions shall be valid for a(,-),b(-,) throughout this subsection, they
provide the basis for the application of Brezzi’s theorem below.

Assumption 3.22. Let ¥ C X,V C V be Hilbert spaces. Leta : XgxXg — R, b: XgxVy —
R be bilinear forms satisfying

1. boundedness of a(-,-),b(-,-): there exist positive constants c,2,cp2 > 0 such that

a(o,7) < cqpllolsT]s Yo, € Yo, (3.19)
b(T,v) < cb,2HT”EHUHV V1 € EO,'U S Vb, (320)

2. inf-sup stability of b(-,-): there exists a positive constant ¢, 1 > 0 such that

b
inf sup M > Cp i, (3.21)
veVp TEYD ||THE||U||V

3. coercivity of a(-,-) on the kernel of B: there exists a positive constant c,;1 > 0 such
that
a(t,7) > can 7|} V1 € Ker B, (3.22)

where the kernel of B is defined by
KerB:={r€Xy:b(r,v) =0Yv eV} C%.

Conforming [BF91, Theorem 1.1], existence and uniqueness of a solution as well as stability
can then be guaranteed.

Theorem 3.23 (Brezzi’s theorem). Let X9 C X, Vo C V' be Hilbert spaces, and let the bilinear
formsa : ¥g x X9 — R, b: XoxVy — R satisfy Assumption 3.22. Then, for Fi € 35, F» € Vi,
there exists a unique solution (o,u) € o x Vy to Problem 3.21. It satisfies the stability bounds

1 1 Ca.2

ol < il + — (14 22) sl 3:2)
a, ) a,
1 C 2 C, 2 C 2

lully < —<1+ ‘ >HF1|25+3—<1+ d )HFQHVJ. (3.24)
Ch,1 Ca,1 Cb1 Ca,1
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Note that coercivity of a(-,-) is not even necessary, and can be reduced to an inf-sup
condition on Ker B. However, the above assumptions will be sufficient for our further analysis.
We will embed all the following methods in this framework, and use Theorem 3.23 for the
analysis.

Remark 3.24. If the solution is not sought to lie in the Hilbert space g X Vg, but in a
manifold Xp x Vp = (tn,up) + Lo x Vo, we apply a standard homogenization technique. We
then search for (o9,up) = (0 —ty,u —@p) € Lo x Vo such that

a(O'(),T) + b(T,Uo) = (Fl,T>E—a(£N,T)—b(T,@D) VTGgo,

b(a0, ) = (Fy,v)y = b(ty,v) Yo eV (3.25)

The right hand sides of system (3.25) still lie in the respective dual spaces, the stability esti-
mates (3.23), (3.24) have to be modified replacing

[Fillvy by IFillvy + ca2llinllsy + cozllinlve,
[Fallss by N Fallsy + cozllindls,-

3.2.3 The pure displacement formulation

We recall the probably most straightforward weak formulation of the elasticity problem.
There, one chooses V,,, := [H(€2)]¢ as space for the displacements, and %, := L%y,,(Q) for
the stresses. Suitable subspaces satisfying essential boundary conditions are

‘/;77”70 = [H%‘D,O(Q)]d7
VpﬁD = {U S [Hl (Q)]d : U’FD =up }7
Xpro = Xpr N = Mpr.

In order to obtain the primal mixed formulation, one multiplies the first equation in the
elasticity problem (3.1) by test functions 7 € 3,0, and the second line (3.2) by v € Vj,.o.
Then one applies integration by parts using formula (3.12) in the second line, followed by a
substitution of the known normal trace o,, = tx on I'y. Using that v = 0 on I'p by definition,
we end up with the primal mixed formulation of elasticity.

Problem 3.25 (Primal mixed formulation of elasticity). Find u € Vp, p, 0 € ¥, y such that

/(fla) cTdr — / e(u) :7dr = 0 VT € Xpro, (3.26)
Q Q
—/5(1}):0’(13: = —/f-vd:r—/ ty-vds Vv € Ving.  (3.27)
Q Q I'n

Problem 3.25 can be embedded straightforward in the abstract theory of Subsection 3.2.2.
We define for o, 7 € Yg,v € V)

apr(o,7) = /(AO’) T dx,
Q
bpr(T,0) = —/ 7 :e(v)dz,
Q
<F1,pr77—>2 = 0,
(Fopr,v)v = —/ f-vdm—/ ty - vds.
Q Ty
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Now, existence and uniqueness of a solution (o,u) € X,, v X Vp, p as well as stability can
be obtained ensuring the conditions of Brezzi’s theorem. The right hand sides clearly lie
in the respective dual spaces if f € HF_;(Q), and ty € HO_Ol/2(FN). This is ensured by
the trace theorem for H'. Also boundedness of a(-,-),b(-,-) follow trivially, applying the
Cauchy-Schwarz inequality.

To prove inf-sup stability for b(-,-), Korn’s and Friedrichs inequalities (3.17), (3.14) are
needed: For v € Vp, choose 7 = £(v), then

b(r,v) = [le) I > exIVullalrlle > exep! [vllviTlls.

As ¢i deteriorates with the aspect ratio of the domain €2, we expect stability problems for
anisotropic domains such as plates or shells. Finite element discretizations of the mixed
primal method usually show shear locking phenomena.

Coercivity of a(-,-) can be shown straightforward, we obtain

a(7,7) > Amin(A) || 7|3

There Apin(A) is the minimal eigenvalue of the compliance tensor A, which tends to zero for
nearly incompressible media. As a result, we expect volume locking.

Due to the fact that e(u) € L%y,,(Q) for u € [H'(Q)]¢ and the invertibility of A, we may
conclude from the first equation that

o= A"e(u) in Ly, ().
Thereby, we can eliminate o from the system above and end up with the (equivalent) pure
displacement formulation of elasticity:

Problem 3.26 (Pure displacement formulation of elasticity). Find u € Vy,, p such that

/(A_ls(u)) ce(v)de = / f-vdx +/ ty-vds Vv € Vo (3.28)
Q Q 1N

This problem can easily be discretized using standard continuous finite elements. But,
equivalently to the primal mixed problem, we expect a deterioration of stability when treating
anisotropic domains or nearly incompressible media.

3.2.4 The Hellinger-Reissner formulation of elasticity

In the pure displacement formulation, all derivatives are applied to the displacements in form
of the strain tensor. It is therefore necessary, to have the displacements in H'(£2), the stresses
are left totally discontinuous. In the Hellinger-Reissner formulation, one chooses differently:
Differentiation is done with respect to the stresses, the stress space is ¥ = Hgyys(div). The
matching displacement space is then V = [L?(Q)]¢. The boundary conditions imply to use

Viuro = Varp = [L*(Q),
EHR,O = HSW,FNp(diV) = {T S ng(div) 3Tn’FN =0 },
EHR,N = {T € Hsyj\/[(div) : Tn‘FN = gN }

As in Section 3.2.3, we multiply the equations of elasticity (3.1),(3.2) by test functions
v € Vurpo and 7 € Ypyro. Now, we apply Green’s formula (3.12) to the first line, and
substitute u = up on the Dirichlet boundary I'p. As 7,, = 0 on 'y, the following problem is
obtained.
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Problem 3.27 (Hellinger-Reissner formulation of elasticity). Find v € Vyr p,o € Yur N
such that

/(Aa) cTdx +/ w-divrde = / up - Tn, ds V71 € XHR0, (3.29)
Q Q I'p
/ v-divede = — [ f-vdz Vv € VHR - (3.30)
Q Q
We shortly analyze Problem 3.27 under the aspects of Theorem 3.23. Therefore, we define
apgr(o,7) = /(Aa) cTdx for o, 7 € Xpr,
Q
bur(T,v) = divr -vdx for 7 € Xggr,v € Vg.
Q

Due to trace theorems, the right hand sides of equations (3.29), (3.30) are clearly in YR
VERQ, and the essential boundary conditions are suitable for the respective spaces. Proving
inf-sup stability for byr(-,-) is rather simple. A proof can be found e.g. in [Bra92].

Coercivity of agg(-,-) is also more involved. The bilinear form is clearly not uniformly co-
ercive on the whole space Y gr o, as the Lamé parameter A tends to infinity. However, one can
prove that, on Ker Byg, the constant of coercivity is independent of this quantity. Therefore,
the formulation is suitable for the analysis of nearly incompressible elasticity. For a more
detailed discussion of the kernel-coercivity, see [ADG84] or [BF91, IV.3]. When constructing
locking free finite elements, coercivity of agg(-,-) must also hold on the discrete kernel. As
shown in [AC05, AW02, AAWO0S|, conforming finite elements satisfying this restriction can
only be provided at the cost of high polynomial order.

3.2.5 Mixed methods with weak symmetry

A major problem when constructing finite elements for the Hellinger-Reissner formulation
of elasticity is the symmetry of the stress tensor ¢. In order to avoid this, several authors
have introduced methods where the symmetry of the stress tensor is enforced by means of
Lagrangian multipliers, among them [Ste86, Ste88, ABD84, AFWO07].

The main idea is to introduce a skew-symmetric matrix w, which corresponds to the skew
part of Vu. It acts as a Lagrangian multiplier ensuring the condition “o is symmetric”. Then
the equations of elasticity can be reformulated to find v : Q@ — R%, o : Q — R™4 o : Q —

Rgxgw such that ~
Ao —Vu+w = 0,

o—ol =0, in Q.
—dive = f
We choose the solution spaces
Qus = Ligw(Q):={y € [L*@Q]":y=—"},
Viwso = Vasp = [L2 (D] X Qus,
Ews,O = [HFN,O(diV)]d>
Ywsn = {7 € [HAiV)]?: Tulry = tx ).

Now, similarly to the Hellinger-Reissner case, we derive a variational formulation, ending up
with the following problem.



3.3. A NEW WEAK FORMULATION OF ELASTICITY 35

Problem 3.28 (Mixed elasticity with weak symmetry). Find (O‘, (u,w)) € Yus N X Vips.D
such that

/(Aa):Td:n+/u-div7'dl‘+/w:7'dx: / up - on, ds VT € Xy, (3.31)
Q Q Q I'p
/v'divadx—k/’y:adx: —/f-vdx V(v,7) € Vs (3.32)
Q Q Q

This problem is equivalent to the mixed problem (Problem 3.27) in the sense that for
each solution (o,u,w) to Problem 3.28, (o,u) is a solution ot Problem 3.27. The analy-
sis of this problem can again be done in the scope of Theorem 3.23. Using the results for
the Hellinger-Reissner formulation (Problem 3.27), solvability and stability estimates can be
shown straightforward. Although the infinite-dimensional problem of weak symmetry is equiv-
alent to the Hellinger-Reissner formulation, it allows for different discretization techniques.
There, the symmetry of the stress solution is usually not guaranteed. Comparably simple
finite elements with respect to this formulations are available, the probably best known one
is the PEERS element [ABD84].

3.3 A new weak formulation of elasticity

In this section, we present our new formulation of the equations of elasticity. We motivate
the choice of spaces, and provide some basic results on their properties. We show existence
and uniqueness of a solution as well as stability estimates.

Our new method will be situated “in between” the primal mixed method, where all
smoothness assumptions are put on the displacement field, and the Hellinger-Reissner for-
mulation, where the setting is vice versa, and the stresses have to satisfy a differentiability
property. In both cases, the bilinear form a(-,-) is defined in the same way, namely as
L? product between stress and strain. When considering homogeneous, isotropic, linear elas-
tic materials, the compliance tensor A is determined by the Lamé constants fi, A, which yields

a(o,7) = /Q (Ao) : rds = /Q %deva:deVTdaz—l— / o) te(r)dr.  (3.33)

— ¢t
The bilinear form b(-, -) can be viewed as a duality product between the divergence of the

stress and the displacement,
b(r,v) = (divT,v)y.

For the primal mixed method, the duality product reads
b(r,v) = (divT,v) g1(q) = —/QT ce(v) de,
whereas in the Hellinger-Reissner setting it reads
b(r,v) = (divT,v)2(q) = /QdiVT ~vdx.

We choose now the displacement space as

V := H(curl; Q),
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with subspace Vj := Hy r, (curl) and manifold Vp := {v € H(curl) : v;|r, = up -} containing
the solution u. Thus, the stress space X has to satisfy the following properties, such that a
mixed system of the form (3.18) is well defined:

1. ¥ C L%y,,(€), such that the volume integral (Ao, 7)o can be evaluated

2. For 7 € X, we need that divr € VJ = HF_; (div); this ensures that the duality product
(div T, v)y is well defined.

We introduce a new space, which consists of functions satisfying these two conditions.

Definition 3.29. Let D C R? be a domain satisfying Assumption 3.2. We define the Hilbert

space
H(divdiv; D) := {1 € L%y,,(D) : divdivr € H (D) }. (3.34)

The space is equipped with norm
HT”%(divdiv;D) = HT”2L2(D) + |l diVTH.zrrl(diV;D)

(div 7, )% D
= HTH%?(D)—" sup . (cur; D)
vEHo(curl;D) HUHH(curl;D)

In this definition, the divergence of the divergence of a tensor-valued function is a scalar
field. For the case of a symmetric tensor in two space dimensions, it reads

OT11 O0T12 2 2 2
L . o1+ 0m 0111 0°1T12 0T
divdivT = div 971 1 Do = 92 90 pe
o + —6x2 331 102 332

We search for the stresses in the space
Y = H(divdiv; Q).

As we will see later, it is possible to define a normal-normal trace operator try, on the
space H(divdiv; Q). Recall the normal-normal and normal-tangential trace of some smooth,
tensor-valued field 7,

tn (T) 1= Ty 1= Ty = nTrn, tr (T) = Thr 1= Tn — Tanh.

Analogously, we will provide an inverse trace theorem, which allows to lift any distribution
from a suitable trace space to the volume space H(div div). Therefore, we define the spaces

Yo = Hor,(divdiv;Q):={7 € Ly (Q) : divdivr € HI:;(Q% Tanlry = 0},
Yy = {7 € L%, (Q):divdivT € HIT;(Q), Tonlry = tNn}-

We note that

2 . 2 . 2
HTHH(diniV;Q),I‘N T HT||L2(Q)+HleTHHITg(diV;Q)

(diV Ts U>§{(curl;Q)

= HTH%Q(Q) + sup 2
vEHo,r p, (curl;) HUHH(Curl;Q)
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is a suitable norm for the space Hyr, (divdiv;{2).

We use the spaces V = H(curl) and ¥ = H(divdiv) and their respective subspaces Vp, Vp
and Yo, Xy to derive a new variational formulation. We have already seen in Theorem 3.12,
that the choice of H(curl) means we have tangential continuity for the displacements. We
will see that for the stresses, the choice of spaces implies normal-normal continuity, i.e. we
have o, continuous across interfaces. Therefore, we speak of the Tangential-Displacement-
Normal-Normal-Stress (TD-NNS) formulation of elasticity.

Problem 3.30 (TD-NNS formulation of elasticity). Find o € ¥y, u € Vp such that
/(Aa) s dx + (div T, u)y, = / UD,n Tnn dS VT € 3, (3.35)
Q I'p
(diveo,v)y, = —/ frudx +/ tNr - Ur Yo € V. (3.36)
Q I'n

This formulation again fits into the framework of Section 3.2.2. It is a problem of form
(3.18), where for o,7 € ¥, v € V)

a(o,7) = /Q(/_la):de, (3.37)

b(T7 U) = (le g, U>H(Curl)7 (338)
Fy (T) = / UDmn Tnn ds, (339)
I'p
Fy(v) = —/ f-vdx —I—/ t_’NJ - (3.40)
Q I'n

In order to show existence and uniqueness of a solution, as well as stability estimates, we
need to investigate for properties of the space H (divdiv).

3.3.1 The space H(divdiv)

Throughout the following, let D C R% d = 2,3 be a connected, Lipschitzian domain of
unit size, diam D ~ 1. Let D satisfy Assumption 3.2, then the boundary 9D is either
smooth or polyhedral. Let A C 9D denote a closed part of its boundary, while B = 9D\ A
denotes the remainder. First, we are concerned with the evaluation of the duality product
(div 7, v) gr(curt; py for smooth functions. We see that it can be done by means of surface and
volume integrals. We provide a trace and an inverse trace theorem for the space H(div div; D),
as well as an integration by parts formula. From these results we derive interface conditions
for piecewise defined spaces.

Lemma 3.31 (Evaluation of the duality product). For some 7 € Hy g(divdiv; D) and v €
Hoy, a(curl; D) smooth enough, the duality product (div 7, v) g(cur; 0y can be evaluated as follows

(div 7, v) g (curl;p) = /diVT'Udl‘—/Tm—’UTdS (3.41)
D B

= —/Drza(v)dw+/ TnnUn dS. (3.42)

A
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Remark 3.32. The first evaluation (3.41) is still true for v € Hya(curl; D) and 7 €
Hsywr0,8(div; D), if 7, € H”_1/2(diVB;B) and the surface integrals are understood as du-
ality pairings. As we will see in Theorem 3.34, the normal-normal trace of 7 € H(divdiv; D)
lies in the dual space of the Neumann trace space 0fH2(D)ﬂHé7A(D), which is H:L’/O%A@D) by
its definition (3.7). The second form of evaluation (3.42) is then possible for v € [H&’A(D)]d
and T € Hy p(divdiv; D). These statements follow, as the set of smooth functions lies dense
in the respective spaces.

Proof of Lemma 3.31. Let 7 € Hy g(divdiv; D),v € Hy a(curl; D) be smooth. We first show
representation (3.42), the second representation follows then from integration by parts, see

formula (3.12). The distributional divergence is defined such that for any function 7 and
¢ € 5. (D)

<diVTv ¢>H(Curl;D) = _/DT : €(¢) dl‘—l—/ Tn ds

oD

= —/ T16(¢)dl‘+/ Tnn¢nd~9+/ Tnr ¢T ds.
D aD aD ~

We take this definition for arbitrary, sufficiently smooth v, 7, which satisfy the boundary
conditions v; = 0 on A, 7,, = 0 on B. They obviously satisfy identities (3.41) and (3.42). O

Remark 3.33. We note that the evaluation of the duality product (div T,v) g(eu;p) by means
of equation (3.41) for general v € H(curl) is only possible if the normal-tangential component
Tnr Of the stress tensor lies in H”_1 2

smooth T on domains with corners.

/ (divop; OD). This condition may be violated even for

The following trace theorem states, that functions in H(divdiv) have a normal-normal
trace.

Theorem 3.34 (Trace theorem for H(divdiv)). Let D C R% d = 2,3 be a bounded Lipschitz
domain with polyhedral boundary according to Assumption 3.2, diam D ~ 1.

1. The trace operator trap n, is well defined the space on H(divdiv; D) as an extension

from CX,,(D). It is continuous onto Hy 1 2(aD), there exists a constant ¢y, > 0 such
that

|| traDﬂm THH;V?([)D) < Cirpn ||THH(diV div;D) VT € H(le div; D)
2. For g € H51/2(8D), there exists some T € H(divdiv; D) such that
tr@D,nn T =49 on oD and ||T||H(diniV;D) < Ceatyy HgHH;l/Z(aD)-

The constants ¢y, Cext,, Gre positive and depend only on the shape of the domain D.

Proof. 1. Let 7 € C,,(D) be arbitrary. For simplicity of notation, we write 7, for
trop nn 7. By the definition of the dual norm, we have

(Tn, @) 172 5

= sup (3.43)

||7—7’Ln||[{*1/2 oD
n 7(OD) weH2(oD) ”w”H}L{g(aD)
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We note that, due to Friedrichs inequality (Theorem 3.14), the semi-norm ||V - || g1 (p)
forms an equivalent norm on H?(D) N H(D). From the definition of the Neumann
trace space H,ll/02 (0D), we have that

(Ton, O /On) 1/2(8D)

I Tnnll =172 5y = sup
MHOD) g2 (pyni (D) Vel o

We may proceed, using Green’s formula, and setting ¢» = V¢ in the second line,

(divr,Vo)p + (1,e(V))p — (Thr, D /OT)

[T l| 1172 = sup
Hy, (aD) QOGHZ(D)OH&(D) HVQOHHl(D)
- sup (div7,v)p + sup (1.e(Vo))p 40

vermi oy 1l oy pem2mynmi oy IVl (o)
| div 7l z-1py + 17l 22(D)

CHT”H(divdiv;D)

IN A

Here, we used that the tangential derivative d¢/O7 vanishes for ¢ € H(D). This
implies that the normal-normal trace operator is continuous with respect to the norm
on H(divdiv; D), and can therefore be extended to the full space.

2. Let g € H{1/2(8D), and let @ € H?(D) be a weak solution to
divdivV?w+% = 0  in D,
w = 0 on 0D,
(V20)n = g on 0D,
where V2w denotes the Hessian of w. The weak formulation of this problem reads
/ Vb - V2 dx + / W dr = / Pgs e H*(D)N HY(D). (3.44)
D D Ion

It is well posed, the bilinear form coincides with the H? inner product (-, ) m2(p), and
g lies in the dual of the Neumann trace space of H?(D) N H}(D). As w € H*(D), we

have 0w/on € Hrl/oz (0D). As w vanishes on the boundary, we may estimate, using the
definition of the norm (3.6) for the Neumann trace space H,ll/02 (0D)

> 122
By the Lemma of Lax and Milgram (Theorem 3.20), we conclude
[l 12Dy < ellgll 172 gy
Then we have, for 7 = V2w
191l =172 5y 2 €ll@ll 2Dy 2 ellTllL2 (o)
As we have divdivr = —w, we obtain

191l =172 5y = €ll@ll 2Dy 2 €ll div div Tl z-1(p),

which proves the second statement.
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Theorem 3.35 (Integration by parts). Let D C R% d = 2,3 be a bounded Lipschitz domain
satisfying Assumption 3.2, diam D ~ 1. Let v € H(curl; D) and 7 € H(divdiv; D). In case
of additional smoothness, the following integration by parts formulae hold true.

1. Forv e [CY(D))?,

(div 7, v) g (eurt) = —/ T:e(v)dz —I—/ TrnUn dS. (3.45)
D oD
2. For T € Clyy (D) with 7, € H||_1/2(divaD; oD)
(div 7, ) g (curl) = / divr-vdx — / Tor * Uy dS. (3.46)
D oD

Proof. Both integration by parts formulae hold true for smooth v, 7, see Theorem 3.11. Due
to trace theorems (Theorem 3.8 and Theorem 3.34), we have boundedness of the respective
boundary integrals on the right hand sides of equations (3.45) and (3.46) in the sense of duality
products. By density arguments, they can be extended to the full spaces H (curl), H(div div).

O

Theorem 3.36 (Interface conditions for H(divdiv)). Let D = {Di,...,Dn} be a non-
overlapping domain decomposition for D, i.e. DN\ D; = 0 fori # j € {1,...,N} and
D =D;. Letl;; :== dD;NID; be the common interface of any two sub-domains D;, D; € D.
Let T be defined piecewise such that m; := 7|p, € H(divdiv; D;), and let moreover divT; lie in
[H (curl; Dy)]* fori=1,...,N. Then, if

trFij,nn T; = I, nn Tj fori,j=1,...N,

17
the composite function T lies in the global space H(divdiv; D).

Proof. Clearly, the composite function 7 lies in L?(D), as the restrictions to the respective
sub-domains do. Thus, it remains to verify that divdivr € H~1(D). Equivalently, we will
prove

divrT € H™(div) = [Ho(curl)]*.

Let therefore ¢ € [C5°(D)]? be a smooth test function. Due to the integration by parts formula
given in Theorem 3.35, we have

(div T, ) g(ewrt) = —/DT:E((b) da;+/ Trn®n ds

oD

N
iZ:;/l)i @) oD %J: Fij;/#z

=0
Here, the surface integrals are to be understood as duality products. We may reorder the
surface terms sub-domain by sub-domain, and obtain, using again the integration by parts
formula from Theorem 3.35
N

<diV T, ¢>H(cur1) = Z |:_ /D T €(¢) dx + /<9D- Tan $n d8:|

1=1

N N
= (le Ti, ¢>H(Cur1,Di) < [Z H divr ” [H(curl;Di)]*] ”¢HH(CUI‘1;D)’
i=1 i=1
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This implies div T € [Ho(curl)]*. O

Remark 3.37. Note that 7; € H(divdiv; D;) for i =1,...,N does not imply the condition
“divr; € [H(curl; D;)]*”, but only “divr € [Ho(curl; D;)]*”. For a piecewise smooth ten-
sor field T, “divr; € [H(curl; D;)]*” is satisfied iff its normal-tangential trace T, lies in
H”_1/2(divapi;8Di). Then, the duality product (div T;,v;) g (cury for vi € H(curl; D;) can be
evaluated using the integration by parts formula (3.46) provided in Theorem 3.35. Note that
this additional condition needs not be satisfied even for smooth functions on sub-domains with
corners. In this regard, our finite element approximations presented in Chapter 4 will not be
conforming for H(divdiv). However, our analysis will rectify this lack of conformity.

3.3.2 Stability analysis

We are concerned with stability analysis of our mixed formulation. In all our statements,
we assume that the domain 2 is connected, with its boundary either smooth or polyhedral,
according to Assumption 3.2. We verify the conditions of Assumption 3.22. Continuity of
a(+,-),b(-,-) are clear, as

- 1

alor) = [ (Ao)irds < olslrls,
Q K

b(T,U) = <diVTvv>H(curl) < ||THE||U||V

Also, an inf-sup condition for the divergence operator acting on H(divdiv) can be shown
directly.

Lemma 3.38. Let Vy = Hor,(curl;Q), X = Hor, (divdiv;Q) be the spaces satisfying ho-
mogenous essential boundary conditions on I'p,Tn, respectively. The bilinear form b(-,-)
defined by relation (3.38) is inf-sup stable on ¥ x Vp, i.e. there exists a constant c,3 > 0

such that ;

> Cp,1 > 0.
veVo rex, [ITlIsllvllv

Proof. Let 7 denote the Riesz isomorphism from Vj to V. It is defined by the relation

<Q7U>V = (Q7ZU)VO* Vq € VO*

Being an isomorphism, it moreover satisfies ||Zv||y; = |[v|lv for any v € Vy. For our choice of
spaces, Z maps v € Vo = Hor,(curl) to Zv € HIT; (div).

Let now v € Vg be fixed; in order to show the inf-sup condition it suffices to find some
T € Y such that

b(r,v) > epalTllsllvlv.

Now, for this v, let ¢ := Zv be its dual element in H{; (div). We choose w € [H&ID]d to be a
weak solution to

/Qs(w) ce(v)dr = /Qq cvdx VORS [H&ID]d.

Due to Theorem 3.20 (Lax, Milgram) and Korn’s inequality, this equation defines w uniquely,
and we see that

||5(w)||L2(Q) = HQ||H*1(Q)-
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We emphasize that, when estimating the full norm [w| g1 ), Korn’s constant cx comes
in. However, this is not necessary in our line of proof. We will end up with an estimate
independent of cx. We choose 7 = e(w), and verify that 7 € X:

e The tensor 7 lies in L%y,,(Q), as
172y = lalla-1 ) < llv]lv.
e Since divr =¢q € HIT; (div), we know that divdivr € HIT; (€2), and
| divdiv 7| g-1q) = I divallz-1) < lgllz-1(aiv) = [[v]v-

e The natural boundary condition 7,, = ¢(w)n = 0 on the Neumann boundary I'y then
ensures that 7 € .

As ¢ = div 7, we have || div 7| g-1(giv;0) = |lv]lv by definition. We can even bound ||7||s by
H diVT”Hfl(div;Q):
I71% = ldivdivrlf-i g + 17l 72(0
~ || div div 7|1 g + [lalF-1 0
= | diniVT‘ﬁ{*l(Q) + | diVTH%*l(Q) =l diVT‘ﬁrl(div;Q)'
Thus, we conclude,
b(r, ) = (div 7, o)y = (div 7, T0) sy = AV 7121 g = I sllel

O

Last, we show coercivity of a(-,-) on the kernel Ker B. There, we lay special emphasis
that the constant of coercivity does not deteriorate as the material becomes incompressible,
i.e. as the Lamé parameter \ tends to infinity. We first prove a lemma, which can be found in
[GR86, BS02] for pure Dirichlet or Neumann boundary conditions, i.e. 9Q = I'p or 09 = I'y.

Lemma 3.39. Let 'y = 0Q\I'p be a non-trivial part of the boundary. Then for allp € L*(Q)
there exists a function v € HY () N Hor, (curl; Q) satisfying

dive = p mn €,

v, = 0 on I'p.

If T'y = 0, and p satisfies the compatibility condition fﬂpdw =0, we can find v € H&(Q)
such that

dive = p in €.

In both cases, there exists a positive constant cgj, such that

vl a1 ) < caivllpllL2(@)-
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Proof. The case of pure Dirichlet boundary conditions is covered by [GR86, BS02]. Note that
the statement of the lemma is even stronger in this case, as we have v € H(Q), i.e. the full
trace of v vanishes, not only its normal component.

We adapt this proof for the case of mixed boundary conditions. Let p € L?(Q) be fixed,
and let I'y be a non-trivial subset of 0€2. Let p € R be the average value of p on €,

_ 1/
p:=— [ pdzx.
€ Jo

Then p — p satisfies the compatibility condition above, and we deduce the existence of some
vy € H}(S2) such that

divey = p in Q,
[vlla1) < cawllpllrz@)-

Secondly, we are concerned with finding some vy € H' (), vy =0o0nI'y, va, =0o0nI'p,
and divwvy, = p. To do so, let w be the unique weak solution to

—Aw = p in €,
w = 0 on 'y,
0
3_1: = 0 on I'p.

Existence and uniqueness follow from Theorem 3.20 (Lax, Milgram). Note that we required
'y to be non-trivial. As the right hand side is constant and all boundary conditions are
homogenous, elliptic regularity [Gri85] ensures that w € H?(Q) and moreover |wl|| w2 <
c||plla. We set vy := Vw, and observe

e vy lies in H(Q),

e divuy = p,

vor =0w/0T =0on 'y as w =0,

Vo = Ow/On =0onI'p,

o2l (0) < cllplla-
This implies that v = v; + vy satisfies the statement of the lemma. O
This enables us to prove coercivity of the problem of mixed elasticity.

Lemma 3.40. The bilinear form a(-,-) defined by relation (3.33) is coercive on the subspace
Ker B C Vp,
a(TvT) > caﬂ”ﬂ‘%{(divdiv) VT € Ker B,

and the constant c,1 > 0 is independent of the Lamé parameter X\ tending to infinity. The
kernel of B is the subspace of divergence free L? functions,

Ker B = {1 € L%y,;(Q) : divT = 0 in HI:;(div)}. (3.47)
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Proof. The characterization (3.47) of Ker B follows directly from the definition of b(-, -) and Vj.
Note that, for 7 € Ker B, also divdiv T vanishes, and ||7[|s = [|7][12(q). To prove coercivity
of a(-,-), we proceed similar to [BF91]. In case of pure Dirichlet boundary conditions, we
restrict the stress space ¥ to

S = {TEEO:/Qtr(T)dwzo}.

This is possible as the solution o to the homogenous problem satisfies this constraint, since
/ tr(7) de = / tr(A ™ e(u)) do = /(d/_\ +20) divudr = (d\ + 2,&)/ Upds =0
Q Q Q a0

Due to Lemma 3.39 there exists some v € [H'(Q2)]¢ such that v; = 0 on 'y and v, = 0
on I'p and

dive = tr(r), and [l @) < cdioll tr(7) |l L2(0)-

Then, we estimate
”tr(T)”%ﬂ(Q) = /Qtr(T) div v dx
= /(tr(T)I) ce(v)de
Q
= d/(T—deVT) e(v) du.
Q

Now, since 7 lies in Ker B, its divergence vanishes in HF_; (div), this means, using the repre-
sentation (4.19) for v € H(Q)

0= <d1V 7—7'U>H(Curl) = /

T:E(v)da:—/ Ton Un dS
Q I'p ~~~

We insert this above, and obtain

[ tr(7)||%2(9) d/Q(T —devr):e(v)de = —d/ﬂdeVT ce(v) de

d| dev 7|z lvilm@ < cdgy lldev T2yl tr(T)l 2(q)-

IN

Thus we bounded the trace of 7 by its deviator, and may conclude

) 1
a(rr) = gplldevliz + grrsgm | iz
| 1
> 4 <” e utr(T)H%zm)) +0
1
> —_mln(]wl/cd?v)HTH%

an



Chapter 4

Finite Element Methods

In this chapter, we concentrate on finite element approximations for the different mixed
formulations of elasticity. We shortly recall some basic concepts on Galerkin finite element
methods, stability issues and approximation results. Then we review on existing finite element
pairs for the discretization of the primal mixed formulation, as well as the Hellinger-Reissner
and weak symmetry formulations.

We provide a suitable pair of finite elements for the discretization of our new mixed for-
mulation. There, the displacement space will be approximated using Nédélec finite elements,
while we construct a family of tensor-valued, symmetric, normal-normal continuous finite
elements for the stresses. We show stability in the discrete setting, using mesh-dependent,
broken norms. To be able to give a-priori error estimates, we use interpolation operators.
Such operators are well known for the Nédélec space, we construct one for the normal-normal
continuous stress space.

Throughout this chapter, we will assume that all essential boundary conditions are ho-
mogenous, such that no homogenization of the mixed problem is necessary, and we have
Yny = Yo and Vp = Vi. We further assume that the compliance tensor A is well condi-
tioned. In Chapter 5, we will then provide a method which is also stable in case of nearly
incompressible materials, when the minimal eigenvalue of A tends to zero.

This chapter is organized as follows: In Section 4.1, we are concerned with general tech-
niques and results for mixed finite element methods. Section 4.2 deals with finite element
methods for elasticity: First, standard methods are recalled, then a pair of finite elements for
our new formulation is introduced. In Section 4.3, this method is analyzed with respect to its
stability and approximation properties. Explicit bases for the stress and displacement finite
element on a triangular and a tetrahedral reference element are provided in Section 4.4.

4.1 Basic ingredients

We recall basic properties of Galerkin approximations to saddle point problems, concerning
stability and a-priori error estimates. We provide the concept of a finite element space on a
shape-regular mesh.

We first dwell on the well known abstract framework of Galerkin methods for saddle point
problems. We move along the same lines as [BF91]; all proofs can be found in standard finite
element literature, wherever mixed problems are concerned, as for example [BF91, GR&6,
Bra92, BS02].

45
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Then we discuss basic ingredients for the finite element method, such as the underlying
discretization of the domain by some shape regular mesh, the finite element itself and the
corresponding finite element space, the reference element and the transformation to an element
in the mesh.

Let V}, C Vg, X5, C Xg be finite-dimensional subspaces of Vj, ¥g. By using an index h, we
indicate that later on the spaces are based on a shape-regular triangulation of the domain
of mesh size h. So far, we only assume that the respective families approximate the infinite-
dimensional ones, (J,-oXs = X0 and {J,-o Vi = Vo. The orthogonal projection operators
H}EL 220 — Xp, H}{ : Vo — Vj, are naturally defined via

(H%O’,Th>2 = <O’,Th>§) VThEEh, (4.1)
(HXU,U}J\/ = <u,vh>v Yoy, € Vy,.

We first state the Galerkin approximation of the mixed formulation in Problem 3.21.

Problem 4.1. Find oy, € Xy, up € Vi, such that

a(Uh,Th) + b(Th,uh) = <F1,7'h>2 Y1y, € X,

4.3
b(on, vp) = (F,un)v Yy, € Vi, (43)

where a : Yo X g, b: Xg X Vy are bilinear forms, and Fy, Fy lie in the respective dual spaces
* V*
0>Y0 -

As in the continuous case, we introduce corresponding operators Ay : X, — X7, By, :
Eh — V; by

(Apon,mh)s = a(on, ) Yoy, € X,
<BhThavh>V = b(Th,Uh) V71 € Zh,’u S Vh.

The operator B, can also be extended to an operator mapping ¥ to V* by

(Bpth,v)y = <BhTh,HXv>v Yv e V.

4.1.1 Galerkin approximations of saddle point problems

In the following, we recall well-known results on stability and error analysis for the Galerkin
approximation in Problem 4.1 of the variational equation in Problem 3.21. We will employ
the general framework provided by Brezzi’s theory, see [Bre74, BF91]. We assume that the
bilinear forms af(-,-),b(-,-) satisfy conditions similar to Assumption 3.22, but on the discrete
level.

Assumption 4.2. Let X, V), be Hilbert spaces as described above. Let a : ¥y X X — R,
b: X, x Vi — R be bilinear forms with associated discrete operators Ay, By, satisfying

1. boundedness of a(-,-),b(-,-): there exist positive constants ¢, 2,2 > 0 such that

Ca2llonlls,lInlls,  You, mh € T, (4.4)
co2llmalls, lonllv, V7 € Bp,vp € Vi, (4.5)

a(onh, Th)

<
b(Th,Uh) <
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2. discrete inf-sup stability of b(-,-): there exists a positive constant ¢, 1 > 0 indepen-
dent of h such that
b
inf sup (7h, vn)

T = Cb1 4.6
on€Vim,ex, [7nllzy lvnllv, ’ o

)

3. coercivity of a(-,-) on the kernel of Bj: there exists a positive constant ¢,1 > 0
independent of h such that

a(h,Th) > Capl|Thll3,  V7h € Ker By, (4.7)

where
Ker By, := {Th € Xy b(Th,Uh) =0 VYo, €V, }

If these assumptions are satisfied for some pair of spaces Xj, x V3, we can directly conclude
existence and uniqueness of a solution to the discrete equations in Problem 4.1, by using
Theorem 3.23. For the stability, it is important that the constants ¢, 1,¢,,1 do not deteriorate
as h — 0.

Note that these conditions are not automatically satisfied for any pair of subspaces ¥, x V3,
even if Assumption 3.22 is met on the infinite-dimensional level. This is due to the fact that,
in general, By, : X;, — V* does not coincide with the restriction of B to X, as

<Bh7'h,?)>v = (BhTh,HX1)>V = (BTh,HX1)>V 75 (BTh,1)>V.

Thus, also the kernels of B and Bj, do not coincide, and both inf-sup stability and coercivity
have to be verified in the discrete setting separately. A popular tool to achieve this, is
the construction of a Fortin operator, which maps the infinite-dimensional space ¥ to the
subspace Y5, in a way, that this mapping is orthogonal to V}, with respect to the bilinear form
b(-,-).

Let now (o,u) € ¥y x Vp be the solution to the mixed equations (3.18), while (o, up) €
¥n x V3 shall denote the solution to the corresponding discrete system (4.3). We recall
well-known a-priori error estimates, as can be found in [BF91, GR86, BS02].

Lemma 4.3. Assume 3, C Xo, Vi, C Vi are Hilbert spaces. Let a(-,-),b(+,) satisfy Assump-
tion 4.2, and let (op,up) denote the solution to the discrete problem (4.3). Assuming that a
solution (o,u) to the respective continuous problem exists, there hold the error bounds

IN

lo = onlls,

6a2 Ebg . Eb2 .
14+ == 1+ =22 inf — +—= inf |lu—wv
< Ca7l> < Cb,1> T}LEZ;L HU ThHZh Ca71 thVh ” h”Vm

Ch2) . Ca,2
— < 14+ == f — : — .
ol < (14 22) ot = ol + 2o = ol

If the finite element spaces Xy, Vy are chosen such that Ker By, C Ker B, there holds the
improved error bound

Ca,2 G2\ .
— < (14— 14+ —= f — .
o=l < (1+522) (1422 int o=l
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4.1.2 Triangulation

So far, we only assumed that ¥j, V) are families of finite dimensional spaces approximating
the infinite dimensional spaces ¥, Vj. In many applications, these finite element spaces are
derived from a family of underlying discretizations of the domain §2. The parameter h is then
associated to the mesh size of these triangulations, the method is referred to as “h-FEM”.
We now provide basic concepts for such families of triangulations. We assume the domain
Q Cc R d = 2,3 to have a piecewise polynomial boundary which is Lipschitz continuous.

Definition 4.4 (Regular Triangulation). Let 7 := {T'} be a non-overlapping domain decom-
position of  into elements T of simple geometry. We call T a regular triangulation of €2

iff
1. the elements are non-overlapping, TN'T = 0 for T #+ TeT,
2. the domain Q is covered by the triangulation, Q) = Urer T,

3. the intersection of two elements is either empty, or a common edge, face, or verter of
both.

We further call the triangulation simplicial, if all elements are simplices, i.e triangles for
d = 2 and tetrahedrons for d = 3.

Note that condition 3. excludes hanging nodes. We introduce the set of vertices V = {V'},
the set of element edges £ = {E}, and the set of element interfaces or facets F = {F'}. For
two-dimensional meshes, the last two sets coincide. Sometimes, it will not be necessary to
distinguish between edges, facets and elements. Then we use the union

X=EUFUT,

and mean by X € X any edge, facet or element in the triangulation. We will further use
ET) :={FE € £: E C 9T} and similarly F(T) as the set of edges/facets corresponding
to element T. The set X(T') is again the union of edges, facets, and the element itself;
X(T)=E(T)UF(T)J{T}. Furthermore, for some element T', we define Ar to be the patch
of all neighboring elements, i.e. elements sharing at least a vertex with 7. Similarly, Ag, Ap
shall denote the patches of neighboring elements for an edge E or a facet F.

We assume that all facets ' € F are oriented, i.e. that their normal np is uniquely
determined. This allows the following definition of jump operators.

Definition 4.5 (jump operators). For a facet F' € F, let Ty, Ty be its neighboring elements,
where we assume that np = np, = —ng,. Let w: (11 UTy) — R be piecewise smooth, then
the jump operator is defined by

[w]r = w|y, —w|n,. (4.8)
For a vector-valued function v : (T} U Ty) — R, the normal jump is given by
[V]n,F := vng 1y + Vngy I, = [0n] P (4.9)
For a boundary facet F C (0T NT), the jump and normal jump are defined by

[[w]]F = w‘T7 [[U]]n,F = Un (410)
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The jump operator can be used to impose continuity of a piecewise defined function, as
well as homogenous boundary conditions. If the facet F'is clear from context, the subscript
may also be omitted, we use then [-], [-],, only.

In the finite element method, it is common to define basis functions of the respective
discrete spaces not directly for the global mesh, but on the reference element. They are then
mapped to an element in the mesh using a suitable transformation. The reference element
is usually of unit size, and of the same topological shape as the element. We will consider
unit segments in 1D, unit triangles or squares in 2D, and tetrahedrons and prisms in 3D as
reference elements. Also numerical integration or calculation of derivatives can be done on
the reference element, which is useful especially in case of curved elements.

Let now 7' be the reference element for some element 7' € 7. Let

BT — T2 — Op(2) = 2

a smooth, one-to-one mapping from the reference element T to an element 7. We use the
convention to mark all quantities on the reference element by a hat. A point Z € T is then
mapped to x € T.

The Jacobian of this transformation shall be denoted by Fr,

Fria) = (@)

The Hessian of the i-th component H} is given by

- 0?®p;
HY (%) = — (2 1<i,5,k <d.
T(x) <8£]ai'k (x)>jk7 SR>

The Jacobi determinant is given by Jr(z) = det(Fr(z)). Similarly, for a facet ' or an edge
E, let Jp, Jg be the transformation of measures of the facet transformation £ — F or the
edge transformation EF—FE respectively. Now, let F, F' be an edge, facet of element T' € 7T,
respectively. For a normal vector n on F' and a tangential vector 7 along F we have

n=Jr/Jr Fp'h, 1=1/JgFrt.

In general, the map ®7 is non-linear. We will use polynomial mappings, such that polyno-
mial boundaries can be represented exactly. In case of an affine linear map ®, the Jacobian
Fr is constant on 7', and the Hessians H%,i = 1,...d vanish. Such a transformation is used
for simplicial elements or elements of tensor product structure, as long as no curvature of the
elements is necessary. In our analysis, we will only consider affine linear transformations, if
not indicated differently. Then, the Jacobi determinants Jr, Jr, Jg of element, facet, or edge

transformation equal the respective relative sizes of T, F' and FE,
T || |E|

JT:—A, JF:—A, JE:—A
T || |E|

Using &7, we can define the local mesh size for some x € T,z = ®p ()

h(z) := |Fr(z)|s, hy = max h(zx).
S

Here we use the spectral norm |- |5 of the matrix-valued quantity Frp. For a facet F, let Ty, Ts
be the adjacent elements. Then we set hp := (|T1| + |T2|)/|F| as the average height of those
two elements perpendicular to F'.

Last, we define the notion of quasi-uniform and shape-regular triangulations.
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Definition 4.6. Let (7)o be a family of reqular triangulations of 2, where Ty, is of maz-
imum mesh size h = maxrer, hr. Let Fp,En, and V), denote the respective sets of facets,
edges, and vertices of the triangulation 7y,.

1. The family (Ty) is called uniform iff there exists a global mesh size h such that h(x) = h
for all x € Q.

2. The family (Ty) is called quasi-uniform iff for each element T € T}, the local mesh size
hr s proportional to a global mesh size h,

cith < hy < coh VT € Ty,
where ¢y, co are independent of h.

3. The family (7y) is called shape-regular iff there exist constants c1,co > 0 independent
of the local mesh size hp such that

o <|Frl|Fpt| <2 YT €Ty, h>0.

4.1.3 Finite element spaces

We now define the notion of finite element spaces, which are based on a triangulation of the
computational domain. Therefore, each element in the triangulation is equipped with a finite
element. The union of these finite elements is then used to build the global finite element
space. Following [BS02], we use the following definition of a finite element due to [Cia78].

Definition 4.7 (Finite Element). A finite element is a triplet (T, X,N') consisting of

1. the element domain T C R, which is a bounded closed set with non-empty interior and
piecewise smooth boundary,

2. the space of shape functions X, which is of finite dimension,

3. the set of nodal variables or degrees of freedom (dofs) N' = {Ny,... Ny}, which is a
basis for X*.

In order to specify the space of shape functions X, one can use any set of linear independent
functions spanning X. For a given set of nodal variables N, there exists a unique nodal basis.

Definition 4.8 (Nodal basis). Let (T, X,N) be a finite element. The basis {p;,i =1,...,k}
is called a nodal basis for X if it is dual to N, i.e.

Ni(pj) = dij fori,j=1,... k.
Inspired by [Cia91], we define a finite element space.

Definition 4.9. Let now Ty, be a regular triangulation of the domain Q C R?, where each
T € Ty, is equipped with a finite element (T, X (T),N(T)). The associated finite element space
Xy, is defined by

Xp, = {v € lreq, X(T) : N(v|1,) = N(vlz;) for all N € N(T;) N N (T})}

as the space of finite element shape functions, where degrees of freedom shared between ele-
ments coincide.
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Using the nodal basis, it is then straightforward to define the local and global nodal
interpolation operators.

Definition 4.10 (Nodal interpolation operator).

1. Consider a finite element (T, X(T),N(T)) with nodal basis {¢; : T — R,i =1,...k}
for some finite dimensional space R. Let v : T — R be a sufficiently smooth map such
that N;(v) is well defined for i =1,...k. Then we call

k
XDy = Z Ni(v)gs
i=1

the local nodal interpolant of v.

2. Let now 75, be a reqular triangulation of the domain Q C RY, where each T € T, is
associated with a finite element (T, X (T),N(T)). For v : Q — C sufficiently smooth,
we define the global nodal interpolation operator I,)f mapping to the associated finite

element space X}, by
X)) =2 D(vlp) VT €T,

4.2 Finite element methods for mixed elasticity

We shortly comment on existing families of finite elements for mixed elasticity. Then, we
introduce finite elements for our approach. We use Nédélec finite elements (edge elements)
for the displacements, as they are a standard choice when discretizing H (curl). We refer
to [Néd80, Néd86] for their first introduction. There the tangential components along edges
and across faces are continuous. For the stresses, we introduce a new finite element space.
Its degrees of freedom enforce normal-normal continuity across element interfaces. We prove
existence and uniqueness of the discrete solution, as well as its continuous dependence on the
given data. Using nodal interpolation operators, we provide a-priori error estimates.
Throughout the following, we assume that all boundary conditions are homogenous, i.e.

up =0 on I'p, fN:OonFN.

Thus, the spaces Yo, Xy and Vp, Vp coincide. Inhomogeneous boundary conditions can be
included into the variational formulations and finite element spaces in a straightforward way.

Moreover, we assume that €2 is a polyhedral Lipschitz domain, which is decomposed by
a family of shape-regular, quasi-uniform affine linear triangulations (7;) of maximum mesh
size h. For our constructions, we will further assume that the triangulation 7 is simplicial,
i.e. it consists of triangular elements in 2D, or tetrahedral elements in 3D. In Chapter 6, we
extend these results to tensor product elements, such as quadrilaterals or prisms.

Notation All our finite element spaces will be based on piecewise polynomial functions on
a triangulation 7;,. On some simplicial element 7', we use the space P* (T'), which consists of
polynomials up to order k. Similarly, Pg?YM(T ) shall be the space of tensor-valued symmetric
functions where each component lies in P*(T). We write P¥(7), P&, ,(T) for the respective
piecewise defined spaces, without any continuity assumptions across element interfaces. We
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additionally need the “bubble space” P¥(T'), which is the subset of P*(T') of functions satis-
fying homogenous Dirichlet boundary conditions on 7. Furthermore, we denote P&T(T) to
be the space of vector-valued polynomial functions with vanishing tangential trace. Similarly,
P&m(T) shall be the space of tensor-valued symmetric polynomials, where the normal-normal
component is zero on the boundary. In short, we use the following polynomial spaces satisfying
boundary conditions

Py(T) = {q€PXT):qlor =0},
Py (T) = {ge[P'D)": grlor =0},
P(inn(T) = {q € PéW(T) : an‘aT =0 }

We will dwell on the explicit construction of bases for all these spaces in Section 4.4.

4.2.1 Existing methods

We shortly outline possible methods of discretization for the primal, the Hellinger-Reissner,
and the mixed method with weak symmetry.

4.2.1.1 FEM for the primal method

When discretizing the primal mixed method with finite elements of order k, the most natural
choice is to use the spaces

Shon = {m € Ly (Q) : 7 € Py (Th) 3, (4.11)

V;,]j"h = v, € [L2()]?: vy, € PPYYTE), vy, cont., v, =0 on T'p}. (4.12)
These spaces satisfy an inf-sup condition, as for each vy, € V;,kr ,, the tensor 7, := e(vp,) lies in
E’;T’h, and therefore

inf  sup  b(vp, ) 2/ le(vn)|? dz > Exccpllonllmo)llmall L20)-
thVhﬁpT Thesz’h Q

The constant of stability again depends on the constant in Korn’s inequality, therefore we
expect locking when treating anisotropic geometries and/or meshes. Also, the constant of
coercivity for a(-,-) depends on the smallest eigenvalue of A, which tends to zero for almost
incompressible materials. Thus, the method (and especially the equivalent method based on
the pure displacement formulation), is a good choice as long as the above problems do not
occur. Finite element methods based on the pure displacement formulation are probably the
fastest methods available.

4.2.1.2 FEM for the Hellinger-Reissner formulation

A main achievement of the Hellinger-Reissner formulation is the fact that, in the continuous
setting, it is stable independently of the Lamé parameter A going to infinity. To discretize
the Hellinger-Reissner formulation, one needs to construct a pair of finite element spaces
E%R,h X VII}R,h’ such that they are conforming for the infinite dimensional spaces Hgyps(div)
and [L2(Q)]d. The latter space can simply be set up using piecewise polynomial functions of
some prescribed degree. However, finite elements for the stress space need
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e to be symmetric tensor-valued,
e to be normal continuous
o to satisfy Ker By, C Ker B, or div E’}{R’h C VII}RJL.

A construction of such spaces cannot be done in a simple way. In three space dimensions, a
rigorous analysis of these spaces was done in [AC05], a finite element basis in two and three
space dimensions is provided in [AW02, AAWO08]. In the plane, the lowest order stress element
consists of piecewise cubics with linear divergence, whereas the displacement is approximated
by discontinuous, piecewise linear finite elements. In three dimensions, the stress element has
to contain the full quadratic space, enhanced by divergence free functions of orders 3 and 4.
Again, the displacement space consists of piecewise linears. The local dimension of the stress
space is then 24 in two, and 162 in three dimensions.

4.2.1.3 FEM for methods with weakly imposed symmetry

When discretizing methods with weak symmetry, one does not need to use stress finite el-
ements which are symmetric. Therefore, one can use well-known elements for H(div), and
take them d times to get an approximation of [H(div)]%. Many different choices of triples of
finite elements have been analyzed by several authors, not all of these triples are conforming.
We refer to [Ste86, Ste88, AFWO07]. Probably the best-known among these elements is the
PEERS element [ABD84], which was also analyzed in the general framework of [AFWO07].
There, one chooses the famous Raviart-Thomas finite element space [RT{ o]d for the stresses,
augmented by curls of bubble functions. For a definition of the Raviart-Thomas space, see
[RT77, Néd80]. It consists of vector-valued linear functions, which have constant normal
components on the facets of a triangle/tetrahedron. Then, the displacement is approximated
using piecewise constants, and piecewise linear, continuous functions are used for the La-
grangian multipliers, which may be interpreted as the rotation of the displacement. These
elements are stable also for nearly incompressible materials. Counting the coupling degrees of
freedom of a tetrahedral element, one obtains 24 nodal values for a method of approximation
order one. Increasing all orders by one, we get 66 coupling nodal values per element for a
second order method.

4.2.2 The TD-NNS method

We are concerned with discretizing the infinite dimensional set of equations (3.35), (3.36)
by suitable finite element spaces ¥j; approximating Y, V}, approximating V. As our choice
for the displacement space was V' = H(curl), we use tangential continuous finite elements in
order to be conforming. For ¥ = H(divdiv), we saw the need of continuous normal-normal
components of the stress tensor. Note that this condition alone does not imply conformity for
a piecewise smooth function 7, not even for a piecewise polynomial: Additionally, the local
traces of the normal-tangential component 7,, has to lie in H H_l/ 2(divaT), cf. Remark 3.37.
This is a local continuity constraint on 7,, which is not satisfied in general. However, we
violate this condition in the proposed finite element spaces, which is rectified by the analysis
provided.

In several occasions, we also need a finite element space W,’f which approximates the
Sobolev space H&FD(Q) conformingly, and the space 73,2‘ consisting of piecewise polynomial
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functions without any continuity assumptions. We use the spaces

Zﬁ = {Th S L%YM(Q) iT € PgYM(’]}L), Thn CONt., Thpy = 0 on FN}, (4.13)
vk o= {op € [L2()]? : vy, € [P(T3)]%, vhy cont., vy, =0 on I'p}, (4.14)
wE = {wp, €C(Q) 1wy, € P*(T3,), wy, =0 on I'p}, (4.15)
Pro= {an € L*(Q) : g, € Pk(’Z}L)} (4.16)

There, and throughout the remainder of this work, & € Ny shall be a non-negative integer.
We may omit it as an index, if it is not necessary in the context. The above choice of spaces
induces the following mixed problem formulation.

Problem 4.11 (TD-NNS formulation). Find (op,us) € XF x VI defined as above such that

a(ah,Th) + b(Th,uh) = <F1,Th>§) VTheZﬁ,

4.17
b(Uh,Uh) = <F2,Uh>v Yoy, € V}f. ( )

The bilinear forms a(-,-),b(,-) and the right hand sides Fy, Fy are defined by the relations
(3.87) = (3.40). Due to the smoothness of finite element functions, one can evaluate b(-,-)
using

b(th,vp) = (div T, vp)y = Z [/ div 7, - v, dx — /8 Thr * Uhr ds] (4.18)
T T

TeT,

— Z [—/Trh : E(vh)der/aT Th,nnUh,n ds} . (419)

TeT,

The evaluation of b(-,-) by (4.18), (4.19) for piecewise smooth functions 7, v), can be seen
easily: Let first v be a (globally) smooth test function. with tangential component vanishing
on I'p. The divergence operator div for general 7 € H(divdiv) is defined as

(divr, o)y = —/

T:e(v)dz —I—/ TpnUn dS,
0

T'p

where the surface integral is understood as duality product. For the piecewise smooth function
Th, We may integrate by parts on each element,

(divp,v)y = Z [/ diVTh"L)dl‘—/ Th7n'UdS:| —l—/ ThnnUn ds
T T I'p

TeTy

= Z [/ divr, -vdr — / (Thonr = Vr + Thonntn) ds} +/ ThnnUn dS.
T ar I'p

TeT,

Reordering the boundary terms for the normal components facet by facet, we see

div 7, v = /diVT -vd:r—/ T m-wds} — / ThanUnl ds
(div 7, v)v Z[T h T > F[[h,_o I

TeT;, FeFy
FCQ

+/ (Th,nnvn - Th,nnvn) ds — / Th,nn Un ds.
I'p 'y~~~
=0 =0
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The jump terms for interior facets cancel out, as 7, € Elfl is normal-normal continuous, and
v is smooth. Similarly, on the Dirichlet boundary I'p, the terms cancel, whereas 7y, ,,,, is zero
on the remaining part I'y. This yields equality (4.18), the second identity (4.19) follows by
integration by parts.

We give a more detailed description of the spaces Eﬁ,th, and W/f and the underlying
finite elements in the sequel. We will see that the lowest order method is given for k& = 1,
and results in 24 coupling degrees of freedom on a tetrahedron: 3 -4 = 12 for the piecewise
linear normal-normal stresses on the facets, plus 2 -6 = 12 for the piecewise linear tangential
displacements on element edges. This is the same number as for the PEERS element; however,
we propose a second order method which needs again 12 coupling dofs for the stresses, and 30
for the displacements: this results in a total number of 42, which is considerably lower than
the 66 dofs, which one obtains for the PEERS element.

4.2.2.1 Finite elements for H!

High order finite elements for H' have been constructed in many different ways: The most
straightforward idea is to use point evaluations as nodal values, where the points are dis-
tributed regularly, see e.g. [QV97, Cia91]. These elements are not often used in high order
computations, as their numerical stability for higher polynomial orders deteriorate. Spectral
elements [KS99] are more suitable for high order finite elements. In this work, we use a hier-
archical basis for the discretization of H!. A first general construction of such elements was
given in [ACO03]. We stay close to the notation and results from [Zag06]. There, the order of
the finite element can be chosen for each edge, face, and for the interior separately. However,
we will assume uniform polynomial order on the whole space, as this very much simplifies
notation.

For T € 7}, we define the H' conforming element of order k € N as the triplet (7', W*(T),
NY(T)). We use the full polynomial space W*(T') :== P*(T'). The set of nodal values N}V (T
consists of vertex-, edge-, facet- and cell-based degrees of freedom,

NM(T) = U NV U U U U Ny | UNT.

Vev(T Ee&(T) FeF(T
The respective sets are defined via
o for Ve V(T), NV := {N}'} where
MY (w) := w(V).
o for £ e £(T), Ngvk = {Ng/Z :2 <i <k} where

ow 0g;

with {g; : 2 <i < k} a basis for PY(E).
e in 3D, for F' € F(T), /\/Fk = {N%VZ} where
Ni(w / Vrw - Vpg;ds,

where {g;} form a basis for P}(F).
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. Nm = {N’,ZV{/’L where

N%(v) = /TVw -Vg; dx,

where {g;} form a basis for PF(T).

These degrees of freedom are unisolvent for the local space W¥(T).

4.2.2.2 Finite elements for H(curl)

According to Theorem 3.12, for the discretization of H (curl) one needs to use finite elements,
whose degrees of freedom ensure tangential continuity of the discrete functions. Elements of
this kind were first proposed in [Néd80, Néd86]. We use Nédélec elements of variable order of
the second kind, as proposed in [SZ05, Zag06]. In this approach, again the order of the finite
element can be chosen independently for each edge, facet and the interior. For a compact
presentation, we restrict ourselves to a uniform order for the whole space.

We define the Nédélec element of order k associated to element T € 75 as the triple
(T, VH(T),NV(T)). There, V¥(T) = [P*(T)]? is the full polynomial space of order at most
k. The set of degrees of freedom N, ,:/ (T') can be divided into edge-, face- and cell-based dofs,

Ee&(T) FeF(T)
The respective sets are defined via

o forEG(S'(T),./\/]‘E/J€ = {Ngizogigk‘} where

N}E/J-(fu) ::/ Vrp Qi ds
E

with {g; : 0 <i < k} a basis for P¥(E).
e in 3D, for F' € F(T), ./\/}/k = {Nl‘{i,Nl‘{j} where
N}{i(v) = / curlp(v) - curlp(g;) ds, N}{j(v) = / v-rjds
F F

where {¢;} are such that {curlp ¢;} form a basis for curlF(PéfT (F')), and {r;} are a basis
for Vp(PF(F)).

o N:I‘“/,k = {N%i,N%j} where

N;‘p/,i(v) = /Tcurl(v) -curl(g;) dz, N']‘{j(v) = /Tv rjde

where {¢;} are such that {curlg;} form a basis for curl(PolfT(T)), and {r;} are a basis
for V(PETH(T)).

Recall that P&T(T) is the space of vector-valued polynomials up to order k, which satisfy
homogenous tangential boundary conditions on the boundary 9T of the simplex 7. The
degrees of freedom are unisolvent for the local space V¥(T'), see [Mon03], where they are
defined also for elements of variable order.
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4.2.2.3 Finite elements for H(divdiv)

We provide a suitable finite element for the space Eﬁ. The degrees of freedom are chosen
such that the normal-normal component of a finite element function is continuous across
interfaces. We add degrees of freedom interior to the element, such that these nodal variables
are unisolvent for the local space.

Our finite element associated to T € 7}, is given by (T, XF(T), N*(T)). There we define
the local finite element space XF(T') := Pg?YM(T ) as the full polynomial space of symmetric,
tensor-valued fields. The set of degrees of freedoms N7 (T') consists of values associated to
facets and cells,

NPT = | Neg | UNE,.
FeF(T)

We define the respective sets

o for F € F(T), Ni,, = {Np, : i € Ir} where

NIX’:,Z(T) = /FJF Tnnqi dS, (4.20)

where {q;,i € Ir} is a basis for P*(F), and I is a suitable index set,

J NTEk = {NTEZ :4 € Ir} where
N7i(7) = /TJTT (P Ty PRt da (4.21)

There {~; : ¢ € Ip} is a basis for Polfnn(T ), the space of polynomial symmetric tensor
fields up to order k, with homogenous normal-normal boundary conditions, and I is a
suitable index set.

The following lemma states that these degrees of freedom are unisolvent for the local space
YF(T); we will give an explicit basis for this space in Section 4.4.

Lemma 4.12. For T € 7Ty, the triple (T,%*(T),Ni(T)) defined as above forms a finite
element, the nodal variables Ni(T) are a basis for SF(T)* = Pk, (T)*.

Proof. For 7, € ¥¥(T), we show
N=(m,) =0 VN* e NZ(T) — 7, =0

From the fact that Nﬁﬂh = 0 for all ¢ € I on all boundary facets F' € F(T'), we deduce that

Thom = 0 on OT'. Thus, 7, lies in Péfm(T), it has a representation in the basis {v;,7 € I},
T = Zie Ip Qi We obtain for the degrees of freedom associated to the interior, for all ¢ € I

0 = N}%i(Th):/

. JT< Z aj’yj> D (FplyEptyde

JElIT

= EZ/JTaj(’YjFT_l)(%FT_l)dw.
: T
JElT

From this we conclude that a; = 0 for i € Iy, as the {v; : i € I} are linearly independent,
Fr is invertible, and Jp # 0. O
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4.2.2.4 Finite elements for L2

The last finite element we discuss is suitable for the discretization of L?. The corresponding
finite element space is the space P,lf consisting of piecewise polynomial functions, without any
restrictions on the inter-element continuity. The degrees of freedom correspond to a family
of, preferably orthogonal, polynomials (¢;). Our finite element associated to T' € 7}, is given
by (T,P*(T), N[ (T)). The local finite element space P*(T') := P¥(T) is the full polynomial
space of order up to k. The set of degrees of freedoms N, ]ZD (T') consists of cell-bound values
only,

NE(T) = NTy,
There, we define
J fk = {Nﬁi} where
N74(p) == /qui dz, (4.22)
where {g;} is a basis for P¥(T).

These degrees of freedom are obviously unisolvent for the local space P*(T'). We note, that
if the family (¢;) is chosen orthogonal in the L? sense, it coincides with the nodal basis. The
corresponding nodal interpolation operator Z,f is the L? projection.

4.2.2.5 Transformations

In order to transform functions from the reference element to an element 7T in the mesh,
we need conforming transformations, which preserve the degrees of freedom of the finite
element. For an element T' € 7y, let * = ®p(Z) be the point corresponding to & € T.
Let 3F := SF(T),VF .= VF(T) and WF := W¥(T) be the local spaces on the reference
clement. We introduce the local operators ®% : ¥¥ — Y¥(T), &Y : V¥ — VF(T) and
N W* — W*(T) on element T by

O (1) (x) = m(w) = JzFrin(@)Fr for 7, € £*, (4.23)
O (0n)(2) := wp(z) = TT@h(fi) for o, € VF, (4.24)
W (i) (2) := wp(x) = wp(L) for iy, € W*. (4.25)

Let now ¢, € VF. By application of basic calculus, one can directly see, that the strain of
vy, 1= ®Y. () is given by

e(vp) = Fr é(on) Fr +thl IF_

On a mesh consisting of affine linear elements only, the Hessians HZT vanish, and we obtain
e(vy) = Fp é(on)Fr T

As one can easily check, these transformations preserve the respective degrees of freedom
for the local spaces W*(T'), V¥(T'), ©¥(T"). We show these identities for the edge-based degrees
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of freedom for the displacements, as well as the facet-based nodal values for the stresses:

1
/ Vhoqids = / (@%Fgl)(J—FT%)(j,-JEdﬁz / Op2G; d3,
E E E E

/ OhnndiJFds = / (J—TFT—Tﬁ)T(iQFT&hFJT)(J—TFT—Tﬁ)qZ-J%dg: / Gnandi Jp ds.
F i JFE Jr Jr FE ~—~

=1

Here ¢; are taken from the respective bases in the definitions of the degrees of freedom above.
For all other degrees of freedom, similar identities can be shown along the same lines. All
equivalences follow from basic calculus, but the respective terms become more lengthy.

These transformations can be used to map a nodal basis given explicitely on the reference
element 7' to any element T € 73, and thereby get a nodal basis there. Doing this, one ends
up with the finite element spaces ¥F, V¥, and W} as defined in (4.13),(4.14).

4.2.2.6 A decomposition of the Nédélec space

The degrees of freedom for the finite element space V}f are associated to element edges,
facets, or interiors. This enables us to split the space into subspaces corresponding to these
quantities. Remember we called X}, = &, UF;, U7}, the union of all edges, facets, and elements
in the mesh. The finite element space can be written as the direct sum

Vi=@PVvie P vie P vi= P W& (4.26)

E€&, FeFy, TeT;, XeX,

Given a nodal basis for the Nédélec space, this splitting is induced by a splitting of this basis
with respect to the different X € X}. Note that all these subspaces are local, their support
is restricted to only few elements.

Later on, it will prove useful not only to define the local spaces above, but also some
global, low-order space. We call this space V}, o. This space is the lowest-order Nédélec type I
space, as introduced in [Néd80]. It consists of piecewise linear functions, where the tangential
component along edges is constant. It corresponds to the lowest-order edge-based degrees of
freedom above. We call the remaining part, which is built using the higher-order degrees of
freedom, f/hk . Similar to the splitting of V}f above, we can decompose f/hk into subspaces,

e @
Xex,

In Section 4.4, an explicit basis for the Nédélec space will be given. Using this, we will then
define all these spaces accurately.

4.3 Analysis of the TD-NNS method

In the sequel, we are concerned with the analysis of our mixed finite element method. We
verify the conditions of Brezzi’s theorem also in the discrete setting (Assumption 4.2). We
introduce suitable nodal interpolation operators for the stress and displacement space, which
lead to an a-priori bound for the discretization error. We provide a Korn-type inequality
which relies on the splitting of V}f into a high- and a low-order part.
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4.3.1 Stability properties

This section is devoted to verifying the discrete stability conditions from Assumption 4.2. On
the continuous level, both ¥ = H(divdiv) and V' = H(curl) are equipped with their natural
norms. For the finite element analysis, we use a different set of norms. We use a broken
H' norm for the displacements, and the L? norm for the stresses,

lonlls, = > Nl + > hp'llonlnllE (4.27)

TeT), FefFy,
I7hllzn = lI7allo- (4.28)

Note that, using piecewise strains instead of piecewise gradients in |.||y; , we are able to avoid
Korn’s inequality. This will become useful when treating anisotropic geometries or elements,
as arise in the discretization of shell- or beam-like structures. For a shape-regular mesh, the
broken norm above is equivalent to one using piecewise gradients, which is frequently used in
discontinuous Galerkin methods. It is then also possible not to take the full jump [.],, but its
facet-wise projection IT'[.],, onto the space of linear polynomials. We heavily use the theory
provided in [Bre04].

Lemma 4.13. Let 7, be a shape-reqular, quasi-uniform triangulation of the domain €2, then
there exist constants c1,co > 0 depending only on Q0 and the shape-reqularity of T such that
for all vy, € th

lonlly, > e | D0 IVorld + > bzt llvalall? | - (4.29)
TeTy, FeFy,

lonlll, < 2| D le@n)ld+ > hpt I unlal | - (4.30)
TeT), FeF,

There IT' denotes the facet-wise projection onto PY(Fy,). These inequalities ensure equivalence
of norms on V}f.

Proof. We first prove the lower bound (4.29). In [Bre04, Theorem 3.1], the existence of a
constant ¢ depending only on ) and the shape-regularity of 7; was stated, such that

SVl < e | Y llewn)lF + @)+ Y hptllvalalE |

TeT;, TeT;, FeF;,

where @ is a suitable semi-norm. Similar to [Bre04, equation (1.19)], we set

o)’ = > hp'onallF-
Fcr

Note that, in the original work, the whole of v;, was measured on the boundary, not only the
normal component vy ,. It is possible to use only this normal component due to the fact that
vp,» vanishes on the non-trivial boundary part I'p. As this choice of ® is absorbed by ||.||v,,
we directly obtain the desired result (4.29).
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For the second inequality, we again apply theory from [Bre04]. Let now D C R? be a
bounded, connected Lipschitz domain. We call

RM(D) == {v:D —R% s a+yz|acRy € Rygw? (4.31)

the space of (infinitesimal) rigid body motions. Let II®M denote the element-wise projection
onto the space of piecewise rigid body motions RM (7). This projection can be defined
element-wise via

/ v, — My, dz = 0, / curl(vy, — ™) da = 0.
T T

As RM(T) is a subspace of P(T), for any facet F' € Fp,

I(id =TT [vn]nllr = [|(id = T [op, = T 0]l e < e[|[on — T op], 5.

HRM

Following [Bre04], the operator satisfies the approximation property

on =M )lallF: < ¢ > helle@)lF  Yon € Vi
TeEAR

where ¢ > 0 is independent of the mesh size h. Combining these estimates, and using an
argument of finite overlap, we obtain

1 _ _ 1/
5 2 e llodallF < )0 [hFl\IHI[[vh]]nll% +hp! [[(id = 11 [vn]a |7

Fer FeF
-1
< | D0 hpt I fenlallE + Y le(on)i7
FeF TeT),
This relation proves the second norm equivalence for the displacements. O

Lemma 4.14. On Xy, there holds the equivalence of norms
I7ull%, < I7alls + D helmnmnllE < esllml3,,
FeFy,

given the triangulation Tp, of € is shape reqular.

Proof. The lower bound is trivial, we prove the upper bound by a scaling argument. We trans-
form the domain of integration element-wise to the reference element, using the H(div div)
conforming transformation ®% given in (4.23). We do all calculations in detail here; we will
often use a similar approach later in this work, but then abandon this level of exactness. Let
now 75, € 3, be arbitrary, the shape-regularity of 7;, ensures that |Frp|s ~ hp on each element
T, and therefore

1
)% = /F(FT%hFJI)QJTdi ~ hf}‘?’d/ |73,|2d.
T JT T

On the finite dimensional space 3¥ on the reference element, there holds

/\%h\zdi > ¢ ) /A\%hmﬁd(é
r perd)’t
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Thereby we conduct

Il > chy ™ Z /A%f%,ﬁﬁdg
per)’
_ 21
= chp ¥ > / (AT ELY (Pran FE) (FrTh) <—ds
FeF(T F
NERE 1
— Ch4 3d Z / F‘ hnn’z ds
FeF(T F
~ Y hFHThHF

FeF(T)

Here we used that, on a shape-regular triangulation, we have hy ~ hp for all T € 7y,
F € F(T'). This estimate concludes the proof of the lemma. O

The next three lemmas state that the finite element spaces Efl, th are a stable pair for
discretizing the equations of elasticity.

Lemma 4.15. The bilinear forms a(-,-),b(+,-) are bounded on Zfl, th in the respective discrete
norms, there exist constants ¢q2,Cp2 > 0 such that

a(on, ) < Ca2llonlls, 1Tl Yo, € XF,

b(7h,vn) < Coellalls, lvallv, V7, € Sf,op € Vi
The constants Cq2,Cp2 are independent of the mesh size h.

Proof. 1t is straightforward to prove continuity of a(-,-) in the discrete norm ||.||s;,. For the
constant of boundedness we obtain

Ea,2 - )\max(A) - %7
where )\max(fi) is the maximal eigenvalue of the symmetric fourth order tensor A. The last
identity holds for isotropic, linear elastic, homogenous materials. One can see that this bound
does not deteriorate for nearly incompressible materials.

Continuity of b(-,-) also follows directly when using representation (4.19) and the norm
equivalence on the discrete level stated in Lemma 4.14. O

We have seen that, in the continuous setting, it is possible to show coercivity of a(-,-) on
the kernel of B; the constant of coercivity is then independent of the Lamé parameter . In
the discrete setting, we cannot provide such a result for a(-,-). In Chapter 5, we propose a
stabilized bilinear form which is coercive independently of .

Lemma 4.16. The bilinear form a(-,-) is coercive on the space Eﬁ; the constant of coercivity
Cq,1 > 0, which satisfies

a(Th, Th) = Ca1 |, V7, € BF

is independent of the mesh size h, but depends on the Lamé parameter X as ¢, 1(A) = O(1/A).
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Proof. The lemma follows directly from the fact that

— 1
Ca,l = Amin A) = .
Ca1 = Amin(4) 3N+ 2

O

Our next aim is proving an inf-sup condition for b(-,-). Let therefore T be the reference
element, with (simplicial) facets Fy,i=1,...,d+ 1. In Section 4.4, we provide facet basis
tensors S i ¢=1,...,d+ 1. These tensors are constant on the element, and their normal-
normal component vanishes on all facets but F;. In two space dimensions, the family {S Fi .
i =1,2,3} is a basis for 20 = PgYM(T ). Conversely, in three dimensions, the four constant
tensor fields S cannot span the six-dimensional space PgW(T) There exist two further,
linearly independent fields 57, $7>2, which can be constructed such that their normal-normal
component vanishes on the whole boundary. Then the family {S'Fl i=1,... ,4}U{5‘T’1, §T’2}
provides a proper basis for 30 = Pgm (T) Using the conforming transformation ®%, one can
build the global space 22-

In the following, we will additionally need facet-based finite element subspaces %%, which
have support only on the two elements neighboring the facet . Moreover, their normal-
normal component restricted to F' shall span P* (F), and vanish on all other facets,

{ThnnlF o) €2R} = PE(F),
Ohanlp = 0 forof €S}, FeF, F#F.

This means that the space Z’} corresponds to the degrees of freedom of facet F'. A suitable
basis for this space will be provided in Section 4.4. We note that these spaces are linearly
independent.

Let now \; be the barycentric coordinate for the vertex opposite facet F;. Then, A; = 0
on F;, the tensor fields

Bii=X\S8 i=1,...,d+1

are bubble functions, i.e. their normal-normal component vanishes on the whole boundary
0T. In 3D, we additionally set

B5 — &7t B6 — 472
as these fields are already element bubbles. We call
sk .= span{B’}

the bubble space on the reference element. Again, E'} shall denote its transformation to an
element T € 7,

Lemma 4.17. Let 7;, be a quasi-uniform shape-reqular triangulation of 2. There holds the
stability estimate
b
inf  sup (7h: vn)

k T 2 G
vhEVY T EXk HThHZh”UhHV;L

where ¢, 1 > 0 is independent of the mesh size h.
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Proof. The finite element space Elfl can be decomposed in two parts,
I VAT Yl

Here ZfL’f is associated to the degrees of freedom lying on element facets, while Elfl’b is called
“bubble space” and consists of element bubble functions which correspond to the degrees of
freedom interior to one element.

The facet space EfL’f is the direct sum of contributions coming from the different facets

FeF,
k.f _ k
ol = 6 T
FeFy,

The bubble space Ei’b is built from element bubble spaces E[} described above,

shb — EB k.

TET,

Note that the two spaces are linearly independent and the finite element functions have
bounded overlap. Thus, there exists a constant independent of h such that

kb
I llss + Ik lls, < cllmlls, — forallmy =7 +7, m e =/, o) e Ty

Let now vy, € Vh be given. We construct Th = CfT}]: + chh, where T}{ € Eh , Th S Eh ,

and cy, ¢, € R are to be specified below. Let Th be such that

Ry e (Y

This is possible, as [vp], r is of polynomial degree k for each facet F'.

Next, we construct the bubble part T}i. We use the bubble functions B’ defined on the
reference element. Each of these bubbles is linked to some S¥i, ST by definition. For
simplicity of notation, we do the following calculations for the case d = 2, as then we have
Bi = \8Fi i = 1,2,3. For d = 3, all estimates work along the same lines, using both
SF i ST:3. We define T;: element-wise via its representation %ﬁ on the reference element:

b — Z ( SFl) Bz
e %’T'”

We now estimate the two parts separately. As Zi’f consists of facet-bound fields only, we
obtain similar to Lemma 4.14,

113, < e Y hellr] b =c1 > hptllonlnll?-

FeFy, FerFy,

For the bubble part, we can show the following bound by transformation to the reference

element:
b
7B, < 3 > llelwn)l3-

TeT,
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Thus, we may deduce
I7hlls, < max(cicy,cace)lvnlvs,- (4.32)

Next, we show the existence of ¢ > 0 such that, on each element T' € 7},

/ 70 e(on) dz > c3le(vn)|[3-
T

We do this again by transformation to the reference element, employing that by shape-
regularity \FT_l 5 h;l.

1
/T;;:g(vh)dx = /—Q%g:é(@h)JTdi
T 7

12

/h;4\é(@h)y2JT di
T

= [ 1o F T P i = )]

We used that the B’ are linearly independent, and that the SFi form a basis for the piecewise
constant, symmetric tensor fields in 2D. We can now show the following lower bound for
b(1p,v), where we use the estimates from above, as well as Young’s inequality in the last line:

brnon) = Z/ con) i mudz — 3 /Thnn[[vh]]nds

TeT, FeFy,
= Z/ e(vp) CfTh + eyr0) d — Z /CfThnn [on]n ds
TeT), FeFy,
=D [cbcguawmu —cfHThHTHs(vh)HT] > erhzllonlal
TETh Fe]:h
_1 —
> > [Cszlls vlle = Y ereihp ]]nHFHg(Uh)HT} + D crhp ITvnlall?
TeT, Fcor Fery,
crCr7y
> Y (aes— f2 W+ D ephp! )H[[vh]] I%-
TeT, FeFy

Setting 72 = ¢1,¢f = 1,¢ = (14 ¢})/(2c3), the estimate above together with (4.32) yields the
required result,

C3

1
b(7h, vp) > —Hv|| >min | =—, ——— | |||z, [[v]lv, -
’ Vi 261’ 62(1 —I—C%) h h
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Corollary 4.18. Let 7;, be a shape-regular triangulation of 2, and define

E:kf = {Th € Eﬁ : Th7nn|F € Pkf(F) VE € fh}

Then the statement of Lemma 4.17 still holds on 22’1 X th.

Proof. We obtain this statement when choosing T}]: in the proof of Lemma 4.17 like

Tf{,rm|F = b T o] P

Then we get stability using the norm equivalence (4.30) in Lemma 4.13. O

4.3.2 Nodal interpolation and error estimates

This section is devoted to giving a-priori error estimates for the difference between the exact
solution (o,u) and the Galerkin approximation (op,up). Lemma 4.3 states, that the error
can be estimated by the best-approximation error of Ei X V}f . We bound this quantity by the
interpolation error for suitable interpolators for the finite element spaces. We propose to use
nodal interpolation operators as implied by the finite elements for ¥, th. First we shortly
present the nodal interpolation operator Im for the space W,’f, and recall its approximation
properties. For the displacement space th , the nodal interpolation operator I,‘L/ i is the well-
known Nédélec interpolation operator, as defined e.g. in [Mon03]. For the stress space, we
introduce and analyze the corresponding nodal interpolation operator I}?’k. Last, we observe
that the nodal interpolation operator I}ﬁk for the L? conforming space P;’j reduces to an
element-wise L? projection.

One major drawback of the nodal interpolation operators is that they are usually not
defined on the whole space of interest, e.g. on H', H(curl), H(divdiv) or L% This diffi-
culty can be circumvented by the usage of quasi-interpolation operators, which require less
smoothness, and are well defined on L?(£2). Most famous among them is probably the Clément
quasi-interpolation operator introduced in [C1675], which was constructed for continuous finite
elements. Generalizations of this interpolator are e.g. the Scott-Zhang interpolation operator
[SZ80], which preserves boundary conditions, or the family of quasi-interpolation operators
for H', H(curl), H(div) and L?, which was introduced in [Sch01]. The operators stemming
from the latter family satisfy a commuting diagram property, and can be constructed such
that degrees of freedom are preserved for polynomial functions. We do a careful analysis in
Section 6.2.1. Last, we refer to the family of projection-based interpolation operators, which
also can be defined on H', H(curl), H(div) and L?, and commute with differential operators
[DBO5].

4.3.2.1 An interpolation operator for H!

We shortly recall the definition of the nodal interpolation operator I,?’/k for H'. It is defined
using the degrees of freedom of the high-order H'! finite element:

NV (w—-Tw)=0 VNV e M. (4.33)

The following theorem provides the standard result on the interpolation error for the nodal
operator. A proof can be found e.g. in [BS02, Mon03].
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Theorem 4.19. Let 7}, be a shape-reqular, uniform triangulation of Q. Let Im denote the
nodal interpolant for W}]f as defined in (4.33). Let s € [d/2 + 0,k + 1], 6 > 0 such that
w € H*(Q), then

lw — T wl ) < b Hwlgrs o)

The restriction w € H*(2) for s > d/2+ § ensures that all nodal values can be evaluated,
and the interpolation operator I}‘fk is well defined. If this is not the case, one can obtain a
similar estimate using one of the quasi-interpolation operators mentioned above.

4.3.2.2 An interpolation operator for the Nédélec space

The nodal interpolation operator for the Nédélec space V}f is defined via the degrees of freedom
for the Nédélec element:

NY(v-Ty,w)=0 YNV e N . (4.34)

The following theorem concerning the approximation properties of this interpolator is widely
used for error estimates. A proof can be found in [Mon03].

Theorem 4.20. Let 7}, be a shape-reqular, quasi-uniform triangulation of Q. Let Z}‘L/k denote

the nodal interpolant for V¥ defined as above. If v € H*(curl; Q) for some s € [d/2 — 1+ 6, k]
for 6 >0, then

o = I )l i geunty < cb® ([[v]l s (@) + || curl o] gs(q)) -

The restriction v € H*(curl; ), s > d/2—1+4 in the theorem above ensures that all nodal
values are well-defined for v. Otherwise, one has to use quasi-interpolation operators as men-
tioned before. For the remainder of this section, we will use the nodal Nédélec interpolation
operator IX  on H(curl). Therefore, we assume that the solution u to the elasticity problem
is Sufﬁcientiy smooth, such that the interpolation operator is well defined. Otherwise, all
estimates can be done using the local averaging operators described above.

For error analysis in the TD-NNS method, we need to quantify the approximation prop-
erties of the Nédélec interpolation operator in the discrete norm ||. ||y, .

Theorem 4.21. Let T, be a regular triangulation of ). Let I}Yk denote the nodal interpolant

for V¥ defined as above. Let v € H*(curl;Q) with s € [d/2 — 1+ 6,k] for 6 > 0 satisfy
vlr € HFY(T) for all elements T € Ty,. Then there holds for 1 <m < k

1/2
lo = Z¥soly, <e( 3 wIvme@lz)
TeT),

The generic constant ¢ depends on the shape-regularity of the triangulation, but not on the
mesh size h.

Proof. Let v fulfilling the conditions above be arbitrary, and let 7' € 7;. Due to [Mon03,
Lemma 5.38] and the Sobolev embedding theorem (see e.g. [GR86, Wer(2]), we have that the

local interpolation operator IX on the reference element is continuous on H*(curl; T) From

this, we deduce that also I,g/ : H™HY(T) — HY(T) is bounded; let HIIKH be the corresponding
operator norm.
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We now use a similar approach as in [BS02, Theorem 4.4.4]. We use that I,g/ preserves
polynomials up to order k, and estimate

o—TV0

@ < it o= dllgy + 7@ 9l

Ge[Pr(T)]

< it (T 1Y) 10 = Qll s 7
ot (T ) 10 = s

< (1IN (ol g -

There, we used the Lemma of Bramble-Hilbert (Lemma 4.3.8 in [BS02]) in the last line.
Using this local estimate on the reference element, we proceed

lo-zVol?, = 3 few-2¥ D0+ 3 ht I - 7Vl
TeT;, FeF,
< Y [letw -2 D)2+ ngt o -2V P,
TeT,

Here we reordered the facet integrals element-wise in the last line, and estimated the jump
in normal direction by the full trace. For an element T € 7}, we transform the respective
summand to the reference element T'

O A o A

= /|F; &0 — I} o) BT JTd:i"+/A hit (6 — IV o) B 2 ds
T oT

< chpitd (Hé (6 —IX@ I3+ o = Z{o]15)
< chy I (1)
< chy ol Hm+L(T)’

Here we used the local approximation estimate on the reference element T. Transformation
back to element T yields again

V(T V(T)

HE(” HT+h 1” U =1, U"H6T<Ch ‘U‘HWH(T)

Summarizing, we obtain the required result
I < h7™ol; h7" v
HU - hkaHVh >c Z T ’U’Hm+1(T Z ’H'rn ) .
TeT, TeT,
In the last step, we used that for integer m > 1 one can show |e(v)|gm () < c[v]|gm+1(p) by
a direct evaluation of the respective differential terms. Thus, Korn’s inequality is not needed
in this step. U

4.3.2.3 An interpolation operator for the stress space

As for the Nédélec space, we use the nodal interpolation operator IE’ . implied by the degrees
of freedom of the normal-normal continuous finite element:

N*(r—I;,7)=0 VN”eN;. (4.35)
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Again, this operator is not well defined on L?(Q2), but on ¥ = H(divdiv): Due to the trace
theorem, we have that the normal-normal trace of some element 7 € ¥ can be tested against
polynomial functions, thus the facet-bound degrees of freedom are well-defined. The interior
degrees of freedom can be evaluated for any 7 € L?(£2). As the local space spans Py, ,(T') on
each element T, we expect convergence of order k + 1 in the L? norm. We first show stability
of the operator.

Lemma 4.22. Let T;, be a regular triangulation of Q. Let 7 € L*(Q) be such that Tp,|r €
L2(F) for all facets F € F,. Then the nodal interpolant I;%k for Eﬁ defined by equation (4.535)

is bounded, its norm | I, | satisfies

1/2
1zl < VT (0 + D Rrlmanl®)
FeFy,

Here, ||I§k|| does not depend on the mesh size h.

Proof. We show the estimate on the reference element, i.e.
OINIP) 112 A 12
IZE#1% < e (17112 + 17al3 ) -

Let {cﬁ? ,gb?l cjelp,l € IT} be a nodal basis for the stress finite element with degrees of

freedom /\/E {N2 N;l}, as they were defined in (4.20), (4.21). Then we have
I )2
17l = || X 3R 06E,+ S VENE |,

EyeF(T) Il J23 lel;

< Y S INE AIGE g+ S INEAIGE,

FreF(T)J€lp, lely

<ol T3 gAY g

Fer(T)i€lp, lely

In the last line we used that the nodal basis on the reference element is finite and therefore is
bounded uniformly from above and below in the L? norm. It remains to bound the absolute
values of the degrees of freedom. For the facet-based nodal values, we obtain, using the basis

{gj: j€lp}of P¥(F}) taken from (4.20),
= '/ Thndj ds
F;

= '/ %ﬁﬁquFidS
F;

< lFaallgllaglly < cllfanllg,-

/%:’ndaz
T

where {; : [ € I;} is the basis of Pé“m(T) used in (4.21). A scaling argument using the
transformation @% directly leads to the h-dependent estimate from the Lemma. O

INE.7

Similarly, we see for the interior degrees of freedom that

DIRPN ~ =T -1
‘N = ‘/TJTTFT ’YIFT dx

< illpllvlly < clltlz,
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As the local space ¥¥(T) is a full polynomial space for T € 7T;,, we are able to show an
optimal order of approximation for the nodal interpolation operator.

Theorem 4.23. Let 7}, be a shape-reqular triangulation of ), and let I}?’k be the nodal inter-
polation operator defined in (4.35). Let 1 <m < k+1, and 7 € L*(Q) such that |7 € H™(T)
for all elements T € T;,. Then the interpolation error is bounded by

1/2
I = T, < e D2 BN Bimn)
TeT,

The constant ¢ depends on the shape-regularity of the triangulation, but mot on the mesh
size h.

Proof. The proof for this theorem runs very much along the same lines as the one for [BS02,
Theorem 4.4.4] or for Theorem 4.21. Again, we can verify, using that %* spans PgYM(T),
that on the reference element

17 =257l < e inf (17 = Alls + [1Fan — Faallyp)
YEPEy, (T)
< ¢ inf 7= Al gmey < AFlgme-
YEPEy (T) o o

Transformation to an arbitrary element T € 75 using the conforming transformation @721
yields then the scaled estimate. O

4.3.2.4 An interpolation operator for the space P}If

Last, we define the nodal interpolation operator for the L? conforming space P,’f. We already
mentioned in Section 4.2.2.4 that the nodal interpolation operator coincides with the element-
wise L? projection onto the local finite element space. Therefore, the following interpolation
error estimate follows directly.

Lemma 4.24. Let T, be a shape-regular triangulation of 0, and let I,?k be the nodal inter-

polation operator for P}]f. Let 1 <m < k+1, and p € H™(Q). Then the interpolation error
is bounded by

1/2
Ip—TEwplle < e (3 b))
TeT,

where ¢ > 0 does not depend on the mesh size h.

4.3.2.5 Basic error estimate

Using the abstract error estimate in Lemma 4.3 and the estimates for the nodal interpolation
operators, we can provide a priori bounds for the discretization error.

Theorem 4.25. Let Q C RY be a polyhedral Lipschitz domain, which is decomposed by a
family of shape-regular, quasi-uniform triangulations () of mesh size h — 0. Let (o,u) be
the solution to the elasticity problem (3.2) - (3.1) satisfying boundary conditions (3.3) - (3.4).
Let (op,up) be the Galerkin approzimation in Zﬁ X V}f according to Problem 4.11. Assuming
that 0 € HZ () and uw € [H™TH Q)] for 1 <m <k,

lo = onlls, + llu = unlvi, < ™ (ol + i) -
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Remark 4.26. The result can easily be generalized to piecewise smooth solutions, then the
bound reads

1/2

lo = onlls, + lu = wnlii, < ¢ (32 3 (1o Bimry + ulpmescry)
TeT,

When using the approrimation spaces EZ’kf X th for kg := max(1,k—1), the order of conver-

gence is still optimal, as then Pg;ﬂ}[(T) C Eh’kf (T'), and the stability estimate in Lemma 4.17
still holds.

4.3.3 A Korn-type inequality

In Section 4.2.2.6, we decomposed the Nédélec space Vh into a global, low-order space V}, o,
and its high-order complement Vh Exact bases for these spaces will be given in Section 4.4;
however, we now show a Korn-type inequality on the high-order part Vh

> IVilF < v S le@liE  Von € Vi
TeTy, TeT,

The proof of this inequality is closely related to [Bre04] and additions made in [MWO06].

Let now D C R% d = 2,3 be a bounded, connected domain satisfying Assumption 3.2.
The space of (infinitesimal) rigid body motions RM (D), as defined in (4.31), is exactly the
kernel of the strain operator:

v e RM(D) & g(v) =0.

The low-order space V}, ¢, as defined in Section 4.4, is closely related to the rigid body motions:
On each element T' € 7}, the local space Vj, o(T') is exactly equal to RM (T'). For v, € th, we

have
Vp € Vh70 = Uh|T S RM(T) VT € Ty,

Thus, V}, ¢ consists of piecewise rigid body motions, which have continuous tangential com-
ponents.

Let I,Y o denote the nodal interpolation operator for the low order Nédélec space V}, o, as
defined in Section 4.3.2.2. It preserves the piecewise rigid body motions on the tangentially
continuous space Vh. In Section 4.2.2.6, we decomposed the Nédélec space into a low-order
space V} o and a high order space th . This induces a unique decomposition of vy, € th

VR =V + 0 such that vg € Vi, U E V;f

For this decomposition, we have IX oVh = V0.

We will first prove a Korn-type inequality on an element of the triangulation. There, the
constant ¢y depends on the shape of the element only, and not on its size h. In this proof, we
use the fact that the low-order Nédélec interpolant ZX o is stable on th in the L? norm, i.e.

”ZXWhHQ < cllvnlla Yoy, € ViF.

This estimate holds independently of the mesh size h. One can prove this using the finite
overlap and linear independence of the discrete basis functions.
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Lemma 4.27. Let v, € VF(T) for some element T € Ty,. It satisfies the Korn-type inequality
=27V
IVorll7 < & (lewn)lF + 21 ZY ovnll7)- (4.36)
The constant cp does not depend on the element size hp.

Proof. We first do the proof on the reference element, where h; =~ 1. Assume that the
inequality does not hold, i.e. there exists a sequence (vp, ) in Vi such that

V(T) .

+ ||1Z, —0  and [Vopnls =1 VneN.

le(@n,n) 17 p
As the interpolation operator IX preserves constants, we see by a Poincaré-type inequality
that not only ||V .|, but also the full norm |04, g1(7y is bounded. The compact em-
bedding of H! in L? (see e.g. [GR86, Wer02]) ensures convergence of a subsequence, without
restriction of generality we assume 9y, , — U in L?. We know that the limit 0 lies in Vk, as
the finite-dimensional space is closed in L?. Using Korn’s inequality (Theorem 3.16), we may
conclude that oy, — 9y in H* (T)), and therefore |[Vo|| = 1. As IX is continuous on Vj, in
the L? norm, we obtain

2+ 124 o 2+ 1T Onnllz) =

A 2 . A
le(@0) 7= Jm (le(@nn)
This ensures o 7 = 1, and thereby concludes the proof on
the reference element. The mesh-size dependent estimate (4.36) then follows from a scaling
argument, where the conforming transformation <I>¥ is used. O

We can now prove a Korn-type inequality for vy, € th , which is based on the splitting of
th into its high-order and low-order components. The proof heavily relies on the techniques
developed in [Bre04]. From the proof of [Bre04, Lemma 2.2], one can see that for a piecewise
linear vector field vy € V3 ¢ on the quasi-uniform triangulation 73 there holds

> Vol < C( D lleCwo)llF +lleollg + Y pE> H[vo]]F(P)!z)- (4.37)
TeT, TeTy FeFy, PeY(F)

There V(F') denotes the set of vertices of a facet F, and [-] is the jump operator across this
facet (cf. Definition 4.5).

Lemma 4.28. Let (73,) be a family of shape-regular, quasi-uniform triangulations. There
exists a constant ¢ > 0 such that for all vy, € V}f

S Ivonlf < ek (3 letnl + IZoulh + Y wEoudali ). (439)
TET, TeT FEF,
The constant ¢k is independent of the local mesh size.

Proof. We use the decomposition

1
3 Do IVeRlE < D IV = Thgon)llF + Y IIVIY gonllz- (4.39)
TeT, TeT, TeT,
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We estimate both terms on the right hand side separately. For the first term in (4.39), we
use Lemma 4.27, which yields

\4 \4 — \4 \4
>IN =T o)l < ¢ D [len—Zgun)IF+hz2IZ o (on—Zioon) 3] = ¢ D lls(on) 13-
TeT;, TeT;, TeTy,

As I,‘L/’Ovh is piecewise linear with 6(1,‘:01);1) = 0, the second term in (4.39) can be bounded
using inequality (4.37), setting vy = I}‘iovh:

S IV gonl? ga(\\fxovh|r%+ =S H[zxovh]]F<P>\2).
TeT), FeFy, PeV(F)

On F, the jump [[IX oun] across this facet is linear. Moreover, we know that the tangential
component of I}Y oV is continuous. This gives

d— _
he 2 Y Zhoval e (P) < chip' [Ty gvalall?-
PEV(F)
Taking all estimates together, we obtain the required result. O

Corollary 4.29. Let (73) be a family of shape-regular, quasi-uniform triangulations. Let V}f
be the high-order finite element subspace of V}f according to the splitting in Section 4.2.2.6.
Then there exists a constant ¢y i, independent of the local mesh size such that for all vy, € V}f

Yo IVallE <y Y lle@n)lF- (4.40)
TeTy, TeT,
Proof. The result follows directly from the fact that IX oUn = 0 for vy, € f/hk. O

4.4 TD-NNS elements

In the sequel, we provide bases for the local finite element spaces $¥ and V¥ on simplicial ref-
erence elements in two or three space dimensions, i.e. on triangles and tetrahedrons. Although
the suggested bases are not nodal as suggested in Definition 4.8, they will be appropriate for
forming the global spaces Efl, th. The shape functions are divided into ones corresponding
to edges, facets and element interiors. For Vk, each edge-based shape corresponds to one
edge degree of freedom, and vanishes for all others. Also, a facet-bound shape will only take
non-zero values for degrees of freedom lying on this facet and the interior of the element, and
not for nodes on edges or other facets. Similarly, interior shapes have zero nodal values in
all nodes lying on element edges or facets. This way, global finite element shape functions
corresponding to an edge, facet or element in the mesh can be built by transforming the
respective shape on the reference element to the matching mesh elements.

Orientation In order to obtain a conforming finite element space by transforming the shape
functions from the reference element to elements in the mesh, a unique orientation of edges
and facets is necessary. In this work, we assume that global vertex numbers of the respective
element are available on the reference element. Then the edge between local vertices V,,, Vj
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Figure 4.1: The reference segment: left: barycentric coordinates and integrated Legendre
polynomials, right: Legendre polynomials.

is oriented, such that it points from the higher- to the lower-indexed global vertex. We refer
to an oriented edge by brackets, E = [V,, V3|, where the first vertex is the one with the
higher global index. On an edge F shared between two elements in the mesh, the tangent will
point into the same direction on both elements. In three dimensions, we similarly introduce
oriented facets, F' = [V, V3, V,], where the vertices are again ordered such that their global
index is decreasing. A more detailed description of the orientation problem can be found in
[Mon03, Zag06]. Another method to come by this problem is described in [AC03], where one
defines different bases for the respective orientations of the element in the mesh.

Notation Throughout the following, all calculations are done on the reference element,
which we usually denote by T'. However, in order not to complicate notation, we will drop
the hat throughout this section, and simply write 7. We do similarly for all other involved

quantities, especially we use local coordinates x instead of Z, and build finite element spaces
¥* VF instead of XF, V.

4.4.1 Reference elements and orthogonal polynomials

We define the reference simplices of dimensions one, two and three, i.e. the reference segment
Ty, triangle Ty, and tetrahedron T3. We further provide hierarchical bases for P*(Tj) as well
as PY(T;) which are orthogonal with respect to the L? inner product. We use the families of
Legendre and Jacobi polynomials for their construction.

4.4.1.1 The reference segment

The one-dimensional reference element T} = (0,1) is the line segment with vertices V3 = 0
and V5 = 1. We will use the concept of barycentric coordinates, which are linear functions on
the segment, and take value one in one vertex, and vanish in the other. We define

/\1 =1- T, )\2 = 2x1.

The barycentric coordinates provide a partition of unity, and are used for the standard, lowest
order nodal basis (“hat basis”) for the discretization of H*.
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On the segment T}, we provide a basis for P*(T}) using Legendre polynomials. These
polynomials, denoted by {¢; : 0 < i < k} form a basis of P*[—1,1]. They are orthogonal in
the L? sense, they satisfy
2

1
| a©n©d =56

There are many possibilities for their definition, in computations we use the three-term re-
currence relation [Dem07]

EO(&) = 17
tL(§) = m,
(+1lr () = i+ DEEE—iliale)  fori>2

There exists a similar recurrence for the derivatives of Legendre polynomials. This enables
us to evaluate the polynomials as well as their derivatives fast and numerically stable.
A basis for P¥(T}) is now given by {q;(A1,\2) : 0 <i < k} where

¢i(Aas Ag) == Li(Ag — Aa). (4.41)

This family is orthogonal in the L? sense.
The integrated Legendre polynomials {L; : 2 <i < k} are defined on [—1, 1] by

3
L&) := / li—1(n)dn for 2 <i<k.
-1

Due to their definition, these polynomials are orthogonal with respect to the H' semi-norm,

1
2
L& = ——0;;.
/_1 z(g) j(g)dg 22—1—15]
We will use that the integrated Legendre polynomials vanish at the endpoints {—1,1}, and
therefore form a basis for PF[—1,1]. This way, the family {u;(A1,\2): 2 <4 < k}, where

u,-()\a, )\ﬁ) = Li()\ﬁ — )\a),

is a basis for P¥(T}). For a visualization of the reference element and the respective families
of polynomials, see Figure 4.1.

The Legendre polynomials were constructed in such a way, that they are orthogonal with
respect to the L? inner product. They are a special case of a larger family of polynomials,
namely the Jacobi polynomials. We denote Jacobi polynomials by

pPE)  foree[-1,1), a,8> —1.

They are orthogonal on L?[—1, 1] with respect to the weight function w, g(€) = (1-€)*(1+&)P.
Also Jacobi polynomials can be computed via three-term recurrence relations. We refer to
[KS99] for some general properties of Jacobi polynomials, for an extensive overview, including
their application in the finite element method, see [Pil08§].
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Figure 4.2: The reference triangle: left: sketch of 15, middle and right: polynomial functions
ug, v3 on the triangle, generated using the Duffy transform.

4.4.1.2 The reference triangle

In the plane R?, we define the reference element 75 to be the triangle with vertices Vi = (0,0),
Vo = (1,0) and V3 = (0,1). Its edges E;, i = 1,2,3 shall be chosen such that edge E; lies
opposite vertex V;. As edges and facets coincide in two space dimensions, we set F; = E;. For
a sketch of the reference triangle, see Figure 4.2. We define barycentric coordinates on the
triangle to be linear functions, which take value one in one vertex, and vanish in the other
two vertices. We set

)\1 =1- Tr1 — T9, )\2 =, )\3 = X9.

Then \;(V;) =1 and A;|g, = 0 for i = 1,2, 3, i.e. the barycentric coordinate matching vertex
V; vanishes on edge E;. As in the one-dimensional case, they provide a partition of unity and
are widely used in finite element methods for H' problems.

We need the notion of scaled Legendre and integrated Legendre, as well as scaled Jacobi
polynomials. These functions live on the triangle {({,n) : n € [0,1],§ € [-n,n]}, and are
generated from tensor-product functions on the unit square using the Duffy transform. Ac-
cording to [KS99, Zag06], where also a more detailed discussion can be found, we define the
following scaled polynomial functions for ¢ > 0,5 > 2:

() == né(%) R (%) Ly (€m) =L (%)

Basically, polynomial functions on the edge are extended to the interior of the triangle. We
use the family {g;;(A\1, A2, A3) : 0 <i+j <k}, where

Gij(Aas A, Ay) = L5 (g — A Aa + AP TV (O = Aa = Ag). (4.42)

In this definition, and also in the following, we inherently assume that indices only take values
in the range of definition of the respective quantity, i.e. 4,5 > 0 in this case. This family
spans P¥(T,) and is linearly independent. Note that the restriction of 0ij(Aas Ag, Ay) to edge
E., coincides with ¢;(Aa, Ag) from the one-dimensional element. This basis is orthogonal with
respect to the L? inner product, as one can easily see from the defining properties of Legendre
and Jacobi polynomials.

For the polynomial space satisfying zero boundary conditions, let us define

Ui(Aas Ag) = Li(Ag — Aoy Ao + Ag) 1> 2,
Vj(Aas Ags Ay) = AMli—1(Ay — Aa — Ag) j=>1
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Figure 4.3: Reference tetrahedron.

There, u; vanishes on edges F,, Eg, and is a polynomial of order i along edge E, = [V,, Vg].
Indeed, it is defined in such a way such that u;(A, Ag) restricted to edge E. coincides with
the bubble function u; defined on the reference segment. The second family of polynomials,
namely {v;}, takes zero values on the third edge E.. We plot two functions u;, v; in Figure 4.2.
We can characterize Péf(T 5) as

Pg(Tg) = Span{ui()\l,)\2)Uj()\1,)\2,/\3) :3<1435< k’}

4.4.1.3 The reference tetrahedron

Let now the reference tetrahedron T3 be defined as the convex hull of its vertices, T3 =
Vi, Vo, V3, V4], where Vi = (0,0,0), Vo = (1,0,0), V3 = (0,1,0) and V4 = (0,0,1), see also
Figure 4.3. Then, the barycentric coordinates are given by

)\1 =1- 1 — T2 — T3, )\2 =, /\3 = Z9, /\4 = Xx3.

Similar to the one- and two-dimensional elements, we first provide a basis for the full polyno-
mial space of order k on the tetrahedron. This is realized by the family {¢;;; : 0 < i+j+1 < k},
where

qijl()‘ou )‘57 )\'Y’ )‘5) =

£ (As = A A+ A3) PO 0 = A0 = Mg, At Mg+ A T (A5 =X = Ag -\,
This family is constructed such that, restricting g¢;;; to edge E = [V,, V3], one obtains
¢i(Aas Ag) on the segment. On the face F5 = [V, V3, V], ;5 coincides with g;; as defined on
the triangle. Again, the family is orthogonal with respect to the L? inner product.

Last, we come to the polynomial space of order k satisfying homogenous boundary con-
ditions. We set

ui()\a, )\5) = Lf()\ﬁ — )\a, )\a + )\ﬁ) 1 > 2,
0i(Aas Ag, M) = Ml (A = Aa = A, Aa + As +Ay) j=1,
wi(Aa, ABs Ay, As) = Asli—1(Ns — Aoy — Ag — )\«/) [ >1.
Here, u; vanishes on facets F,,Fp; its restriction to the edge E = [V,,Vj3] or to facets

containing this edge yields u; defined on the segment or the triangle, respectively. The family
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{v;} is zero on facet F, due to the factor A,. On the other three facets, it equals v; defined
on the triangle. Finally, w; is defined such that it vanishes on the fourth facet Fjs. Together,
they can be used as a basis for PF(73):

PY(Ty) = span{uvjw; : 4 <i+j+1<k}.

4.4.2 On the triangle

We now define shape functions for V* and ©* on the triangle T := 7.

4.4.2.1 A triangular element for the Nédélec space

Hierarchical constructions of finite elements for the Nédélec space are well known. We use
the shape functions provided in [Zag06], where also a detailed analysis of their properties is
given.

As already mentioned, the finite element shape functions are organized in edge- and cell-
based functions. This is realized in the following way: Let V¥ := span ¥}, where

v=| | vEi|uvr,.
Ec&(T)

Then \I/g i shall consist of shapes bound to edge £, whereas \I!¥ ;. corresponds to the interior
shapes. We define

o the set of edge-based shapes \Ilgk = {wgl} for an edge E = [V,, V3]
Uho = VAads = AaVAg,
Vhi = Vuiri(Aa, Ag) 1<i<k,

where ¢g,0 is the lowest order shape function as in [Néd80],

e the set of cell-based shapes \I%k = {w¥mly}

¢¥,1,ij = V(uvj), 3<i+j<k+1,
Urou = Vuivj — uiVuj, 3<i+j<k+1,
Urgo; = (VAdz = M Vaz)uj, 1<j<k-1

Note that the tangential components of \Ifgk span P*(E) on this edge, whereas they vanish
on all other edges. For the interior shapes, the tangential component equals zero on the whole
boundary. Therefore, \I/¥k is a basis of P&T(T).

In Section 4.2.2.6, we described a decomposition of the Nédélec space into a global, low-
order space V}, o, and local high-order spaces V)'g— for any X in the union X} = &, U Fp U 7p,.
Note that, in two space dimensions, &£, and F}, coincide. Using the basis functions from above,
we can now explicitely define

Vho = Spaﬂ( U {1/%,0})7 (4.43)

Ee&y
VE = span{vp,;: i=1,...,k}, (4.44)
VE = span\I'%k. (4.45)



4.4. TD-NNS ELEMENTS 79

4.4.2.2 A triangular element for the stress space

For the definition of finite element shapes for the normal-normal continuous space X¥, we first
present a set of constant, symmetric tensor fields {S¥ : F € F(T)}, such that

e the normal-normal component of S¥ vanishes on all facets but F,
e the normal-normal component of S¥ on F is constant, and

e the union {S¥ : F € F(T)} spans the space of piecewise constant, symmetric tensor
fields Py, (7).

We propose
St = VAL ® VS

There the index is to be understood modulo 3. Calculating the fields, one obtains

SF1:<(1) (1)>, 5F2:<_12 (1)>, SF3:<_01 _21> (4.46)

Using these tensor fields, it is easy to construct “bubble functions” B?, for which the normal-
normal component vanishes on the whole boundary 97'. This is simply done by multiplication
of S¥i with );, which is zero on facet F:

Now, we provide a finite element basis \I/E for X*. We organize it in facet- and cell-based
functions,

= U R VTR,
FeF(T)

There we define

e the set of facet-based shapes \I/J;E7 g = {1/)1%} for a facet F' = [V, V3]
VE; = qio(Aa: Ag)ST, 0<i<k.
o the set of cell-based shapes \I/% PRES {¢%m7ij}

Vimij = 6B™ = @ nS™, 0<itj<k-11<m<3.

The construction ensures that a shape from \I/J;E7 i takes values only on facet F' and not on the

other two facets. On F, \I’IE;k spans the full polynomial space P*(F). Any shape in \I/%k,
which is bound to the interior, satisfies homogenous normal-normal boundary conditions on

OT. We have Péfnn(T ) = span <\If%k>, as the next lemma states. There we show that ¥

really provides a basis for the finite element space X%, i.e. the shapes are linearly independent.

Lemma 4.30. For an integer k > 0, the set of shape functions \I’E on the triangle T is
linearly independent, and forms a basis for ¥F = PgW(T). The subset \I'%k spans the bubble

space Polfnn(T).
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Proof. We first show the linear independence of \IIE From the definitions of \I/IZ%, \If%k we
see that

3 3
UF = | J{gjdmS™: 0<i+j<k—1}U | J{goS™ : 0<i<k}

m=1 m=1
As, form =1,2,3,
span{A,qij : 0<i+j<k—-1}=
span{ A\ l? A2 — A1, Amet + Ama2)liAm — Ama1 — Amaga) 1 0<i+j <k—1}
= span{f¥ M\mt2 — A1 Amtt + Amr2) i1 — A1 — Amaa) 1 0<i+j<k—1}
= span{gj+1: 0<i+j <k-—1},

we conclude
3
span (¥}') = span ( U {gi;;S™ : 0<i+j< k}> = Py (T).
m=1

Here we used that the S span PgYM(T). Counting the respective numbers of shape functions,
we get that U} | = 3(k+1)(k+2)/2, which is exactly the dimension of Pk, (T). Analogously,
we see that \\I/%k\ = 3(k+ 1)k/2, which is the dimension of P&m(T). As the shapes all lie in

PgYM(T), Polfnn(T ) respectively, this completes the proof. O

4.4.3 On the tetrahedron

In the following, we define shape functions for V¥, and ¥* on the tetrahedron T := T3. All
constructions are similar to the case of two space dimensions, but of course more involved.
Again, we use the basis for the Nédélec space, which was provided and analyzed in [Zag06].
For the stress space, we construct shapes similar to the ones on the triangle.

4.4.3.1 A tetrahedral element for the Nédélec space

On the tetrahedron, shape functions for V* are divided into edge-, facet- and cell-based ones.
We denote the local basis of V* by \I'X, which is then decomposed as

ve=| UJ vEi|ul U R uTr,.
Ee&(T) FeF(T)

The set \Ifgk shall consist of shapes bound to edge F, whereas \I’Ek corresponds to a facet
F, and \II¥ . contains the interior shapes. We define

o the set of edge-based shapes \Ifgk = {wgl} for an edge E = [V,, V3]

Yho = Vadg — XaVAg,
Uhi = Vuiri(Aa, Ag) 1<i<k,

where 1[)%70 is the lowest order shape function as in [Néd80],
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e the set of facet-based shapes \Ilgk = {T/)gm”} for a facet F' = [V,, V3, V]

w%,l,ij = V(uivy), 3<i+j7<k+1,
¢¥,2,ij = Vuvj —u;Vuy, 3<i+j<k+1,
¢¥',3,0j = (VAiA2 = MV Ag)v;, 1<j<k-1,

where u; = u;(Aq, A\g) and v; = vj(Aa, Ag, Ay),

e the set of cell-based shapes \I%k = {w%m,ijl}

w¥,17ijl = V(uvjwy), 4<i4+j+1<k+1,
wq‘f&iﬂ = Vuvjw; — u; Vojw + wvjVuy, 4<i4+j+I1<k+1,
wq‘{&iﬂ = Vuvjw; + u; Vojw, — uv; Vy, 4<i4+j+I1<k+1,
Uraon = (VA — M VAg)vjuwy, 2<j+1<k-1,

where U; = ui()\l,)\g), ’Uj = ’Uj()\l,)\g,)\g) and w; = wl()\l,)\g,)\g,)\4).

As on the triangle, the tangential components of \IJE & Span PF(E) on this edge, whereas they
vanish on all other edges. Also, shapes bound to facet F' have zero tangential trace on all
other facets, and for interior shapes, the tangential component is zero on the whole boundary.

Again, we can now define the decomposition of the Nédélec space into a global, low-order
space V}, 9, and local high-order spaces TN/)’? for any X in the union X}, = &, U Fp, U7y, as was
described in Section 4.2.2.6. Using the basis functions from above, we set, similarly to the
two-dimensional case,

Vho = Spaﬂ( U {1/%,0}‘)7 (4.47)

Eegy,
VE = span{vp,: i=1,...,k}, (4.48)
VE = span\Ifgyk, (4.49)
VE = span\I/%k. (4.50)

4.4.3.2 A tetrahedral element for the stress space

Now, to define a basis for 3*, we again use constant, symmetric tensor fields, for which the
normal-normal component vanishes on all facets but one. The fields

ST =sym[(VAit1 X VAit2) @ (VAiga X VAigs)],  i=1,...,4.

satisfy this assumption. In two dimensions, we have seen that the fields S¥¢ span the space
of constant symmetric tensor fields. On the tetrahedron, we have to add two further fields
ST:1 and ST*2, as the corresponding space is of dimension 6. We construct them in such a

way, that their normal-normal components vanish on 9T,

ST = sym[(VA x V) ® (VAs x VAg)),
ST2 = sym[(VA x VA3) ® (VAy x VAg)]-
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Explicitely, they read as

-2 1 0 0 1 -1 0 0 0
sh=1 1 00, 2= 1 -2 1 |, sB=(0 0 -1|,

0 00 -1 1 0 0 -1 2

001 0 0 —1 0 -1 0

Sfr—{ o000}, STt=( 0 0o 1 |, SsT?*=( -1 0 1

0 0 -1 1 0 0 1 0

As for the triangle, we additionally provide bubble functions B’. For the four facets F*, we
set

Additionally, we use
B5 — ST’l BG _ ST’2

as these fields are already element bubbles.

We define a finite element basis \IJE for X*. As on the triangle, we split it into facet- and
cell-based functions,

o= | R, uvE,.
FeF(T)

There we define

e the set of facet-based shapes \I/J;E7 g = {1/)1%”} for a facet F' = [V,, V3, V]
DI F .
Vi = Gijo(Aas Agy Ay)ST, 0<i+j<k,
e the set of cell-based shapes \I/% g = {¢%mwk}

Vg = @ B™ = 6 mS™, 0<itj+l<k—1,1<m<4,

VT mige = @B™ = qi; ST 0<it+j+l<k m=56

From this construction, one can see that the facet-based shapes satisfy zero normal-normal
boundary conditions on all facets but one, whereas the normal-normal components of interior
shapes are totally vanishing. Similar to the triangle, one can prove the following lemma,
which states that the spaces of shape functions are well chosen.

Lemma 4.31. For an integer k > 0, the set of shape functions \IJE on the tetrahedron T is
linearly independent, and forms a basis for ¥F = PgYM(T). The subset \I'%k spans the bubble
space Polfnn(T).
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Figure 4.4: Coupling degrees of freedom vs. error |0 — op|lq: We plot the convergence of
methods of orders k = 1,2,4, as well as of the p-version on an a-priori geometrically refined
grid.

4.5 Numerical Results

In the following, we present results obtained from computations with the TD-NNS method.
We use the open-source software package Netgen/NgSolve, see http://www.hpfem. jku.at
or [Sch97]. For the examples described below, we implemented stress elements of arbitrary
order on triangles and tetrahedrons, as are described in Section 4.4.

The first example concerns computations on the unit square. We assume that the left
hand side is fixed (i.e. it corresponds to I'p, where u = up = 0). Surface forces are prescribed
on the right hand side, where we set ¢, = (1,1)”. The remaining parts of the boundary
are free, i.e. they are governed by homogenous boundary conditions. We assume to have a
homogenous, isotropic, linearly elastic material with Young’s modulus £ = 1, and Poisson
ratio v = 0.4. We use an initial mesh consisting of 18 triangular elements, and calculate with
elements of uniform orders k = 1,2,4. We do adaptive refinement as implied by a Zienkiewicz-
Zhu type error estimator, which was introduced for H' problems in [ZZ87]. In Figure 4.4,
we plot the convergence of the stress in the L? norm. We observe the predicted optimal
order of convergence. Additionally, we consider an hp-version of the finite element method.
We prescribe an a-priori geometric mesh refinement towards the singularities occurring in the
corners of the domain, and then increase the order of the finite element method. In Figure 4.4
we plot the results obtained for five levels of geometric refinement.

As a second example, we consider a crankshaft in three space dimensions. We assume
that the shaft is fixed on one end, whereas a tangential force is acting counter-clock-wise on
the other end. The remaining boundary is free. We assume the shaft is made of steel, with a
Poisson ratio of # = 0.3 and a Young’s modulus E = 2- 10! N/m?. We use a mesh consisting
of 6710 tetrahedral elements, which are partially curved to approximate the geometry of
the shaft. We use a method of order £ = 4, with facet-order ky = 3. The corresponding
linear system contains 440 725 coupling degrees of freedom. In Figure 4.5, we plot the stress
components 0 ,z, and gy, -
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-2.297=-03 -1.161e-03 -2.490=-05 1.111e-03 2.248:-03

Lx Nestgen 4.5

-1,817e-03 -9,427e-04 -k,B874e-05 8,062e-04 1,679e-03

Lx Metgen 4.5

Figure 4.5: Crankshaft, 6710 elements, order k = 4, 440 725 coupling degrees of freedom. We
plot the stress components 0,,,, (upper plot) and 0,,,, (lower plot).



Chapter 5

A hybrid finite element method

The present chapter is devoted to hybridization techniques for the TD-NNS method. In
general, hybridization of a mixed method means that the imposed inter-element continuity
of the flux field (which is the stress field in context of elasticity) is not enforced directly by a
conforming choice of the finite element space, but via Lagrangian multipliers living on element
interfaces. In our case, we see that these multipliers correspond to normal displacements on
the facets. This hybridized problem is equivalent to the original one in the sense that the
calculated stresses and displacements coincide. We can directly transfer stability properties
of the TD-NNS method to this formulation.

The Lagrangian multipliers enter the set of equations as additional unknowns. At first
glance, it does not seem feasible to enlarge the number of unknowns deliberately. Subse-
quently, we present several reasons in favor of hybridization. One of them is the simpler
structure of the stress finite element space. Instead of the normal-normal continuous finite el-
ement basis described in Section 4.4, one can use piecewise polynomial, globally discontinuous
shape functions.

A major benefit of the hybrid setup is that all degrees of freedom for the stresses are
completely local to each element. Thus, the stress field can be eliminated from the system
of equations at optimal complexity. One is left with solving a system for the displacement
quantities, i.e. for v and the Lagrangian multiplier only. The remaining system matrix is sym-
metric and positive definite (SPD). Therefore, iterative solvers such as the conjugate gradient
(CG) method are directly applicable. We propose an additive Schwarz block preconditioner,
which is spectrally equivalent to the inverse of the system matrix, independently of the mesh
size h. With this choice, the preconditioned conjugate gradient (PCG) method is an optimal
solver for the elasticity problem.

Moreover, we are concerned with finding a finite element method, which is stable also
in the case of almost incompressible materials. Assuming that the material is linear elastic,
isotropic and homogenous, we call it almost incompressible, if the Poisson ratio v approaches
%, or, equivalently, the Lamé parameter A tends to infinity. We have seen that in this case,
all stability estimates for the primal variational formulation deteriorate, whereas stability can
be preserved for the mixed scheme of Hellinger and Reissner. Also our new mixed method is
stable in the infinite-dimensional setting. However, we have lost this property when doing a
straightforward discretization as in Chapter 4.

We analyze the problem in the hybrid setup using discrete, parameter dependent norms.
We prove stability of the hybridized formulation with respect to these norms, and error

85
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estimates for the displacement, which are independent of the degree of incompressibility.
Moreover, we can show that our additive Schwarz block preconditioner is spectrally equivalent
to the system matrix also for nearly incompressible materials, and thus the corresponding
PCG algorithm is an optimal choice for solving the discrete system.

In Section 5.1, we are concerned with hybridization methods in general and their ap-
plication to the TD-NNS method. We verify stability estimates for the hybridized method
and address implementational issues. Section 5.2 deals with the construction of a block pre-
conditioner, which is well suited in a PCG method applied to the hybrid Schur complement
problem. Finally, we apply these techniques to nearly incompressible materials in Section 5.3,
which are confirmed by the examples in Section 5.4.

5.1 Hybridization of the TD-NNS method

In this section, we give a short introduction into hybridization methods, and apply this
technique to the TD-NNS problem. We provide stability and error estimates for the hybridized
System.

5.1.1 Hybridization basics

The main idea of hybridization is replacing a globally continuous finite element space by
local spaces, which are associated to a prescribed, non-overlapping domain decomposition.
As the continuity across interfaces of the domain decomposition is broken in this process, it
is re-enforced by Lagrangian multipliers. These methods are closely related to discontinuous
Galerkin (DG) methods. In context of the TD-NNS method, we cut the inter-elemental,
normal-normal continuity of the stresses, and re-enforce it by Lagrangian multipliers. These
multipliers resemble normal displacements on element facets.

Originally, hybridization methods were introduced as a technique of implementing mixed
finite elements, first done in [dV65]. In this setting, the domain decomposition mentioned
above is simply the finite element triangulation 7, of Q. In [AB85], hybridization of Raviart-
Thomas elements in the mixed method for the Poisson equation, as well as hybridization for
a fourth order problem are discussed. There, it is shown that the solution of the mixed and
the hybridized problem coincide, and an a-priori error bound for the Lagrangian parameter
is given. We refer to [CGO04], where hybridization of Raviart-Thomas and Brezzi-Douglas-
Marini finite element methods are analyzed, and to [CGO5c], where the authors provide error
analysis for the Lagrangian multiplier in variable degree spaces. In [BF91], a more extensive
introduction to hybrid methods can be found.

Hybridization has also been used for the discretization of the Stokes problem. There, one
uses these techniques to find finite element functions which are incompressible, i.e. divergence
free. We mention [CGO5b, CG05a, CCS06], where this goal is achieved in both two and three
space dimensions.

A major advantage of hybridization is, that we regain a symmetric, positive definite system
matrix, as is characteristic for the primal problem. This property is usually lost when mixed
formulations are considered. In the following, we want to sketch this issue in a little more
detail. The primal problem (the pure displacement formulation in our case) corresponds to a
problem of energy minimization, whereas mixed formulations (e.g. the primal mixed method,
the Hellinger-Reissner formulation, or the TD-NNS method) are equivalent to saddle point
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problems. The corresponding system matrix for the discretized problem is thus indefinite; in
general, one ends up with an operator equation of the form

(5 ) ()-Ch)

where the asterisk denotes the adjoint operator. In this formulation, the required continuity
properties of the flux variable o), is enforced directly by a conforming choice of the solu-
tion space Yj. In hybridization methods, this continuity is broken, and re-enforced via a
Lagrangian multiplier Ay, which lives on the facets of the triangulation. The structure of
equation (5.1) changes to

Ay, Bik,h B;,h op, Fi
By, 0 0 Up = Fy . (5.2)
Bg7h 0 0 AL 0

Due to the fact that the flux oy, is left discontinuous, the upper left block Ay, is block-diagonal,
where each block corresponds to the element matrix of one single element. Therefore, A;, can
be inverted in optimal complexity, and thus oy, is eliminated from system (5.2). We arrive at
the Schur complement system

Sh <§Z> — H, (5.3)

where
Bhl -1 Bh 1 —1 F2
= VAN (B, By d H;, = T AR — .
Sh <Bh,2> h ( 1> h’2)7 an h <Bh,2> hool 0

This remaining system is then symmetric positive definite, which is feasible when using it-
erative solvers, such as preconditioned conjugate gradient (PCG) methods. The additional
information supplied by the Lagrangian multipliers can even be used for local post-processing,
thereby enhancing the solution [AB85, BDMS5].

Hybridization methods are closely linked to discontinuous Galerkin (DG) methods. There,
one usually starts not from a mixed formulation, but from the primal one, as e.g. the pure
displacement formulation. Then, one chooses a piecewise defined, infinite-dimensional but dis-
continuous space and a corresponding variational formulation, and applies a Galerkin method
with respect to some finite-dimensional subspaces (hence the name DG method). The cou-
pling between elements can then occur in various ways, and is usually imposed via jump and
stabilization terms. An overview and analysis on stabilization mechanisms in DG can be found
in [BCMS06] For a detailed overview and comprehensive analysis on discontinuous Galerkin
methods, we refer to [ABCMO02]. DG methods are very flexible when it comes to the choice
of approximation spaces, as they can be defined totally local to each element. However, one
usually ends up with a high number of globally coupling degrees of freedom. In [CGLO07], it
was shown that a certain class of DG methods can be hybridized, i.e. be embedded in the
framework presented above. This leads to much sparser system matrices with fewer globally
coupling dofs.

5.1.2 The hybrid TD-NNS method

So far, we used conforming approximation spaces Zk,V}f, as defined in (4.13) and (4.14),
satisfying certain continuity conditions. For the stress space, normal-normal continuity of
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Th € EfL was enforced directly. In the spirit of hybridization, we break this continuity, which
results in the discontinuous space Zfl

SE o= {1 € Ly (Q) 7 € Pl (Th) ). (5.4)

Implementing this space in a computational method is much easier than for the original
space Y. where one has to take care of normal-normal continuity. Now, for the Lagrangian
multipliers, we introduce the facet space

Ay = {un € LA(Fn) : pn € PY(F), plr, =0 }. (5.5)

The realization of this facet space in practice is straightforward: on each facet F', one needs to
provide a basis for P*(F), which can be done using the families of Legendre/Jacobi polyno-
mials described in Section 4.4.1. We comment on these issues in more detail in Section 5.1.4.

Notation We already mentioned that A\, € Aﬁ plays the role of a flux approximation to the
normal displacement u,,. Let F' € Fj, be an arbitrary interior facet, with neighboring elements
T1,T>. Without restriction of generality, we assume that the normal ng of the oriented facet
F' coincides with the outward normal of 77, i.e. np = npy, = —np,. We note that the normal
flux u,, changes its sign when switching from 7} to T,

unTl - _unT27

as then also the outer normal changes its direction. If suitable, we also equip up € Aﬁ with
an index for the direction of the normal vector, such that

[th = Hhng, = —Hhng,-

This means, we identify the space Ai with the space of facet-wise two-valued functions, where
the two values are equal up to their sign.

Note that the space Ai has exactly as many linearly independent basis functions associated
to each facet, as there are degrees of freedom for the normal-normal continuous space Efl. It
is therefore well-suited as space for the Lagrangian multipliers: we observe that the condition
“opnn is continuous and vanishes on I'y” for oy, € iz is equivalent to

0= 3 [ Tonmlinds = 3 [ nompnnds Vi € A}, (5.6)
Fer, ' TeT;, 7 OT
Reordering the facet terms, we obtain an equivalent to Problem 4.11.
Problem 5.1. Find (op,up, \p) € iﬁ X V}f X Afl such that
a(Uh,Th) + b(Th;uh,/\h) = <F1,Th>2 V1, € iﬁ,
b(on; Vs iin) = (Fy,un)v Yo, € VF, iy, € A}

Here, a(-,-), F1 and Fy were defined previously in equations (3.37), (3.39) and (3.40), whereas
b: Xk x (VF x AF) — R is given by

(5.7)

b(Th; vhs pin) = (divTh, vp)v — Z/ Thnnkh,n dS (5.8)
TeT, or

= Z [—/Tfhzs(vh)dx—l—/ Thon(Vhn — Hhn) dS| - (5.9)

TeTy or
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We immediately see that the original mixed Problem 4.11 and the hybridized version
Problem 5.1 are equivalent: for any solution (op,up,A\n) € Zi X th x A¥ equation (5.6)
ensures that o, is normal-normal continuous and therefore o;, € Eﬁ. The second equation in
system (5.7) reduces to the original equation b(oyp,vp) = (Fa,vs) from system (4.3). When
testing the first line for conforming 73, € Eﬁ, we see, that again the facet terms containing A,
cancel out, and we are left with the first equation of the original system (4.3). Thus, (o, up)
is a solution to Problem 4.11.

We observe that Aj,, approximates the normal displacement u,: after element-wise re-
ordering, the first equation of system (5.7) reads

Z [/ (Aah — 5(uh)) sy dr + / (Uhn — Abn) Thnn ds| = 0.
T T

TeT),

There the first term corresponds to an element-wise weak enforcement of Hooke’s law, while
the second term corresponds to a facet-wise weak identification of wy , and Ay ,. Similarly,
after a facet-wise reordering of the surface integrals, we see from the second equation in (5.7),
that

> /T(diV0h+f)'vh dz — ) /F([[Uh,m]] Vhyr 4 [Ohpn]pn) ds = 0.

TeT), FeFy

Here, the first term corresponds to the equilibrium equation. The latter sum ensures a weak
enforcement of continuity of o,,, and continuity of oy, 5, due to the matching number of
facet-based degrees of freedom for the stresses and for the Lagrangian multipliers.

5.1.3 Analysis of the hybrid problem

We derive properties of the hybrid method, such as existence and uniqueness of a solution,
and a priori error estimates, using the analysis provided for the original formulation of the
TD-NNS method in Chapter 4.

We propose to use the following discrete norms for the analysis of the hybrid problem

Imallg, = lmlle, (5.10)
1/2
[on, pnllvixay, = (Z [||€(Uh)\|%+h51\|vh,n—uh,n\|e2xp]> - (5.11)
TeT),

These norms are directly induced by ||.||s, and |.||v;,, as were introduced for the mixed
problem (see equations (4.27), (4.28)). In this definition, we assume that the triangulation is
shape-regular, and thus hp ~ hy. Otherwise, the surface terms h;leh,n — ,Uh,n”(%:r have to
be split first element- and then facet-wise, such that the correct factor h}l can be used for
each facet. Note that ||.|v; xa, is really a norm on V¥ x AF: if, for some (vp,, pp) € ViF x AF,
we have ||vp, pp v, xa, = 0, we can conclude that

e vy, is continuous, i.e. v, € HY(Q)
® U = [ n, thus v, =0 on I'p and

e £(vp) =0in Q.
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Korn’s and Friedrichs’ inequalities (Theorem 3.14 and Theorem 3.16) ensure then v, = 0,
which then implies pj, = 0. One can even show that, for vy € th ,

f lons 1%, < lonll3s,-
h

1 9 .
—|lvp, < inf
ol < in
Similar to Lemma 4.13, we can show that the norm for the displacement quantities is
equivalent to the usual, broken H' norm. We also observe that it is sufficient to use only the

piecewise linear projection of the jump of the normal component.

Lemma 5.2. Let T be a shape-reqular, quasi-uniform triangulation of the domain Q. We
have the following norm equivalences on th X Ai:

-1
ons inliBrxa, = D [IVORlF + hgtllvnn — panlde] (5.12)
TeT,
-1
ons mall,sn, = D [le@n)lF + Az T (hmn — pnn)l37] (5.13)
TeT,

where II' denotes the facet-wise projection onto PY(Fy,). The constants of equivalence do not
depend on the mesh parameter h.

Proof. Follows directly from Lemma 4.13. O

Lemma 5.3. Let 7j, be a shape-reqular, quasi-uniform triangulation of the domain ). Prob-
lem 5.1 is well-posed, there exists a unique solution (op,up, A\p) € E’fl X V}f X A’fl.

Proof. We apply Brezzi’s theory once more, and prove the conditions of Assumption 4.2 in
the hybridized setting. We observe that all estimates work along the same lines as in the
proofs of Lemma 4.15, Lemma 4.16 and Lemma 4.17. The only difference is that the jump
term [vp],, across a facet is replaced by the two-sided difference v, — fthng, ¢ = 1,2 on
the boundaries of the neighboring elements 17, 75. ' ' O

In Chapter 4, we provided a-priori bounds for the error in the stress and displacement
fields. These estimates can be transferred directly to the hybrid setup, as the discrete solutions
coincide. Moreover, we state a bound for the error in the Lagrangian multiplier.

Lemma 5.4. Let 7j, be a shape-regular, quasi-uniform triangulation of the domain Q. Let
(O, un, An) € S5 x ViFx AF be the solution to the hybrid problem (Problem 5.1), and let (o, u)
be the solution to the classical problem (Problem 3.1). Assuming (o,u) lies in Hgy,(§2) x
[H™HH Q)] for integer 1 < m < k, the discretization error is bounded by

lo = onllsy +llu=unllv, < ch™ (lolm(@) + [ulpmsi (@) (5.14)
1/2
< Z h:;1||un - Ah,nH?)T) < Chm(|O'|Hm(Q) + |U|Hm+1(Q)). (5.15)
TeT,

Proof. The proof relies on techniques from [AB85], where a similar estimate was shown for
the hybridized, mixed formulation of Poisson’s equation. The estimate (5.14) for o, and uy
follows directly from the error estimate in the mixed setting (Theorem 4.25), as the discrete
solutions coincide. Thus, we are left with proving the error bound (5.15) for the Lagrangian
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multiplier. We treat this estimate facet-wise. Let T' € 7, be an arbitrary element, and
F € F(T) one of its facets. Let 115 be the L? projection onto P¥(F), then we may split the
discretization error

[l = Al o < [ = Woun| | o + A = Wptin| (5.16)
The approximation error on the facet is bounded by standard error estimates,

|un — H'f;unHF < ch™ Y2 ) gy (5.17)

To estimate the contribution of the second term in (5.16), we construct a special test function
Th € ¥F to use in the discrete hybrid variational formulation (5.7). There exists a tensor-

valued finite element function Th Te Y*(T) with support only on element T satisfying

T
Thonn = Mnp HFunT on F|

T =0 on F e F(T),F #F.

A construction of this function can be done using the facet space Zi’f (T'), as done in the
proof of Lemma 4.17. This tensor is bounded by

FT L1/
I3 Tl < e[| A — Whun | (5.18)
which follows from the equivalence of norms shown in Lemma 4.14. We build the desired test
function ~
Th 1= Z f T e Eﬁ.
TeTy FE}—( )

For this 75, the first line of system (5.7) reads

a(op, ) + (div 1, up)y — Z Z / (A — HF’LLn)/\hndS—<F1,Th> (5.19)
TEIT}LFEJ:

For the smooth solution (o, u), we can deduce that

(O’ Th) (leTh, V — Z Z / )\hn HFun)un dS = (Fl,Th> (520)

TeT, FEF(T)

using Green’s formula element-wise. Subtracting equation (5.19) from (5.20), yields the equiv-
alence

Z Z ‘)\hn H unHF (O’—O’h,Th) (diVTh,u—uh>V.
TeT;, FEF(T)

There we used the defining property of the orthogonal projection on facet F,

H)‘hm — H]%UHH; = /F ()\h,n — ]}un) (un — )‘h,n) ds.

Continuity of a(-,-) and the divergence operator in the discrete setting together with (5.18)
then ensure

>t 37 (M~ T < e (lo = onlls, + llu— iy, ).
TET, FeF(T)

This concludes the proof, as we already bounded the discretization error for the stresses and
displacements according to (5.14). O
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Similarly to Corollary 4.18, we see that the order associated to the facets can be reduced
for the stress and Lagrange parameter space.

Corollary 5.5. The results of Lemma 5.3 and Lemma 5.4 still hold true when using the
approximation spaces Zi’kf X th X Aif, where kf := max(1,k — 1). There, Zi’kf s defined
as the discontinuous equivalent of Zi’kf of overall order k, where the polynomial order of the

facet contributions is set to ky.

So far, we have seen that the hybridized problem Problem 5.1 has the same properties
as the original mixed TD-NNS formulation in Problem 4.11. Omne of the main benefits of
the hybridization process is the fact that, when the stress unknowns are eliminated locally,
one ends up with a symmetric, positive definite system matrix. As all degrees of freedom
stemming from the stresses are local to an element, this elimination process can be done
totally local, and is of globally optimal computational complexity. Throughout the following,
we denote Ay, By as the linear operators induced by the bilinear forms a(:,-) and b(-,-) on
the discrete spaces Eﬁ and V}f X Afl,

(AhO'h,Th> = a(ah,Th) for Oh,Th € iﬁ,

(BaTh; Un, pn) = b(Thi vn, fin) for 7, € Xf, vy € Vi, pp, € A
The Schur complement operator .Sy, is defined as
Sy == BrA; ' B;. (5.21)

The Schur operator induces then again a bilinear form s(-,-) on the discrete space V;¥ x A¥
via

(U, A3 Vns i) = (S, An)i s i) for (up, An), (v, ) € ViF x AL

The following Schur complement problem is equivalent to Problems 4.11 and 5.1.
Problem 5.6. Find u € V}f, Ap € A]fl such that
$(tp, A Vh, ) = Hp(vn, ) Yo, € Vi, €AY, (5.22)

where the Schur bilinear-form stems from the Schur complement defined in (5.21), and the
right hand side Hy, € (ViF x AF)* is given by

Hy, = BLA, ' Fy — F.
The stress field oy, € iﬁ s determined uniquely by
CL(O’h,Th) :Fl(Th) —b(Th;uh,)\h) VTh S iz

We note that, due to the stability analysis provided for the mixed system (5.7), the Schur
complement operator is bounded and coercive with respect to the norm || - ||y, xa, , i.e. there
exist constants ¢, 1,Cs2 > 0 such that

Eo 1 lon, 11 xn, < Sh(Vny i Ons i) < Esallon, pnl3,0n,  for all vy € Vi¥, i € A,
(5.23)
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5.1.4 Implementational issues

We shortly outline how the implementation of the TD-NNS method can be simplified by the
hybridization procedure. We discuss a possible nodal basis for the Lagrange parameter space
Afl, and a realization of the finite element basis functions.

5.1.4.1 Finite elements for the discontinuous stress space

In Section 4.4, we provided basis functions for triangular and tetrahedral elements of arbi-
trary order for the stress space Efl. In the hybridized setting, the global finite element basis
functions do not need to satisfy normal-normal continuity. Therefore, one can use any basis
of P¥(T) for the local space SF(T). A possible choice are the bases {gij - 0<i+j <
kY, {giji: 0<i+j+ 1<k} given in Section 4.4.1 in two or three space dimensions respec-
tively. However, when one wants to restrict the method to the subspace Zz’kf as proposed
in Corollary 4.18, one has to keep the basis \IIE proposed for the conforming method. The
degrees of freedom living on a facet are then split, such that they are then associated to the
interiors of the two adjacent elements.

5.1.4.2 Finite elements for the Lagrangian multiplier space

Finite elements for the Lagrange parameters are not assigned to elements in the mesh, but
to facets. We propose to use the triplet (F, A*(F),N(F)) on facet F' € Fj,. There, we
define the local space A*(F) := P*(F). Given a basis {¢;} for P¥(F), the set of nodal values
corresponding to F is NMF) = {Nf}l} , where

Nﬁi(,u) 3:/F/U]id-5’- (5.24)

On the reference facet F', we now propose a specific basis \I'I} o such that Ak(ﬁ’ ) =

span \I//;k In two space dimensions, let F = [Va, V3] be the oriented reference segment
between vertices V,,, V3, as described in Section 4.4. We define the basis \Iﬂ;k = {1/11‘}2 1=
0,...,k}, where

Q/JII;J = qi(Aas Ag)-

In three space dimensions, we need to provide a basis on the oriented triangular facet F=
[V, Vs, V5] We set W3 = {42 ;10 <i+j <k}, where

U = 4ii(Mas A M)

Here, the polynomials g;, ¢;; are taken from Section 4.4.1, equations (4.41) and (4.42). Note
that, due to its construction, the basis is orthogonal in the L? sense, both in two and three
space dimensions.

The functions are transformed to any facet F' € Fj, without further computational effort.
Forz € T, let = € T be the corresponding point on the reference element; we transform iy,
on the reference element to uy := @%ﬂh, where

(@FAn) (z) = Al&).
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The global finite element space is composed from the local ones without further continuity

assumptions:
A= €D AE(F).
FeFy,

5.1.4.3 A decomposition for the Lagrange parameter space

We decomposed the Nédélec space V}f into a global, low-order space Vj, o and local, high-
order spaces ‘7)’? for edges, facets and elements X € X}. We similarly do so for the Lagrange
parameter space Afl. Here, the low-order space Aj o shall consist of the piecewise linear
contributions. The high-order spaces A'g each correspond to a facet F' € Fj, and contain the
facet basis functions of orders two and higher. Precisely, we set

Ano = span( U {wpewh,: deg(vd) < 1}), (5.25)
FeF,
A= B AL (5.26)
FeFy,
A% = span {1/1?; € \I/[}k : deg(h) > 2}. (5.27)

Due to the construction of the basis, this decomposition is orthogonal in the L? sense. We
will heavily use this fact when treating almost incompressible materials.

5.2 Preconditioning

In this section, we propose a suitable preconditioner C; ! for the Schur complement equation
(5.22). We define and analyze an additive Schwarz block preconditioner, where the finite
element spaces are split into a global, low-order part, and local high-order contributions
associated to one edge, facet or element. We show that its inverse C}, is spectrally equivalent
to Sy, where the constants of equivalence do not depend on the mesh size h,

(S (vhs 111); 0h i) = (Ch(vns 1) Vh, ) Yon € Vi¥, u, € A

To do so, we first introduce the notion of additive Schwarz preconditioners formally in the
subsequent section.

5.2.1 Additive Schwarz block preconditioners

The theory of additive Schwarz preconditioners goes back to the historic work of [Sch70]. To
define the preconditioner, the finite element spaces are divided in sub-blocks, which may be
overlapping. Well-known examples of additive Schwarz preconditioners are standard multi-
level preconditioners, or preconditioners stemming from domain decomposition (DD) meth-
ods. For the multilevel methods, the sub-blocks usually correspond to finite element spaces
on coarser grids. In DD, one considers a splitting of the finite element space, which is in-
duced by a splitting of the domain in, possibly overlapping, patches. Concerning theory on
multilevel and multigrid methods, we refer to [Hac85, BPX90, Bra93, BZ00], where basic
techniques also used in our approach are derived. Multigrid methods have also been devel-
oped for the dual mixed Hellinger-Reissner formulation, we refer to [PW06], where techniques
for H(div) conforming problems developed in [AFW97b, AFW98, AFW00] are applied. In
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[Sch99, Wie00], multigrid methods for the displacement-pressure formulation of elasticity are
provided. For an extensive introduction on DD methods, we point the reader to the mono-
graph [TWO05]. For high-order methods, it is common to see each edge, facet or element, or
patches consisting of several such entities, as sub-domain. Theory for p- and hp-methods for
elliptic, H' conforming problems can be found e.g. in [Man90, Ain96a, Ain96b, SMPZ0S].
For problems in H(curl), as the different formulations of Maxwell’s equations, we refer to
[AFWO00, HT00, PZ02].

In our approach, we divide the system matrix into sub-blocks, where one block corresponds
to the low-order degrees of freedom, and is global. The high-order nodal values are organized
into face, edge and element blocks, and are local. The preconditioner then consists of the
sum of the inverses of the respective sub-blocks.

We now introduce the notion of an additive Schwarz block preconditioner formally.

Definition 5.7. Let Sy be a symmetric, positive definite operator on the finite element space
Qn. Let moreover {Q; : i =1,...,s} be a not necessarily unique splitting of Qp, such that
Qn=>:,Qi. Let E;:Qy — Q; be corresponding restriction operators. Then the additive
Schwarz preconditioner C; Y for Sy, is defined by its application via

S
C’h_lq = ZE;-"C’Z-_IEZ-(], where C; = E;SLEY. (5.28)
i=1

There, Ci_l is the inverse of C; on the subspace Q;.

5.2.2 A preconditioner for hybridized elasticity

We define an additive Schwarz block preconditioner for the Schur complement equation
in Problem 5.6. We decompose the finite element spaces th,Afl, as was proposed in Sec-
tions 4.2.2.6 and 5.1.4.3, namely

VE=Vio+ D VE  Af=Mo+ Y AL (5.29)
Xexy, FeF,

Remember X}, = &, U Fp, U7y, is the set of all edges, facets and elements in the mesh. There,
we set Vo as the lowest-order Nédélec type I space, and Ay as the space containing the
piecewise linear facet fields. The high-order spaces are local; for an edge, facet or element
X € A}, the space f/)? is spanned by the high-order shape basis functions connected to X,
and has support on only a few elements surrounding X. Similarly, for ' € F},, the space N}
consists of the shape basis functions of degree two and higher on facet F'. The supports of the
different high-order subspaces are even disjoint. Any v, € th, ,ufl € Aﬁ can be decomposed
uniquely such that

v, = Vo + Z vx, where vy € V3,0, vx € ‘7)]?, (5.30)
XeXy,
_ Ak
ph = Ho + Z KF where g € Ay, pr € Af. (5.31)
FeFy,

Let, for an edge, facet or element X € X}, and a facet F' € Fy,

Eo: ViFx AF — Vo x Ap, EY : ViEx AF = VE x {0}, ER:VE < AF — {0} x A
(5.32)
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be the respective restriction operators for the finite element subspaces. There the operator
Ey is consists of the nodal Nédélec interpolation operator, and an L? projection onto the
piecewise linear functions for Afl. Note that we thereby put the low-order subspaces V}, o and
Apo into one sub-block. The different blocks of the Schur operator S; with respect to this
splitting read for X € &), F € Fp,

So = EjSnEo,  SY:= (EX)"SWEYX,  Sp:=(E})"SuEp. (5.33)

Using the splittings (5.30) and (5.31) for vy, € V¥, up € AF, the preconditioner Ch_l is
defined by

Cy (v, ) = S5 (vo, po) + Z (S)‘é)_l(vX,O)—i- Z (Sﬁ)_l(o,,up), (5.34)
XeX, FEF,

where all inverses are defined on the respective subspaces.
We state the main theorem of this section, which assures that C}, is spectrally equivalent
to the Schur complement operator Sj.

Theorem 5.8. For a domain Q C R%,d = 2,3 satisfying Assumption 3.2, let T;, be a shape-
reqular, quasi-uniform triangulation. Let S denote the Schur complement operator from
Problem 5.6, and C; L be the corresponding additive Schwarz block preconditioner defined by
equation (5.34). Then Sy, and Cy, are spectrally equivalent,

(Sh(Vn 11); Ons 1) ~ (Cr(Vhy pn)i i i) Yon € ViF, i € A (5.35)
The constants of equivalence do not depend on the mesh size h.

Proof. Postponed to Section 5.2.3. O

5.2.3 Condition number estimates

In the following, we proof two lemmas, which allow us to bound the different components
(vo, to), (vx,0) and (0, ur) by (vp,pp) in the discrete norm || - ||y, xa,. Together with an
estimate, which allows to bound (vj, py) from above by the different contributions, they are
employed in the subsequent proof of Theorem 5.8.

In the following, we assume that the conditions from Theorem 5.8 hold, i.e that € satisfies
Assumption 3.2, its triangulation 7}, is simplicial, quasi-uniform, and shape-regular, and that
Sy and C;° L are the Schur complement operator and corresponding additive Schwarz block
preconditioner.

Lemma 5.9. For (v, up) € th X Afl, let (vo, po) € Vio X Apo be the projection onto the
low-order spaces. Then there exists some ¢ > 0 independent of the mesh size h, such that

lvo, ollvi, xa, < cllvn, v, xa, -

Proof. Let vy, € th, Uh € A]fl be arbitrary, and vg, pg their respective low-order components.
Moreover, vy, := vy, — vg and fi, := pp — po shall denote the high-order contributions. In the
following estimate, we use that e(vg) = 0 to obtain the second equality, and that the operator
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norm of the L? projection is less or equal to one as well as the triangle inequality in the third
line.

lvos ol e, = D2 |le@o)l + Az llvom — ponly]
TeT,
— 2
= Z thHnl((Ii‘z/,Ovh)n = ) lor
TeT,
< 3 2h (1(ZHovn = vn), I + [onn — nalidr)-
TeT; —
~ (k
::thVh

Corollary 4.29 (piecewise Korn inequality for the high order space f/k) Now ensures
2 SN —1 2
w0, wo M e < € D2 (1@ IF + b7 onn = innllfr]-
TET,
As e(v) = e(vp,), this is the required result. O

Lemma 5.10. For (vp, up) € th X Afl, let vy € ‘7)’? and pp € N} be the sub-blocks matching
some X € Xy, F € Fy, respectively. Then there exists some ¢ > 0 independent of h such that

S lox, Ollvisa, + > 110 e llvixa, < cllvn, pallvxa,
Xexy, FeFy,

Proof. We split the proof into two parts, one for the estimation of the contributions stemming
from vx, X € A}, and one for the respective contributions from pup, I € Fy,.

1. For v, € V}f decomposed according to (5.30), we see, employing Corollary 4.29 to
estimate the boundary terms by the strain tensor for the high-order contributions vy,

> loxsOlvian = > 2 [le@olF + ' loxalidr]

Xex, XeXx, TeAx
< D> el < Y llen)liz
XeX, TeAx TeT,

We moreover used that the number of components vx with support on an element 7' is
bounded.

2. In order to estimate the contributions stemming from puy, we once more need the split-
ting v, = vg + ¥y, into the low- and high-order contributions. We utilize Lemma 5.9 and
Corollary 4.29 to obtain

S0 mrlva, = 23 ksl

FerFy, FeFy,

= Y i ik — Hon = Vhn + Vom + Thnll3r

TeT,
< 33 b7 (lnn — vnnllir + lton — vonl3r + Ionali3r)
= T n nllor T IHon — Yonllor hnlloT
TeT;,
.42 NP —1 2 2
< e D [Ile@IB + 7t (M = vnnllde + lton —vonll3r)|
TeT,
L. 59
< c thnuhHVhXAh'
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This concludes our proof.
O

Lemma 5.11. Let (v, up) be decomposed according to (5.30), (5.31). Then there exists a
constant ¢ > 0 independent of the mesh size h such that

”vhHuhH%/hXAh S ¢ HUO7M0”%/}L><A,L+ Z ”vX?O”%/hXAh—’_ Z HOHUFH%/;LXA;L}
XeXh FEF}L

Proof. The triangle inequality ensures

_|_
VhXAh

Z (OMU'F)

FeFy,

s nllvican < l1vos iollvy s + H S (ux.0)

XEX}L ‘/}LXA}L

As only a globally limited number of blocks have support on an element 7" or facet F', and the
supports of the respective blocks for the Lagrangian multipliers are even disjoint, one directly
obtains the required result. O

Proof of Theorem 5.8. We show the spectral equivalence of the inverse of the additive Schwarz
block preconditioner C}, and the Schur complement operator Sj. In our case, the different
blocks are non-overlapping, thus

Ch (v, pn) = Sho(vo, po) + Z SKX(UXaO) + Z SFIL\,F(()?NF)
Xex, FEF,

for any vy, € th ,n € Aﬁ. As the Schur operator Sy, is bounded and coercive with respect to
the discrete norm || - ||y, xa, (see (5.23)), it suffices to show

thvluh”%/thh = HUOHU’OH%/]—LXA}L+ Z ||’UX70||%/]—L><A]—L+ Z ‘|07MF‘|%/hXAh
Xex, FeFy

This follows from Lemmas 5.9, 5.10 and 5.11. U

5.3 Application to nearly incompressible elasticity

In the following, we treat the case of almost incompressible materials. So far, we discussed a
hybrid formulation of the TD-NNS method, and its positive implications, when it comes to
implementational issues: much simpler elements can be used, and, after local elimination of
the stress degrees of freedom, one ends up with a symmetric positive definite system matrix.
However, we did not improve the behavior of the method for nearly incompressible materials.

Throughout this section, we will assume that the material is homogenous, isotropic, and
linearly elastic. Thus, the compliance tensor is uniquely determined by the Lamé constants
fi, A. The bilinear form a(-,-) as defined in (3.37) then reads

1 1
a(o, ) = /Q % devoy,: devry, + D on tr(op) tr(1y) de. (5.36)

We see, that in the incompressible limit of A — oo, the strain depends only on the deviator
of the stress. Due to this, the bilinear form is not coercive on the whole space Eﬁ. In the
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following, we stabilize a(-,-) by adding element-wise divergence terms. To stay consistent, we
modify the right hand side accordingly. For oy, 7, € ¥F, we set

CLS(O'h,Th) = alop,mh) + Z h%‘/ div oy, - div 13, dx, (5.37)
TeT T

<F15,Th>2 = <F1,Th>2 — Z h%/ f . diVTh dx. (538)
TeT T

As the balance equation reads —dive = f, replacing a(-,-) by a®(-,-) and F; by F in
Problem 5.1 yields another consistent approximation of the problem of mixed elasticity.

Problem 5.12. Given a reqular, quasi-uniform triangulation Ty, find (op,up, Ap) € iﬁ X
th X AfL such that

CLS(O'h,Th) + b(Th;uh,)\h) = <F15,Th>2 VThEEfL,

5.39
b(on; Uk i) = (Fy,vp)v Yy, € V;f,,uh € Afl. ( )

Here, a®(-,-), F¥ are defined by the relations (5.37), (5.38), whereas b(-,-) is given by (5.8),
(5.9), and Fy is defined by (3.40).

When analyzing the stabilized hybrid problem above, we use different, parameter depen-
dent norms. We introduce these norms subsequently. In the end, we show that the additive
Schwarz block preconditioner proposed in Section 5.2.2 is also suitable in the almost incom-
pressible case.

5.3.1 Discrete norms

We define broken norms for estimating 75, € iﬁ and (vp, pp) € V}f X AfL. They are similar to
the original choices (5.10) and (5.11), but additionally contain the Lamé parameter \.

1
2 - : =712 =712 2 : 2
Imll§, ¢ = ﬁelglngh)IITh—pIIIQJr;IIPIHQJr > bl div |, (5.40)
TeT
2 2 -1 2 5\ 2
o s = D0 [Nl b7 o~ il + ] | o] | )
TeT,

For the stresses, the first term corresponds to an element-wise deviatoric part of 75,. In the
limiting case of A = oo, only this deviatoric part is taken into account. The scaling of hr in
the last term is chosen appropriately to match with the L? norm. We note that we added the
same kind of element-wise divergence to the bilinear form a(-,-) to stabilize the hybridized
System.

For the displacements, we already encountered the first two terms in the definition of
/v xa, in the broken norm (5.11) for the hybrid formulation. The last term [, s ds
reflects the change of volume of an element T'. As the material becomes incompressible, i.e.
\ — 00, such changes are penalized.

Before we come to stability analysis, we take a closer look to the parameter-dependent
norm defined for the stress field. On the triangulation 73, we can divide any 73, € i’fz into a
deviatoric and a trace part:

T, = devy 1, + étI‘T(Th)I.
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There, devy 15, and try(75,) are defined element-wise; we set for T € 7j,
1
tI‘T(Th)‘T = m/ tr(7p)ds, devr Th|T =15, — Ltrr(m)1. (5.42)
T

The trace part try(75,) is therefore the element-wise average of the trace of 7. One can easily
see that, independently of A > 0,

1
de = inf —pI|§ + <|IpI |3
Idevrmllh = _int I Il + o1
Thus, for any 75, € 3, we can evaluate | devr Th||§h g by
ldevr llE o=l devr mlé + > b3 divrF. (5.43)

TeT,

This follows trivially, as the element-wise divergence of the constant trace part try ()]
vanishes. On the other hand, we see for a piecewise constant function ¢ € P°(7},)

1 1
I|I2 . = inf —)IZ + =|pllZ = ——IlqI||3. 5.44
llq IIE}“S ﬁelgrg(,[h)\l(q PG + Alelg 1+AIIq I (5.44)

We can easily prove a lemma on the additive splitting of some 7, € iﬁ into a deviatoric and
a piecewise constant part, using only algebraic manipulations.

Lemma 5.13. Let 7, € iﬁ be arbitrary, and let 7, € i’fl and p € P°(7;,) be such that
Th = Th +pl. Then

_ . 4
Il s < 200+ 37 W3l div il + — T, (5.45)
TET, +

The splitting 15, = devy 13, + étrT(Th)I 1s orthogonal with respect to the discrete norm,

Imnll, o= lldevr ml o+ 11 trr(m)]lls, s (5.46)

5.3.2 Stability

We verify the conditions of Brezzi’s theorem, as summarized in Assumption 4.2. First, bound-
edness of the bilinear forms as(-, ), b(+,-) with respect to the discrete, parameter-dependent
norms has to be proven. We see that this is straightforward for a®(-,-), and also holds, but
less trivially, for b(-,-).

Lemma 5.14. Let T}, be a shape-regular, quasi-uniform triangulation of €, and let a®(-,-),
b(-,-) be defined as in (5.37), (5.8). These bilinear forms are bounded on Elj, X (VEx AR,
respectively; the constants of boundedness ¢4 2,2 > 0 are independent of A — oo or h — 0.

Proof. Continuity of a(-,-) follows directly, as

1
a¥(mm) < c(d,m[um— g g+ 5l el + 3o h%lldivm\l%]
TeT,

_ . 2 1 2 2 : 2
= d, f —I|lZ + =|IpIllE + h7|ld
)| nt o= ol + STl L ol

IN

e(d, )l
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We proceed to showing continuity for b(-,-). Due to the orthogonality of the splitting
7, = devy T, + étI‘T(Th)I , it is sufficient to prove boundedness of b(-,-) with respect to
both parts separately. We first concentrate on the deviatoric part. There we see, using
representation (5.9) of b(-,-), the Cauchy-Schwarz inequality and the norm equivalence from

: k
Lemma 4.14 applied on ¥j

b(devy i vp, up) = Z [— / devy 7y, 1 e(vp) d:n+/ (devr Th)nn(vhn —,uh,n)ds]
TeT, T ar
< > [H devy 7|z (le(vn)ll7 + [[(devr Th)nnllor[|vnn — uh,n\laT]
TeT,
< clldevr mllg, gllvas pallvixa,s-
Next, we consider the trace part p := étrT(Th). In the estimate below, we use Green’s

formula (3.12), the trivial scaling inequality ||g|lor < ch;1/2||q\|T for ¢ € P°(T3), and the
Cauchy-Schwarz inequality again. We deduce

b(pLivp, ) = —Z/@Tpuhdw

TeT,
= inf - —p)l: d +/ -p n n) — Plhnd
pePO(T) ) [ / (p— D)1 : e(vp)dz 6T(p P)(Vhn — M) — Dlthnds

TeTn

. _ —1/2 _
< ¢ inf [H(P—P)IHTHE(%)HT+hT/ Ilp = Bllrllvnn — tanllor +
pEPO('T;L) TET,
Vit /3| [ s
or

< cprth,sth,uh\\vmh,s.
From the two estimates above, we can conclude the continuity of b(-,-). O

We now proceed to showing the respective lower bounds, i.e. items 2. (the inf-sup con-
dition) and 3. (coercivity) of Assumption 4.2. We use the following lemma, which bounds
the difference between the trace tr(7) and its element-wise mean value try(73) in terms of
deviator and divergence of the finite element function 7y,.

Lemma 5.15. On a shape-regular, quasi-uniform triangulation Ty of §2, let ii be the cor-
responding discontinuous stress finite element space. Then, the difference between tr(7,) and
trg (1) for m, € Zﬁ 18 bounded element-wise by

[ tr(mn) — trz(m)llr < cl|devrpllr + hr||divrs|lr  for T € Th, (5.47)
where ¢ > 0 is independent of the local mesh size hr.

Proof. Let T € Ty, we note that the difference tr(7,) — tro(7,) has vanishing mean value on
T. Thus, Stokes theory (Lemma 3.39) guarantees the existence of pr € H}(T) such that

divpr = tr(m) — trr(m) inT
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holds in weak sense, and
IVprllr < cltr(ra) = trz(70) | 7-

We deduce, using that the divergence of the constant function try (7)1 vanishes, as well as
the zero boundary conditions for pr € H}(T), when doing integration by parts,

| tr(rs) — trr(m)||% = /Tdiva (tr(Th) - tI‘T(Th)) dx
= — /TpT -div(tr(m,)I) dz
= —d/TpT - div(ry, — dev 1y,) dx
= —d/:FpT-diVThda;+d/:FVpT:deVThdx.

Last, we use a scaled Friedrichs inequality for pr € H}(T) (Theorem 3.14), and obtain
altr(m) = trr(m)l7 < llprllzll div alle + [IVpr ] dev |z
§ (1 + CF)”VpT”T(” deVThHT + hT” diVThHT).
O

Lemma 5.16. Let Ty, be a shape-regular, quasi-uniform triangulation of 2. Then, a®(-,-) as
defined in (5.37) is coercive on X with respect to || - ||§h g there exists a constant ¢u1 > 0

independent of the mesh size h or the Lamé parameter A — oo such that

aS(Th,Th) > Ea’l”Th”%h g VTh c ilfl (548)

Proof. Coercivity of a®(-,-) can easily be shown using Lemma 5.15. To estimate ||Th||§h g for

some T}, € iﬁ, we bound the infimum in the definition of the norm by setting p = étrT(Th).
We obtain

1 .
Imllg, ¢ < llm — gtrr(m)IlIa + ol trr(m)llf + Y Wl divfF.
TeT),

The first term can be estimated, inserting tr(7;,) and using estimate (5.47) in Lemma 5.15

1 1
sl —arr@lle <l —§ @)+ Sl trm) - trr@m)llg
=dev 1y,
< c<|]dev7'hH52)+ Z h%HdiVThH%).

TeT,
Inserting this into the first estimate yields

. 1
s < e (ldevmlp+ Y mbldivnlf+ Slarml)
TeT,

< ca¥(th, )

Here we used that || trr(7)[|a < ¢||tr(7s)]|q. The constant ¢ does not depend on h — 0 or
A — 00. O
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Lemma 5.17. Let T, be a shape-regular, quasi-uniform triangulation of Q. Then, b(-,-)
as defined as in (5.8) satisfies an inf-sup condition with respect to the parameter-dependent
norms || - ||§h o I - [Vixan,s- The constant ¢,1 > 0 is independent of the mesh size h or the

Lamé parameter X — oo, such that

b7
inf sup (7hs Vn in) > G- (5.49)
ThEXK vy vk “Th“ih,s”vhvNh”VhXAh,S
MhEA;‘;

Proof. The proof of the inf-sup condition in the almost incompressible setting relies on the
one in case of compressible materials, Lemma 4.17. For given (vp, up) € V}f X Aﬁ, one can
find 7, € Elfl such that

1/2
b(Th; vn, n) > ¢ HThHQ( > [HE(Uh)H%Jrh%leh,n—Mh,nH%TD ;

TeT,

and

17alh < e 7 [le@n) I+ bz lonn = tnnllfr] - (5.50)
TET,

Now, we define the piecewise constant function p € P°(7},) element-wise via

Pl A / P, ds
T'= —77 h, .
T| Jor" ™"

This choice implies

b(pL;vn, pn) = — Y / Plinp ds =

TeT, TeT,

(5.51)

:u'hnds
!T\‘/

We choose 73, := T, + pI, and see

b(7h; Vh, ki) = b(Th; Uy tn) + b(PL; 0n, ) = ¢ ||on, a3, <, 5

Therefore, bounding |75, ¢ by [|vn, inl[vi,xa,,s from above concludes the proof. We use
estimate (5.45) in Lemma 5.13 and the bound (5.50) together with an inverse inequality for
div 73, and obtain

(5.45) o
I7n+plls,s < 20mlE+ S Bl div il + -

<%
TeT, ZA

4d\?
= 2|mlg+ Z [hQTIIdinhIIQTJr ‘/ ik ds
i IT(142)) | Jor
>

TET,

]

(5.50)
e+ o =l + | [ s

| /\

1

This implies the stability estimate (5.49). O

= v, unllvixan,s-
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Summarizing our results, we see that Lemmas 5.14, 5.16 and 5.17 ensure that all conditions
for the application of Brezzi’s theory (i.e. of Assumption 4.2) are satisfied. This implies an
a-priori bound for the discretization error in the discrete norms. In the following, we use
this bound to estimate the error by quantities, which are independent of X, and contain only
derivatives of the solution (o, u).

Theorem 5.18. Let (o,u) be a solution to the equations of elasticity, as posed in Problem 3.1,
and let X\ denote the normal displacement on the set of interfaces Fp,, i.e. N|p = up,. Let
(Oh,up, A\n) be a solution to the hybridized set of discrete equations in Problem 5.1. Let m < k
be a positive integer, such that o € HZ%, (), and u € [H™T1(Q)]?. Then

lor = onlls, s + = wn A = Mallvioxans < ™ (IV"allo + [V72@ll),  (5.52)

where the constant ¢ is independent of the mesh size h, and does not deteriorate for almost
incompressible materials, i.e. for A — oo.

Proof. Due to the basic error estimate for mixed problems provided in Lemma 4.3, we may
estimate

lo = onllg, o+ llw—un A= Xull};xn,s < ¢ ( igk lo = 7lg, o+ (5.53)
Th h
2
inf > D (5.54)

'uhGVh

uhGA'Z TeT;,
The first term containing the best-approximation error for the stress space can be estimated
by standard arguments, as Elfl is piecewise polynomial and discontinuous. For bounding
the second infimum, i.e. line (5.54), we employ special choices of vy, pup. We set vp, to the
nodal Nédélec interpolant of u, i.e. v, = I,‘L/’ xu. For the Lagrangian multiplier, we choose

i, =¥\ = IT*u,, as the facet-wise L? projection onto P¥(F,). We obtain

_ A
e — )3 + hp onn — pmldr + —‘ [ = )i
IT)| Jor

(5.54) < ) llle(u = Tyl + 2h7 (lun — Ty gunllfr + lun — Tunl3r)

TeT,
| ]

Here, we used that the mean value of u, — IT%w,, vanishes on each facet of the triangula-
tion. Now, employing the approximation properties of the interpolation operator Z}Y i (The-

A ‘/ &
+— (up, — M%uy,)ds
Tl Jor

=0

orem 4.21) and the L? projection IT¥, we obtain
(5.54) < ch®™ || V™e(u)|3.
This estimate then completes the proof. O

Similar to the compressible case, the stability estimates ensure the existence of a Schur
complement operator S;f = Bh(Ag)_lBZ, where As is the discrete linear operator corre-
sponding to the stabilized bilinear form a”(-,-). Then, s°(-,-) shall denote the corresponding
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bilinear form on the discrete space th X AfL. For the right hand side HY := Bh(AE VLRSS — By,
the stabilized hybrid system (5.39) is equivalent to finding

8% (upy Ans vn, pin) = (Hﬁq;vh,ﬂmv,fx/\ﬁ Yo, € ViF, i, € AF, (5.55)
and setting o, € i’fl such that
S _ S. . sk
a (O‘h,Th) = <F1 ,Th>2 — b(Th,uh,/\h) V1, € Eh'

The Schur complement S;f is symmetric and positive definite on V}f X Aﬁ, and spectrally
equivalent to the stabilized norm,

$% (O 103 Vhs 1) 22 ||0ns 1|13, 5 (5.56)

One can therefore solve system (5.39) by a preconditioned CG method. We propose to use
the additive Schwarz block preconditioner constructed in Section 5.2. Subsequently, we will
show that it is also suitable in case of nearly incompressible materials.

5.3.3 A preconditioner for nearly incompressible materials

In Section 5.2, we proposed an additive Schwarz block preconditioner to use in a precondi-
tioned CG method in order to solve Problem 5.1. We will now show that this choice also
works fine in case of nearly incompressible materials, provided the basis for the Lagrangian
multiplier space Afl is orthogonal with respect to the L? inner product. To this end, we
assume that 7, is a shape-regular triangulation of 2. For v, € V}f, Lh € Afl, let

thvo+zvx, MhZMOJrZMF
Xexy, FeFy,

be the corresponding decompositions, as given in (5.30), (5.31). Let EO,EK,EII} be the
respective restriction operators, as defined in equation (5.32). We denote the sub-blocks of
the stabilized Schur complement S5 from equation (5.55) by

S§ = EySi By, SV = (EX)'SPEY, Syt = (ER)S;EL
This allows to introduce the preconditioner

(C) " ono ) = (S§) ™ (wnosmo)+ D (SFY) T ox, 00+ Y (SPMTHO, pup). (5.57)
XeXxy, FeFy

The stabilized Schur complement is spectrally equivalent to C’f , as the next theorem states.

Theorem 5.19. On a shape-reqular, quasi-uniform triangulation 7y, of €2, let Sf denote the
Schur complement operator from equation (5.55), and let (C’;f)_l be the corresponding additive
Schwarz block preconditioner defined by equation (5.57). Then Sf and C’,f are spectrally
equivalent, provided the finite element basis for AfL is orthogonal with respect to the L? inner
product,

(S5 (Vs 1h); Vhs i) == (C3 (Ohy )i v i) Yon € ViF, € A (5.58)

The constants of equivalence do not depend on the mesh size h.
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Proof. The proof is similar to the proof of Theorem 5.8, which stated the same relation
between S;, and C}, in the compressible setting. There, we argued, that it is sufficient to show

vn i lVixans = 0o, ollvixans + D 10x,0llvixans + > 10, wellvxa,.s-  (5.59)
XeXy, FeFy

We observe that the squared norms || - H%/hx A, and |- ”%/thh’ g differ by the additive term

d
> /Muh, s

TeT,
When using an L? orthogonal basis for Afl, the mean value of high-order components of puy,
on a facet I’ € Fj, vanishes, and thus
= ‘/ Ho,n ds
F

‘/ :u'h,nds
F

We first bound the different contributions on the right hand side of (5.59) by ||vp, Nh”%/hx ApLS-
Using Lemma 5.9, we may estimate the low-order contribution

2

2

oo ol s = Moospolioes, + 3 | [ ponds
TET, or
2
< cllon mnlvon, + 3 /8 pnmds| = ¢ llon unllZ s, s-
T

TeT,

Due to the fact that pp is orthogonal to the piecewise constant functions, | 7 WFpn ds van-
ishes. Therefore, for the high-order parts (vx,0) and (0, ur), the original and stabilized norm
coincide. Thus, Lemma 5.10 ensures

Y lox: Ollvixan,s + D 110, wellvixans < ellons mnllvixan < ellvn, pnllvixan,s-
Xeay FeFy,

From these observations we conclude, that the sum of all block contributions is bounded
from above by ||vn, tnllv, xa,,s. For the lower bound, we employ, similar to Lemma 5.11,
the argument of finite overlap of support for the blocks of vy, and disjoint supports of the
facet-blocks of up. Collecting our results, we arrive at the statement of the theorem. O

5.4 Numerical Results

We present some results obtained using the hybridized TD-NNS method. Again, all com-
putations were done using the finite element package Netgen/NgSolve, [Sch97]|. As a first
example, we consider the unit square, which is fixed on the left hand side (u = 0), and where
surface tractions o, = (1,1)7 are applied on the right hand side. We assume that the ma-
terial is close to the incompressible limit, and set Young’s modulus £ = 1, and Poisson’s
ratio v = 0.499999. We use a triangulation consisting of 114 elements. We compute the
error |0 — op||q for polynomial orders k = 1,2,4, doing adaptive mesh refinement using a
Zienkiewicz-Zhu type error estimator [ZZ87]. In Figure 5.1, we plot the obtained results. We
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Figure 5.1: Coupling degrees of freedom vs. error ||o — oy ||o, almost incompressible material
(Young’s modulus £ = 1, Poisson ratio 7 = 0.499999): We observe an optimal rate of
convergence for methods of orders k = 1,2,4 and adaptive refinement.

orthogonal | non-orthogonal
€ k=2|k=5|k=2]| k=5
107t | 38 60 61 169
1072 | 43 77 88 239
1073 | 45 82 164 294
1074 45 83 240 796
1077 | 45 83 398 | 2777
10710 | 45 83 - -

Table 5.1: Multiplicative Schwarz block preconditioner, number of iterations in PCG method
for almost incompressible material (Young’s modulus £ = 1, Poisson ratio 7 = 0.5 — €) on
the unit square, using orthogonal and non-orthogonal basis functions for Aﬁ

see an optimal rate of convergence of the error ||o — op||q. Note that in the analysis, we were
only able to provide the corresponding bound for [0 — oy llg, -

Next, we investigate on the number of iterations needed in the preconditioned CG it-
eration, where we use a multiplicative version of the additive Schwarz block preconditioner
provided in Section 5.2. In our computations, we keep the mesh fixed to 114 elements, and
choose polynomial orders £ = 2,5. This results in 1134 versus 2268 coupling degrees of
freedom. We set Poisson’s ratio to 7 = 0.5 — €, where € ranges between 0.1 and 1070, In
Section 5.3.3, we required the basis for A]fl to be orthogonal with respect to the L? inner
product. We now do computations using orthogonal and non-orthogonal bases. We see that
the number of iterations is only independent of ¢, if the basis is chosen orthogonally. If not,
the PCG solver needs more steps as the Poisson ratio tends to 1/2. In Table 5.1, we list the
numbers of iterations needed to reduce the error by a factor of 1072, The PCG solver does
not converge within 3 000 iterations, when using non-orthogonal basis functions.

In Figure 5.2, we plot the dependence of the block preconditioner on the mesh size h. We
start from a grid consisting of 114 triangles, and do uniform refinement. We use methods of
orders k = 2,5, and obtain numbers of iterations which are independent of the decreasing
mesh size.
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Figure 5.2: Coupling degrees of freedom vs. number of iterations, almost incompressible
material, (Young’s modulus £ = 1, Poisson ratio 7 = 0.499999), uniform mesh refinement;
left two space dimensions, right three space dimensions.

orthogonal | non-orthogonal
€ k=3|k=5|k=3]| k=5
1071 | 123 187 200 271
1072 | 141 | 221 296 413
1073 | 148 236 521 784
1074 | 149 | 235 | 905 1497
1077 | 149 236 | 2971 —
10710 | 159 | 234 -

Table 5.2: Multiplicative Schwarz block preconditioner, number of iterations in PCG method
for almost incompressible material (Young’s modulus E = 1, Poisson ratio 7 = 0.5 — ¢) on
the unit cube, using orthogonal and non-orthogonal basis functions for Afl

We provide results for a similar example in three space dimensions: We consider the unit
cube, one side fixed, constant surface tractions acting on the opposite side. We assume to be
given a Young’s modulus E = 1, and varying Poisson ratio 7 = 0.5—¢. We study the behavior
of the preconditioner with respect to mesh refinement and near incompressibility. We use a
coarse mesh consisting of 12 tetrahedral elements. The PCG method is terminated, when
an error reduction of 10712 is achieved. In Table 5.2, numbers of iterations for methods of
orders k = 3,5 and e varying between 0.1 and 10710 are listed. We use both orthogonal and
non-orthogonal basis functions for the facet space. For a non-orthogonal basis, the method
does not converge within 3000 iterations for e sufficiently small. In Figure 5.2 on the right
hand side, we plot the number of iterations needed after doing uniform mesh refinement.



Chapter 6

Anisotropic elements

This chapter is devoted to the application of the TD-NNS method on anisotropic domains.
Examples for such domains are thin plates or shells. Discretizing thin structures with shape-
regular elements leads to an enormous amount of degrees of freedom, as then the mesh size
has to be of the order of the thickness of the domain. It seems more natural to use meshes
consisting of flat tensor product elements, such as quadrilaterals, prisms or hexahedrons.
However, many standard methods, such as the pure displacement formulation, break down
in such a setting. One can trace these effects back to the constant of stability, which directly
depends on the constant in Korn’s inequality. It deteriorates, when the aspect ratio of the
elements becomes large. In the engineering literature, this effect is referred to as “shear
locking”.

A possible remedy to this problem are plate and shell models. In these methods, the
full, three-dimensional problem is reduced to a 2D model on the mid-surface of the domain.
Well known models for plates are the Reissner-Mindlin [Rei45, Min51] or the Kirchhhoff plate
models [TW59]. For shells, a widely used model for discretization is the Koiter model [Ko0i60].

A generalization of such plate or shell models is the idea of hierarchical modeling. There,
a polynomial dependence of the quantities of interest on the thickness direction is assumed.
Thereby, one obtains a family of models, as one increases the polynomial order. This may
be seen as a p-version of a related, three-dimensional finite element method. Such models
were introduced in variational form by [VB81]. An overview over the different discretization
techniques within a unified framework is provided in [DFY04]. Analysis for the approach by
hierarchical models can be found in [AAFM99, BL91, DBRO1], a-posteriori error estimates in
[Ain98, Sch96, SO97].

In our approach, we do not aim at reducing the dimension of the problem. We rather
want to use anisotropic, flat, quadrilateral or prismatic finite elements for slim domains in
two- or three-dimensional space. This way, we can save a considerable amount of degrees of
freedom when compared to standard methods, and have more freedom in choosing the order
of approximation with respect to in-plane and thickness discretizations element-wise.

In the following, we assume our body to be of tensor product structure, such as a beam,
plate or disc. We use a triangulation consisting of quadrilateral or prismatic elements, which is
aligned with the structure of the body. We show that the constant of stability for the TD-NNS
method is independent of the aspect ratio of the domain or the finite elements. Moreover,
we provide interpolation operators, which then imply an optimal order of convergence of the
discrete solution. We emphasize that our estimates do not deteriorate, as the aspect ratio of
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the domain or the finite elements grows.

Section 6.1 deals with setup and application of the TD-NNS method on an anisotropic
domain. Finite elements for prisms and quadrilaterals are provided, stability of the method
independently of the anisotropic mesh sizes hg, h, and their ratio hg/h. is shown. In Sec-
tion 6.2, a family of quasi-interpolation operators for tensor product spaces is introduced.
Their approximation properties are investigated. Finally, numerical results are provided in
Section 6.3. These calculations imply the applicability of the method also on curved domains.

6.1 The TD-NNS method on an anisotropic domain

In this section, we are concerned with the setup of the TD-NNS method on a geometrically
anisotropic domain and its stability properties. We consider domains of tensor product struc-
ture, such as thin plates or discs. We adapt our notation to this setting, where in-plane and
transversal components are of different quality. We use a tensor product mesh of quadrilateral
or prismatic elements, which is a natural choice given the structure of the domain. We derive
stability estimates and provide finite elements for these element types.

6.1.1 Anisotropic setting

We first specify the notion of a tensor product domain.

Definition 6.1. We call Q@ € R% d = 2,3 of tensor product structure, if it is of the form
Q= Qg x Q.. There Qp C R corresponds to the cross section. It is a bounded, connected
domain of size dy := diam(Qy). The second component, 2, C R, then describes the thickness
direction, and is an interval of length d,. In three dimensions, we assume that gy is a
polygonal Lipschitz domain satisfying Assumption 3.2.

Let 'y = 09y, I', = 092, be the respective boundaries of cross section and thickness. For
simplicity of notation, we restrict ourselves to the Dirichlet problem throughout this chapter.
Then all finite element spaces can be designed as tensor products of spaces on the line or in
the plane. The case of mixed boundary conditions can be deduced easily, but one needs to
impose the different types of conditions additionally.

In many applications, d, is much smaller than d. To emphasize the different qualities of
the directions, we use coordinates (x, z) = (1, 2z) in two or (x, z) = (1, x2, z) in three space
dimensions. For a vector-valued function v, we refer to its components by

Ve ) (Vgy,v2)T if d =2,
v, ) | (Vs Ve, v0) T if d = 3.

A tensor-valued symmetric function 7 can be divided into four sub-blocks

— Te Txz
LT,
The lower right block 7, is always scalar-valued, whereas 7, 75, are of the form

o . T ifd=2
- _ T12 =2,
Te = < Teiz1  Txixo ) ifd= 37 Tz = { (Txlzyszz)T ifd=3.

Txiza  Txowo

Similarly, ez (v), £,(v) and e4.(v) denote the respective sub-blocks of the strain tensor e(v)
of a vector-valued function v.



6.1. THE TD-NNS METHOD ON AN ANISOTROPIC DOMAIN 111

6.1.1.1 Anisotropic triangulation

In order to exploit the tensor product nature of the domain €2, we introduce a matching
triangulation. Let therefore

Ty, ={T%}, Ty, ={T7}

be simplicial, uniform and shape regular triangulations of 4, €., respectively. Thus, 7,” is
a triangular mesh in three dimensions, or a subdivision in two dimensions. In both cases 7
is a subdivision of the line segment €2,. The parameters hy, h, denote the respective mesh
sizes. For both triangulations, we define the set of element interfaces

T =%}, F = {F7}

In two space dimensions, both sets correspond to the sets of points defining the respective
subdivisions, in three dimensions F;’ consists of triangle edges in the plane.
Using these quantities, we define a tensor product mesh

Ty ={T=T"xT%: T® €T}, T° € T}, }.

This is now a quadrilateral mesh in two, or a prismatic mesh in three space dimensions by
definition. Let Fj be the set of element interfaces for the triangulation 7;. This set can be
split into an in-plane part 7 and a vertical part F,

Fn = f“UfJ_,
.7:” = {T*x F*: TwE'Z;Lai, erfﬁz},
FL = {F*xT*: F*e F; , T* € T;} }.

Thus, the in-plane part | consists of all horizontal edges in two dimensions, and of in-plane,
triangular facets in three dimensions. The subset F, contains all vertical facets, which are
edges in two and quadrilateral faces in three dimensions.

In Chapter 4, we defined the local mesh size for a facet F' by

hp = (ITh| + |T2]) /1P,

where 17,15 were the elements adjacent to F'. We note, that in the anisotropic setting, where
both triangulations 7,* and 7,° are assumed to be uniform and shape regular, this parameter
is either of size hg or h,. There holds

poo e HFEFL
PZ U h  ifFeF

6.1.2 Finite element spaces

In the following, we propose finite element spaces V}f, Elfl based on the tensor product mesh
T For the construction, we use the finite element spaces for H', H(curl), H(divdiv) and
L? from Chapter 4 on the simplicial triangulations 7,% and 7,7 . The way the finite element
spaces are defined indicates how to choose the corresponding shape functions. This will then
be done in Section 6.1.3.



112 CHAPTER 6. ANISOTROPIC ELEMENTS

6.1.2.1 In-plane and transversal finite element spaces

In Chapter 4, we introduced finite element spaces with different continuity conditions on a
triangular mesh. We now define these spaces for the triangulation 7;” of the cross section
Qz. We use x as an index, to indicate that the spaces correspond to {2y and 7, . In case of
three space dimensions, we define

wk = {wp € C(Q) : wy, GPk(’Z}f;), wp, =0 on Iy}, (6.1)
vE = {vn € [L*(QW)]* s vy € [Pk(’Z}fi_)]d, vpr cont., vpr =0 on g}, (6.2)
vko= {mn € Lay(Q) 171 € Pgm(’z;f;), Thon cont. }, (6.3)
Pe = {an€ L) :qn € PHTE)} (6.4)

On the line segment 2., we also define the respective spaces, now indexed with z. Due
to the one-dimensionality of €2,, the different continuity conditions reduce to continuous and
non-continuous spaces,

wk = {wy, € C(Q) :whEPk(’Z}fz), wp,=0onT,}, (6.5)
S o= {m eC(Q.) e PHTE),
PE o= VF o= {u, € LA(Q.) vy € PHTE) )

For d = 2, Q% is a line segment. In this case, the finite element spaces ng, EI;, Vaf = 733]2
are defined as the spaces of piecewise polynomial, continuous and non-continuous functions,
as done above for WF ¥ and VF = PF. Degrees of freedom and shape functions for the
different spaces in two space dimensions were provided in Chapter 4, the definition of similar

finite elements on the line segment are straightforward and not given in detail in this thesis.

6.1.2.2 Tensor product spaces

The global finite element spaces are now defined using the in-plane and transversal spaces
from above. For the displacements, we use the standard Nédélec space on a tensor product
mesh, as one can find e.g. in [Mon03],

ViF = {on € [L2)]P 2 vpe € VEQWHT vy, . e WEFL @ VR (6.8)

For the stresses, the definition of EfL differs slightly for two and three space dimensions. This
is implied by the different nature of shape functions for the two- and one-dimensional spaces,
as we will see in the proof of Lemma 6.5. We propose to use the following finite element
spaces on a quadrilateral or prismatic mesh 7},

{Th S L%YM(Q) D The € EI;'H ® 'Pf—H,
Thez € ,sz ® Pfa Th,z € P£+1 ® EIZH_I}
{Th € L%YM(Q) D Thae € EI; ®'P§+l,
Tha: € Pk @ Pk 1, . € Pitl @ xh+1}

if d =2,
ko= (6.9)

ifd=3.

We note that continuity of vy, ; and 7y, ,,,, are satisfied for any vy, € V}f and 1, € ZZ. Also the
Dirichlet boundary conditions v;, » = 0 on I' are already included in this definition.
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Z“ FHl
Fi1 z X
= = " i
12 11 Fi3
FH 2 X1 2 X

Figure 6.1: Reference quadrilateral and prism

6.1.3 Anisotropic finite elements

In this section, we provide finite element basis functions for quadrilateral and prismatic finite
elements. We first define the respective reference elements, and recall some details concerning
the mapping ®7, which maps the reference element to an element in the mesh. Then, shape
functions on the reference elements are given. For the displacements, high order H (curl)
conforming shapes as defined in [Zag06] are used. For the stresses, we construct finite element
bases using the ones on simplicial elements, which are given in Chapter 4.

6.1.3.1 Reference elements

In the following, let Ty be the unit line segment, and Ty the triangular reference element,
as given in Section 4.4.1. We index these simplices with @, z, to demonstrate if they are
considered with respect to coordinates @ or z, respectively. Thus, in two space dimensions,
T, T? are the reference segments in @, z direction, whereas in three dimensions, we use T%, T7
for the in-plane triangular element and the vertical segment.

Then, the quadrilateral reference element shall be defined as the tensor product of two
line segments, 7. N = T ®x T 7. Analogously, the prismatic reference element is the product
of an in-plane triangular element, and a line segment, Tf F = TQ“’ X Tf We drop the lower
index giving the dimension of the respective simplices, in order to unify notation for the two
and three dimensional case.

As for the tensor product mesh, we can split the set of facets F (T ) into two parts, the
in-plane facets .7-"||(T) = {13'”,1,15”72} and the vertical ones F, (T) = {FJ_, ci=1,...,d}. In
Figure 6.1, we provide a sketch of the quadrilateral and prismatic reference elements.

We first define the notion of polynomial spaces of mixed order on tensor product elements.
Let aq,as be variables of dimensions dy,ds = 1,2. We consider two simplices Tc‘il,TC‘;;? of
dimensions dq,ds. Let T = Tc‘il X T;‘; be their tensor product domain, and let ki, ks > 0 be
integers. Then we define the space of mixed polynomial order (k1, ko) with respect to (aq, )
by

QRVI2(T) = PA(Tgh) @ PR2(Tg?).

aq,02

Mainly, we will set a; = @, as = z. Other choices may occur, for example when describing a
quadrilateral facet of the reference prism.

We keep the notion of barycentric coordinates, as they were defined in Section 4.4.1. We
use AT, A7 on T z T #, respectively. There, A* depends only on &, is linear, vanishes on facet
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F ' ; and is one in the edge opposite this facet. This means we set

T=1-1, Ay = 2, ifd =2,

T=1-21 — 2o, A = i, AF = Zo, if d = 3.
Also A7 is a linear function only in 2, vanishing on the in-plane facet 13’2-,” and taking value
one in the opposite facet,
A = 1-2, A5 = Z.
In Section 4.4.1, we also defined families of polynomials on the reference segment and triangle.
In the anisotropic setting, we reuse these families. We shortly recall that

o {gi(\1,\2) : 0 <i <k} span PH(T}),

o {uj(A1,\2) : 2 <i <k} span PF(Th),

o {gij(A1,A2,A3) : 0 <i+j <k} span PR(Ty),

o {ui(A, A2)vj(A1, Ag, A3) 1 3 < i+ j < k} span PE(Ty).

We may use indices such as ¢ or ¢; to make clear that the corresponding simplex is 7% or
T

Transformation The mapping ® : 7' — T, which maps the reference element to an ele-
ment in the mesh, can also be composed by the respective in-plane and transversal mappings.
Let now T' = T® x T? be an element in the tensor product mesh. Let ®7«, ®7- be the
respective mappings from the reference elements 7%, 7% to T®, T%. Then, the compound
transformation reads

‘PTw(ﬁC))

or(.2) = (@Tz(z)

The Jacobian Fr of this map is constant. It is moreover block diagonal,

o Fr= 0
FT_< 0 FTZ>'

The Jacobians forming the sub-blocks stem from shape-regular transformations, thus
|Pr=|"! ~ |Frl| ~ hyt,  |Pre| ™'~ |FRH ~ bt

This allows to introduce

= hal 0\ _
FT._< : hzl>_FT, (6.10)

where I denotes the identity matrix of dimensions one or two. We use these similarities when
proving stability and error estimates.

In the following, we construct shape functions for quadrilateral and prismatic elements.
In both cases, we proceed in a similar way as for triangular or tetrahedral elements in Sec-
tions 4.4.2 and 4.4.3. We define constant tensor fields 5’“’,5’2 and S®* which resemble the
fields S in the simplicial case. Using these, and corresponding bubble fields Bw, B# and sz,
we can then construct a finite element basis in a straightforward manner. These constant and
bubble fields will play an important role in the stability analysis in Section 6.1.4.
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6.1.3.2 On the quadrilateral

In the following, we provide shape functions for the stresses on the quadrilateral reference
finite element 7. For the displacements, we refer the interested reader to [Zag06] for a detailed
discussion.

We first provide a family of constant tensor fields {Sw, SZ, Sz }, which span the space of
piecewise constant functions. By multiplication with scalar bubble functions b* := ATAF and
b* := AfA3, we then obtain stress bubble tensors {Bw, Bz, sz}

The first pair of fields (5%, B*) is associated with the vertical facets F' € F | (T).

s;(é g) B — e,

The unit normal of such a facet is n = +e,,, therefore S'fl’n takes value one there, and vanishes
on in-plane facets from 7 (7).
Similarly to this field, we define

Oz . 0 0 Dz . 120z
pe(00). pevs

They correspond to in-plane facets, as Sfm equals one there.
The third constant tensor field, S®* is already a stress bubble function, as its normal-
normal component vanishes on all facets

bxz . DEr . 0 1
e (01

Now, we provide a finite element basis \i/% for $F. As for the simplicial element types, we
organize it in facet- and cell-based functions,

5 B B B
v "( U \I/Fk>u< U \IlFJ_,k>U\IIT,k’

Fer(?) FLer (T)
We use
e the set of shapes corresponding to an in-plane facet Fll,mv \i/lgu = {1/}12%” y
Z G .
VE i = S A 0<i<k+1,
e the set of shapes corresponding to a vertical facet F 'Lmo i’? L {¢1§ i
L,m> 1L,m>
/l/}gl,myi = qizgw)\%‘f‘l’ O S Z S k + 17
Ty . > b >
o the set of cell-based shapes W\ = {¢7_ ¥z . ¥7 ..}
by R Y . B )
Towij 4 4; B 0<i<k—-1,0<j<k+1,
X - ‘ ‘
Vi, = G5 0<i<k+1, 0<j<k-—1,
X - ‘ ‘
Vigriy = G4BT 0<i<k 0<j<k
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Here, the index of the barycentric coordinates is to be seen modulo 2. The construction
ensures that the normal-normal component of a shape from \I/2 takes values only on facet F
and not on the other facets. We observe that the normal—normal components of the facet-based
shapes span Pk“( ) for all facets FeF (T ) One can easily check the linear independence
of the basis functions. By counting the degrees of freedom for the respective components, one
can see that the proposed shape functions span the local polynomial space suggested in the
definition of the quadrilateral finite element space (6.9).

6.1.3.3 On the prism

On the prismatic reference element T , we proceed in a similar manner as for the quadrilateral
element. To define the family of constant tensor fields, we recall the two-by-two symmetric
tensor fields S¥¢ defined on the triangle, see equation (4.46). We set, using the scalar function

bE = AP
. QOF; . .
gra— (S0 pE._gege 193
0 0

Then, Sfm vanishes on all facets but F' ;- As b it is zero on facet F'| ;, the tensor field

Bfnn takes zero values on the whole boundary @7'. For the upper and lower triangular facet,

we define a constant field $% whose normal-normal component takes value one there, and
vanishes on all other facets. Then we obtain a bubble by multiplication with b* = AfA3

Oz . 0 0 Dz . 120z
pe(00). pevs

There remain two more fields, which are needed to span the space of constant, symmetric
tensor fields on the prism. We define these fields S¥,7 = 1,2 such that they are already a
stress bubble function, as we did in the two-dimensional case

Sg’%:Bg’%:(% ex) i=1,2.

ey, 0

From this framework, we can again define a finite element basis \ifg for ©F on the reference
prism. It is again divided into facet- and cell-based functions,

@%;:( U ‘I’F>U< U \IJFM>U¢I§R

FHE]:H(T) FLG}—L( )

Here we use

e the set of shapes corresponding to an in-plane facet Fll,mv ill%u,m = {¢* Fooi
I%Lm,ij = qZ]SZ s 0<i+j<k+1,
e the set of shapes corresponding to a vertical facet F "Lms @1%1 = {3 fl .
Foig = G5 0<i<k 0<j<k+1,
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S . (S b by
e the set of cell-based shapes \PT,k = {¢T,m,ijl’ V2, i U }

T,xz,ijl
> L Tz DT . .
Fwil qiquB 0<i+j<k—-1,0<I<Ek+1,
q,z)T?,z,ijl = q5qi B 0<i4+j<k+1, 0<I<k-—1,
¥ L Tz DIz . .
Fanijl qiquB 0<i4+j<k 0<I<Ek.

As for the case of quadrilaterals, one can see that the normal-normal component of a facet-
based shape from \I’§ ,, vanishes on all facets but F". On a triangular facet Fj € F(T), the

normal-normal components of U span Pk+1(ﬂ|). For a quadrilateral facet F| € F J_(T),

b
A B
we obtain Q¥**1(F|) instead. Linear independence of the basis can be seen directly. The
proposed set of shape functions spans the local polynomial space suggested in (6.9) for a finite

element space on a prismatic mesh.

6.1.3.4 Global finite element spaces

The basis functions given on the reference quadrilateral or prismatic element are transformed
to any element T' € 7}, by the conforming transformation @%, which is given in Section 4.2.2.5.
Then, one obtains the global finite element space Efl. As for simplicial elements, the local
space can be split into a facet- and a cell-bound part, X¥(T) = k7 (T') + $FY(T). There, the
subspaces are spanned by the facet and inner basis functions, respectively. This splitting can
analogously be performed for the global finite element space, ¥F = Eﬁ’f + Ei’b.

6.1.4 Stability for tensor-product elements

In this section, we concentrate on stability estimates for the discrete mixed problem in the
anisotropic setup.

Problem 6.2 (Elasticity on a tensor product domain). Let £ be a tensor product domain ac-
cording to Definition 6.1. Let T}, be the corresponding quadrilateral or prismatic triangulation.
Find (op,up) € S5 x VF such that

alop, ) + blmh,up) = (F1,7h)s VThGEfL,

6.11
b(O’h,Uh) = <F2,Uh>v V’Uh c V}f ( )

We emphasize that all stability estimates derived in the following do neither depend on
the anisotropic mesh sizes hg, h, nor their ratio hg/h,. In our analysis, we use the discrete
norms ||.||s, and ||.|[y;, proposed in Chapter 4,

lonllss, o= D lleCwn)lF+ D kg lloalall?
TeT), FefFy,
[hllzn = lI7allo-

Our theory relies on the fact that only piecewise strains, and not gradients are used for the
displacement norm. Beforehand, we show a norm equivalence on the discrete stress space. In
Lemma 4.14, we already proved such an estimate for shape-regular meshes. Now we need to
take the anisotropic structure into account.
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Lemma 6.3. Let T € 7}, be a quadrilateral or prismatic element in the triangulation Tp,.

1. For 7, € XK(T), there holds the trace inequality

> hel il < el (6.12)
FeF(T)

2. Let g be in the normal-normal trace space of S¥(T), i.e. g € PﬁH(F”) for an in-plane
facet Fyj, g € PFTY(F ) for a vertical facet and d = 2, or g € QFFTY(F ) for a vertical
facet and d = 3. Then there exists an extension Tj, € Ek(T) such that Ty p, = g on 0T,
and

ImllF < e > hrlgll- (6.13)
FeF(T)

The constants are independent of the anisotropic mesh sizes hg, h., and their ratio hy/h..

Proof. 1. We decompose the finite element function into a facet- and a cell-based part,
Th = T}{ + T}Ii,

where T,{ € Y5/(T) and 72 € X*(T). There, the facet-based function T}{ can be further
split into the contributions coming from the different facets,

7_}]:: Z F||_|_ Z 7_}1;1,

FHE}—”(T) FieF (T)

where Tf is built from shape functions matching facet F. As the basis functions are
linearly independent, and the local space is of finite, bounded dimensions, we may

estimate
b
7nllr > C< S IE+ Hml!%)-

FeF(T)

Let now Fj ,,, € F|(T') be an in-plane facet, and F; € F| ,,(T) be a facet in transversal
direction. From the construction of the shape functions in Section 6.1.3, we know that

T, Fi , 7{ + are of the special form
Fim 1 F|| m T ~Film x 2 2
Th = J2F FT7 Th = m)‘m—i-lS s
FJ_,m _ 1 F J_ mFT AFJ_,m o qfn)\7:17:7,+15m lf d = 27
= [ TE - S R
£ qz,5% if d = 3.

where ¢¥ ¢7, are scalar polynomials with respect to x,z. Using the tensor product
structure of S*, 5%, and the fact that the Jacobian Fr is equivalent to the block-
diagonal matrix Fr from equation (6.10) we see, for the in-plane facet case

2 2 x \z 2 4 2 4
Fim| Gy 2 T h bz ~Fm
T ~ FrS*F ~ = ~ Z (B
h J2 T 4 JA
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For the transversal direction, we differ between two and three space dimensions. In two

dimensions, we obtain

2

2 2

2
4
N%
.
JT

AFJ_,m
h

FJ_,m
h

m=1 m=1

by exchanging z with @ and || with L in the estimate above. For the case of three
dimensions, we see

2

3 4| 3 4
F ,m h‘ _ h F m
T, fTSme ~ —Jf E T Sir —Jff B
m=1 T |m=1

where we have used that the S'Z“’ are linearly independent. These estimates together
imply that

2 2

4
Floo e
Th = =1
T

FeF(T)

>

FeF(T)

Note that we have used the shape-regularity of the in-plane and transversal meshes,
from which follows hy ~ hp, and h, ~ hFH‘ We proceed, using hp ~ Jr/Jp,

Il = [ > ] ds
T rer(m)
B ?
~ F ~ ~
~ /TJ—% Z Th JTdf]:
FeF(T)
hi 2
PN L
Fer(T)’F T
h% 4 |~F |2
Fer(T)’F T
= Z hFHThnnH%7 = Z hFHThnnHF
FeF(T) FeF(T)

This estimate implies the trace inequality (6.12). We will moreover use it in the second
part of the proof.

. Due to the construction of the subspace E , it is possible to find a unique extension

Th € Zi J(T) of g. The equivalence

I 13 =~ Z R 7

FeF(T

ensures, that 7‘,{ is the required extension.
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Corollary 6.4. There exists a constant ¢ > 0 independent of hy, h, or their ratio hy/h.,
such that for , € Zi

IullE, < lmld+ D hellmanlF < cllml?, .
FeFy,

We finally show inf-sup stability of b(-,-) on EfL X th with respect to the discrete norms.
The proof for the following lemma runs along the same lines as the one for Lemma 4.17.
Therefore, we do not repeat it in detail, but only comment on the independence of the
stability constant of the anisotropic mesh sizes hy, h, or their ratio hg/h..

Lemma 6.5. Let Q be a tensor product domain according to Definition 6.1. Let T;, be the
corresponding tensor-product triangulation, stemming from shape-reqular, quasi-uniform tri-
angulations T;% , ;7 . There holds the stability estimate

inf sup b(7h, vn)

k T = O
vhEVY T EXk HThHZh”UhHV;L

)

where &1 > 0 is independent of the anisotropic mesh sizes hy, h, or their ratio hy/h..

Proof. We recall the proof of the inf-sup condition on simplicial, shape-regular meshes (see

Lemma 4.17). We reuse these ideas, and construct a finite element function 75, = ch,{ + ch}IZ,

which consists of a facet part T}{ € ZZ’f , and a bubble part Tf{ € EZ’b. There, T}]: can still be

chosen such that
Tf{,rm‘F = h}_;l[[?]h]]mp VF € Fp,

as one can check comparing the respective polynomial orders.
We define the bubble part T}i element-wise, such that T}”T = <I>T7°,IZ. Here, we set %}Ii on
the reference element,

o= J2 Y (8(on) s Fp S Ep ) Ep T B Py,

m

where {S,,}, {B.} are the respective unions of the fields S%, 5%%, 5% and B%, B**, B*, and
Fr ~ Fr is taken from equation (6.10). Due to the diagonal block structure of F', this tensor
is a bubble function. For these choices, all estimates from the proof of Lemma 4.17 work the
same way, but the equivalence |F'|s o~ hr is replaced by |Fr'|s =~ |Fr![s. As this holds
independently of the aspect ratio of the finite elements, we arrive at the required results.

O

6.2 Interpolation operators

In this section, we provide interpolation operators for the spaces Ei, th on the tensor product
mesh 7;,. For the displacement space, we use a Clément-type interpolation operator ka,
which is built from quasi-interpolation operators for one and two dimensions proposed in
[Sch01]. We provide an interpolation error estimate in the discrete norm || - ||y, , which does
not depend on the aspect ratio hy/h, of the elements. There, we use the commuting diagram
property of the family of operators from [Sch01], and their L? stability. For the stresses, we
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propose to use a tensor product operator IE ;. built from nodal interpolation operators for the
normal-normal continuous and non-continuous spaces in the plane and on the line.
We first recall basic properties of the nodal interpolation operators

Iik :H (div div; Qg) — XK, ZZEJC :H (div div; Q) — 2F, (6.14)
17, L Q) — Po, 17 LA () — PL. (6.15)

The interpolation operator IE . Was defined and analyzed in the scope of Section 4.3.2.3. As
space XF coincides with the Lagrange space WF, we use the nodal interpolation operator
for H' for Zzz’k. For the non-continuous spaces, the interpolators IZ; k,IZk are element-wise
L? projections onto P*. Thus, estimates for the interpolation error in the L? norm for the
different operators may be given straight away, we collect them in the following lemma.

Lemma 6.6. Let 7, be a shape-regular, quasi-uniform triangulation of o, o = @,z. For
T € Hgy(Qa) and g € H™ (), where 1 <m < k+ 1, the interpolation error for the nodal
interpolation operators I(Ek and IZZk satisfies

7= Z2 7l < ch|Tlmm @, (6.16)
lg —Z7 walle < chilalgm(o.)- (6.17)

The generic constant ¢ > 0 does not depend on the mesh size h,, but only on the shape
reqularity of T;" .

6.2.1 Commuting diagram quasi-interpolation operators

In [Sch01], a family of quasi-interpolation operators for H!, H(curl), H(div) and L? were
introduced. In our analysis, we need these operators for the H'- and H(curl)-conforming
spaces,

o LA (Qg) — WE, oW, LA () — WF, (6.18)
Qg,k L2(Qg) — VE sz LA() — VE. (6.19)

The theory presented in [Sch01] is restricted to three space dimensions, and the lowest order
case, i.e. the space of piecewise linear, continuous functions W,} and the Nédélec type I space
Vi 0. Corresponding operators for the one-dimensional case can be derived straightforward,
we will not dwell on their construction. From the construction of the low-order operators,
one can directly see how to extend these ideas to the high-order case in two and three space
dimensions. Basically, the degrees of freedom of the finite elements are replaced by weighted
local averages, where the weighting functions are chosen such that these averages coincide
with the nodal values for polynomials.

6.2.1.1 Commuting diagram quasi-interpolation operators in two dimensions

In the following, we provide a sound definition of the interpolation operators QZ:Vk and Qg o
given the dimension of @ is two. To this end, we assume that T = [V;, V5, V3] is a triangle in
the two-dimensional mesh 7;”. We will drop « as an index in this section, well aware that
the theory below will be applied to the z-component within the tensor-product setup. Note
that, in two space dimensions, the sets of facets and edges coincide.
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To define the quasi-interpolation operators QZK,C, Qg’k, we first recall the respective nodal

operators, as introduced in Section 4.3.2. Therefore, we need the finite elements (T, W*(T),
NIY(T)) for H* and (T, VF(T), N (T)) for H(curl) introduced in Section 4.2.2.1 and Sec-
tion 4.2.2.2. There, the sets of degrees of freedom were composed by

NY(T) = < U Nv) ( U N%) UNTs (6.20)

Vev(T) FeF(T)

< U N}fk>uN}fk. (6.21)

FeF(T)

N (T)

We assume now that the sets

uYo= s VevMiu{yy: FeFT}u{vt}, (6.22)
Uy = {ypi: FeFM}u{vrl, (6.23)

are the corresponding nodal bases, such that the nodal interpolation operators are defined by

w = > Nt + Y Y NG+ > Y NF(w)er,

veve FerFgE i TeT® i
V.o v 1% v 1%
Iyv = Z ZNF’Z-(U)TZJF’Z-—F Z Nri(v)dr;.

FeFp i TeTy,

We recall that the major drawback of these operators is the fact that they are only defined
for sufficiently smooth functions, and not stable with respect to the L? norm.

The quasi-interpolation operators are derived from the nodal ones, where point evaluations
are replaced by local smoothing operators. Facet- and domain-integrals are adapted in a
similar way. Following [Sch01], we define for each vertex V € VJ’ a set of non-zero measure
wy C Qg N Ay. Next, we define functions fy € L (wy ) such that

frade = q(V) VqeP*2(Q,), VV eVE, (6.24)

wy

|fvllze =~ h32 (6.25)

We now define sets of functionals Q,ZV (T) = {QY, Q%, szff .} resembling NV (T)), which are
well defined on L?. Similarly, we introduce degrees of freedom Q) (T) := {QKZ-,Q%Z} for
H(curl). We set

o for Ve V(T),

- [ 7w,
wy
e for a facet F' € F(T), F = [V4, V3],
ow 0g;
QFZ : / /fvl y1) fva(y2) / ga_deWdyl
Wy Wy, [yhyﬂ

with {g; : 2 <4 < k} a basis for P}(E), which is transformed to the facet [y1,ya] such
that dq;/0s is preserved,
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o for T'= [V17 VYQ)‘/%]?
A= [ [ [ mofsfam [ Vo Vads didydn,
WYy Wiy Wi [y1,y2,y3]

where {g;} form a basis for P¥(T"), which is transformed to the triangle [y, y2, y3] such
that Vg; is preserved.

For the H(curl) conforming space, we define
o for a facet F' € F(T), F = [V, V4],
Qri(v) = / / Tvi (1) fva(y2) / vr ¢; ds dyadys
Wy Wiy [y1,y2]

with {g; : 0 <4 < k} a basis for P*(E), which is transformed to the facet [y, y2] such
that g; is preserved,

o for T = Vi, V&, V]

Qri(v) = j/ ]/ j/.ﬁa(yllﬂé(y2)ﬁ@(y3) j[ curl(v) - curl(q;) dz dysdyzdys,
WYy Wy, Wy [y1,y2,y3]

Qr;(v) = j/ ]/ j/.ﬁa(yllﬂé(y2)ﬁ@(y3) J/ v - j dz dysdyady,
WYy Wy, Wy [y1,y2,y3]

where {¢;} are such that {curlg;} form a basis for curl(POIfT(T)), and {r;} are a basis

for V(PF(T)), which are transformed to the triangle [y1,%2,y3] such that curlg;,r;
are preserved.

Using these smoothed nodal values, the quasi-interpolation operators Qgcvk, QZ . are de-
fined by

olw = Y QU (ww), (6.26)
Vel

QL = Y QU (6.27)
QYeqQy

where the shape functions l/JZVV ,wZV are matching the respective degrees of freedom. These
operators are consistent in the sense that they preserve polynomials on patches.

Lemma 6.7. Let the functions fy satisfy (6.24). The quasi-interpolation operators Qgcvk, QZ i
preserve polynomials up to order k on a patch A, i.e. for w € PF(Ar),v € [PF(A7))?

w o= ngc‘fkw and v o= Q;kv onT. (6.28)
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Proof. We show that for polynomial w, v, the quasi-interpolation operators coincide with the
nodal ones, which preserve polynomials by definition. This means, we have to ensure that, for
all matching pairs of degrees of freedom (N, Q") € M}V x QY and (NV,QV) ¢ NY % QY

NY(w) =QY(w), and  NY(v)=Q"(v).

This was done for the vertex degrees of freedom N‘BV and the lowest order edge degrees of
freedom N}{O in [Sch01]. The respective equivalences for high-order facet degrees of freedom
for both H' and H(curl) follow along the same line. We present the proof on facet F' =
[V1,Va] for the H(curl) case. We use a transformation of the facet [y1,y2] to the reference
facet B = [0,1], and the fact that fy preserves point values for polynomials according to
equation (6.24). We set s := y1 + 8(y2 — v1), and 0:(8) := v,(s),di(8) := qi(s). Note that
0£(8)Gi(8)J}y, yo) lies in P2?k+1 with respect to both vy, ys separately.

Qri(v) = / / fvi (1) fra (y2) / vy - q; ds dyady,

Wy Wy (y1,y2]
=//mM/me Gi(8) Toys ) dyadyn d

P @y 6P2k+1
=//mmm®m®%w@m

F wv Epy2{c+1

— [ ordideds = [ orgds
F F

It remains to prove the equality for the cell-based degrees of freedom. We first show

NCI‘“/,j(U) = Q%j(?}%

a similar proof holds then for the cell-based H' conforming degrees of freedom. Again, we
perform a transformation to the reference element, such that & corresponds to the point x in
the triangle [y1,y2,y3]. Then, setting 0(Z) := v(x),7;(2) := r;j(x), we see that the polynomial
B(2) - 75(2) 1y, yo.ys) lies in P?F2 with respect to the y;. This ensures

Qri(v) = / / /fvl y1) fva (y2) frs (y3) / v -1y dr dysdyady,
Wy Wy, Wy [y1,y2,y3]
= //ff1 (y1) /fv2 (y2) /fV3 (Y3) 0(2) - 75(2) 1y, o 5] AY3dy2dyr dT
T @ cp2k+2

_ /T{;(:%)-fj(i")JTdi - /Tv-rjdx.

Last, we show the equality N}/’ J(v) = Q%Z(v) Transformation to the reference element

T is again the main contribution. We transform, such that curl 4(2) = curlv(z), curl §;(z) =
curlg;(z). Then, curlv() curl ¢;(%)J}y, y, 4, lies in P? with respect to the ;. The proof
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works the same way as the one above,

Qr.4(v) / / / Tvi (1) fva (y2) frs (y3) / curlv - curl ; dx dysdyady:

Wy Wy Wig [y1,y2,y3]

- / / fa () / Fr(42) / Fry (ys) curl 6(2) - curl gu(2) T,y gal dysdyadys di

T “vi “vyp “v3 ep2k

= /curlﬁ'curl(jiJT dz = /curlv-curlqi dx.
T

T

6.2.1.2 Fundamental properties of QKVk, QZ k

We now concentrate on fundamental properties of the quasi-interpolation operators. Some
of these were proven for the low-order case in [Sch01]. Extensions to the high-order case are
lengthy and require much notation, but work quite straightforward; they can be done in a
similar way as for the proof of Lemma 6.7. A key tool in our analysis will be the commuting
diagram property, which means that interpolation and differentiation operators commute. In
fact, for any w € H'(Q,), a = x, z, we have

QuiVaw = VoQu, w. (6.29)
This property was shown for the low-order operators QZ{I and Q&O in [Sch01], one verifies
NY(QEVaw) = NV (Va Qi yw),

for all degrees of freedom NV € N X - This can be shown using basic calculus.

The following two lemmas state L? stability and optimal order approximation properties
of the quasi-interpolation operators.

Lemma 6.8. Let 7, be a shape-regular, quasi-uniform triangulation of Qn, o = x,z. The

quasi-interpolation operators QKVk,

c1, co independent of hy such that

Q}x/ i are stable with respect to L?, there exist constants

IN

1N kw20 cllwllrz@u) (6.30)

190 kvl < cllvllzz(an)- (6.31)

Lemma 6.9. On a shape-reqular triangulation T, of Qa, a = x, 2, let ngk, Qg’k be the
quasi-interpolation operators defined by relations (6.26), (6.27). For integers | = 0,1 and
l<m<k+1, let we H" Q) and v € [H™(Q,)]4™®) . Then, there exist constants
cow,cgv > 0 independent of hy such that, for any element T* € T,

lw — QW pwl e (ray < cow ™ [w]gm (Aga), (6.32)

H'U - Qx,kv”Hl(T&) S CQth_l’U’H"”(ATa)' (633)
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One can show the statement of Lemma 6.8 using scaling arguments for the smoothed
degrees of freedom, which are well-defined on L?. The consistency of the operators with
respect to polynomials up to order k ensures the approximation properties given in Lemma 6.9.

When defining the discrete norm || - ||y, , we used element-wise strains and normal-jumps
across facets. We now show that these two quantities are approximated by the interpolation
operator Q(‘x/’k.

Lemma 6.10. Let 7;* be a shape-regular, quasi-uniform triangulation of o, o = @, z. Let
T be an arbitrary element, and 1 < m < k. If v lies in H™TY(Ara), the quasi-interpolation
operator ka for the Nédélec space satisfies the local error estimate

lea(v = Qe xv)llre < chi? |Va'ea(v)llaza- (6.34)

The generic constant ¢ > 0 only depends on the shape-regularity of T, , but not on its mesh
size hg.

Proof. Let T® be fixed. In Lemma 6.7, it is shown that the quasi-interpolation operator
QZ . breserves polynomials up to order k& on patches. Thus we may write, abbreviating

Pk — [Pk(ATa)]dim(a),

lealv = Qv)llra = inf flea((id = QY1) (v = ) 7=
qeP
< it [lea(v = a)llre +llea(QUx(v ~ @) e

Next, we apply an inverse inequality on the finite-dimensional local space V(f. To do so, we
have to verify, that Korn’s inequality holds for both v—¢ and QZ p(v—q)on T As the interpo-
lation operator preserves rigid body motions, and RM (Aga) is contained in [P*(Agpa)]®m(@)]

this is true, and we may estimate

IA

\%4 -1 : \%4
lea(v = Qg 0)l|7e chg! Jof, [l = dllre +11Qa k(v = a)llre

IN

—1 .
che, qlenpkaU—QHTa-

In the last line, we employed the L? stability of Q(‘l/’ i (Lemma 6.8). Next, we apply the Lemma
of Bramble and Hilbert, and see that, for 0 < m < k

1% 1
lea(v — Qo pv)lire < chg Ve vllaga-
For a = @, one can show |VZez(0)|age =~ [|[VET0||ap for m > 1 by a direct evaluation
of the respective terms. For a = z, the strain and gradient operator coincide. Putting all
estimates together, we obtain

lea (v — Qe xv)llre < che?|Va'ea(v)l|aga

which concludes the proof of the lemma. O
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Lemma 6.11. Let 7;* be a shape-regular, quasi-uniform triangulation of o, o = @, z. Let
F® be an arbitrary facet with neighbors TX, Ts', and 1 < m < k. If v lies in H™1(Q,), the
quasi-interpolation operator ka for the Nédélec space satisfies the error estimate

2
v — Quavlllpe < chg®H 2y 1IVEea(v)lage- (6.35)

i=1
The generic constant ¢ > 0 only depends on the shape-reqularity of T, , but not on its mesh
size hg,.

Proof. In Lemma 4.27, we proved a Korn-type inequality of the form
Hvavau%& < C(”Ea(va)”%a + h;2HIo‘¢/,OUOcH%F&)

(cf. equation (4.36)), for an element 7' in the shape-regular triangulation 7, . Recalling the
proof, one can see that a similar estimate holds, where the nodal interpolation operator IX; 0
is replaced by Q}x/,o:

”Vava”%a < C(Hga(va)u%a + hEZHQX,OUOcH?F&)- (6.36)

Using this inequality and a scaled trace inequality we proceed

2
ho ' I1Gid — Qr ol < D IIValv — QN xo) 7

i=1
2

< 3 [llealv = QUuv) e + ha QY a(va — QY jva) ]
i=1

2
= D llealv = Q1 x0) 7
i=1

Note that the last equality can be derived from the hierarchical definition of the quasi-
interpolation operator, which ensures that Q&O = Q&OQZ’k. Now, the approximation of
the strain (see Lemma 6.10) implies

2
h ' [(id — Q4 g)odlFe < chZ™ IVaea(®)lAz
i=1

which completes the proof. O

6.2.2 Tensor product interpolation

In this section, we derive interpolation operators ka and Z}E ;. for the spaces th and Eﬁ on
the tensor product mesh 7;,. We propose to use tensor products of the respective operators in
one and two dimensions, as the finite element spaces are of this structure. In order to define
them, we assume that all functions are square integrable with respect to @ and z separately,
and that Fubini’s theorem is applicable. Then, we define the quasi-interpolation operator for
the displacement space by

Qi‘{,k(v) = <

| w
Qa:,k ® Qz,k—i—lvm

for v = (vg,v.)T € [L?(Q)]%. (6.37)
Qggkﬂ ® QZkUZ>
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Thus, the in-plane deformation v, is interpolated by the quasi-interpolation operator for
the Nédélec space in the plane, and continuously in thickness direction. For the transversal
displacement v,, the setting is vice versa: in-plane, it is interpolated continuously, whereas
we perform an L? projection in thickness direction. For the stress space in three dimensions,
we define

(T3 ® T i)Ta (Zf?k ® IZ),kE—i-l)TwZ
Sym (Ia:7k+l ® Iz,k-i-l)TZ

ng(T) = < > for 7 € H(divdiv; ). (6.38)
For planar problems, i.e. d = 2, one needs to modify the order of the upper-left operator to
Zz’k 11 ®IZ/€ 41, such that it matches the finite element space.

p
Our goal is to obtain anisotropic interpolation error estimates

lo = Qi sl < c(hFIVEe@)la + AT IVEe@)la), (6.39)
Ir = Zigrlls, < c(hgTHIVE Tl + hI VT T ]q) (6.40)

for m < k and 7,v m times weakly differentiable. Note that we have an additional power
of hg, h. for the stresses, as the differential order of the stress norm is one less than for the
displacement norm.

We split the proof for the first estimate (6.39) into two parts. As the norm || - ||y, consists
of contributions from the piecewise defined strain operator, as well as jump terms, we do these
estimates separately. First, we derive an interpolation error estimate for the strain. Then, we
concentrate on the jump of the normal displacements. In both cases, we obtain the desired
estimates, which then imply the bound (6.39).

Lemma 6.12. Let T = T% x T? be an element of Tp,. Let, for integer m < k, be v €
[H™HY(A7)]?. Then the quasi-interpolation operator Q,‘;k according to definition (6.37) sat-
isfies the local anisotropic error estimate

le(v — Qh sz < e(hg IIVEe)llag + T IVEe®)]ag)- (6.41)

Proof. Let v € H™(Ar) be fixed. We bound the different blocks e4(v), €,(v), and &4 (v)
separately. For the diagonal blocks e, (v), €,(v), the estimates are obtained in a similar man-
ner, therefore we treat them together. We choose «, 8 = x, z, with a # 3. We note that the
diagonal sub-blocks of the strain depend only on the respective component of the displace-
ment, and so we may write £,(v,) and e3(vg). We use that interpolation and differentiation
with respect to different variables commute, i.e.

1% 1%
QukVavs = VpQg 1vs-

We estimate, using moreover L? boundedness (Lemma 6.8) and approximation properties
Lemma 6.9) of Q%, .., and the approximation of the strain by Q" , (Lemma 6.10),
B,k+1 a,k

Sleatv— QL) = Sleatv — QL nva) 3
< |(id — Qg,/k-i-l)ea(va)n% + ||Qg,/k+15a(va - Qg,kva)u%
< (M IV calva) A, + llza(v — QY 4va) I})
<

(B IV ealva)lA, + B2 Vazalva)l, )-



6.2. INTERPOLATION OPERATORS 129

Next, we concentrate on the off-diagonal block €4, (v). In the following calculation, we use
the commuting diagram property of the quasi-interpolation operators (6.29), and again their
L? continuity and approximation properties.

1 1
5”5%(” - Q}Y,k”)”% = g”vm(vz - Q,‘z/,kgg,/k-l-lvz) + V3 (ve — leﬁ,/kﬂgg,kvm)u%

1,,.
= gH(Zd - Q;/,kgg,k) (Vg + V,05) H%F
N———
2ez=(v)
GG — Q4 )zw= () I + 1 QY alid — Q¥ )eas (v)}
< (B VEe ()[R + 2V e ()R, ).

IN

Thereby, we conclude the proof. O

Lemma 6.13. Let « = x, z, and let F' € Fp, be a facet with normal n in direction o, i.e. an
in-plane facet for o = z and a transversal one for a = . For m < k, and v € [H™1(Q)]4,
the jump of the normal component [v],, across F' is approximated by Q}‘; . at an optimal order,
i.e.
o = QFxelallr < ¢ Y W2 Vitea()lap- (6.42)
TeEAR

Proof. Let 3 = «, z denote the direction orthogonal to «, i.e. § # «. As F' is orthogonal to
a, we have that hp = hy, and that the normal jump [w], r of a piecewise smooth function
w depends only on the component w,. Thus, we have, for any such function

wlnlle < l[[walllF-

We apply this to v— Q}{ U, and obtain, using the definition of the quasi-interpolation operator
and the triangle inequality,

v = Qi svlullr < lva — Qi1 Qe svalllF

< (id = Qg )vlllr + Q541 (id — Qup)valllZ-

N

We treat the two terms separately. We first show that the first term vanishes, as v, is
continuous across F'. Let therefore 11,75 be the elements neighboring F', then

[1(id — Qg,/k+1)va]]”F = ||(va — Qg,/k-',-l”a)’ﬂ — (Va — Qg,/k-i-lva)‘TQHF

w
= [|(valry = valmy) — Qﬁ,k+1(va|T1 —Valn,)|lF =0

We concentrate on the second term in the estimate above. Boundedness of Q?’k 41 in L2
implies
w . v 2 . Vv 2
1193 k+1(id — Qo p)valllz < cll[(id — Qg p)valllF-

Now, we note that the facet F is the tensor product of a simplicial element 7 and a facet F©.
We assume v to be sufficiently smooth such that Fubini’s theorem is applicable. Lemma 6.11
bounds the interpolation error of the jump across facet F'® in terms of the « block of the
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strain. We use this estimate and obtain
I~ Qpeallf = [ [ Tid— Q¥ eal dsads
T8 JFa

A /T e Ve, (v) dodf

T*EApa

= RN | Vitea ()7
TeEAR

IN

O

Together, Lemmas 6.12 and 6.13 imply an interpolation error estimate with respect to the
discrete norm || - ||y, -

Theorem 6.14. Let Q be a tensor product domain according to Definition 6.1, and 7y the
corresponding triangulation. Then, for integers 1 < m < k, and v € H™(Q), the interpolation
error can be bounded by

lv = Q¥ sellvi, < c(REIVEE@) o + 2 [VEe()]g). (6.43)

The generic constant ¢ > 0 does not depend on the mesh sizes hq, h, or their ratio hy/h..

Thus, we have shown the desired inequality (6.39), which gives an optimal order of con-
vergence for the interpolation error with respect to the displacement norm || - ||y, . We now
concentrate on verifying estimate (6.40), which concerns the approximation properties of the
stress space.

Theorem 6.15. Let 2 be a tensor product domain as in Definition 6.1, with corresponding
triangulation Tp,. Let 1 < m < k+1, and 7 € Hg"byM(Q) The interpolation operator I}?,k
satisfies the approximation property

Ir =Tl < e(REIVETla + b2V 7ll0), (6.44)

where c is independent of hy, h, and hy/h,.

Proof. We bound the different sub-blocks 74,7, and 7,. As the three estimates are obtained
in a similar way, we do the calculations for the block 7, and d = 3. The tensor product
definition and the triangle inequality yield
s s 4P
ITz — Zykmellsn, = Nme — ToiZ: pr17zlls,
P P s
< e - Iz,k+17'mHEh + ‘|Iz,k+1(7'a: - Ia:7k7—ﬂ3)||2h‘

Next, we use the L? continuity of the projection operator Ifk 41 and approximation properties
of both operators, and obtain

I7e = Tikrals, < c(BIVTTlla + A3 Ve Telln).

This estimate, together with the respective ones for 7,, 74,, completes the proof. O
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6.2.3 Anisotropic error estimates

We will now collect all results on the TD-NNS method in anisotropic domains, and provide
an a-priori error estimate for the finite element solution (o, up).

Theorem 6.16. Let Q2 be a tensor product domain as in Definition 6.1, with matching trian-
gulation Tp,. Let k,m be positive integers such that m < k. Let (o,u) € H2,(Q)x[H™F1(Q)]?
be the solution to the elasticity problem (Problem 3.1). Then, the finite element solution
(oh,up) € Zﬁ X th to Problem 6.2 satisfies the a-priori error bound

lo = onlls, + lu—wnllv, < e(REIVETla + 2|V Tl +

B IV e()llo + B[V E=() o).

The constant ¢ > 0 is independent of hy,h, and hg/h..

Proof. The theorem is a consequence of the basic error estimate for mixed problems, see
Lemma 4.3. We use that all conditions of Brezzi’s theorem (Assumption 4.2) are satisfied
in the discrete setting, and the interpolation error estimates from the previous section. As
we ensured in all manipulations, the constant is independent as well of the anisotropic mesh
sizes, as of their aspect ratio. O

6.3 Numerical results

We present some numerical results obtained using the tensor product elements described
above. We first consider a plate of unit size, where the thickness is 0.01. We assume that the
plate is clamped on one side, and pulled horizontally on the opposite boundary. We discretize
it in-plane with a triangular mesh consisting of 46 elements. We use one layer of elements
in thickness direction. We do computations using methods of order k£ = 1,2. In Figure 6.2,
we plot the results obtained when doing adaptive refinement in « direction. For the error
estimation, we use a Zienkiewicz-Zhu type estimator [ZZ87]. We see that the convergence is
not completely of optimal order, which is due to the constant mesh size h, in vertical direction.
Moreover, we use the hp-version of the finite element method. Therefore, we do one level of
geometric refinement towards the sides of the plate, and then increase the polynomial order
of the method. We see the expected exponential convergence in Figure 6.2. In Figure 6.3, we
display the stress component oy, ;,,, obtained for the method of order 4, and zoom into the
vicinity of a corner, where a singularity arises.

As a second example, we do computations on a plate with hole, which is of thickness
d, = 0.005. We assume that the plate is clamped along one side, and a constant surface
traction in normal direction is acting on the opposite direction. We use two levels of geometric
refinement In Figure 6.4, we plot the absolute value of the stress. We use a finite element
method of order k = 3.

Next, we apply the TD-NNS method to non-tensor product domains. We consider a
cylindrical shell, which is fixed along three sides, and where a volume force f = (0,0, zyz) is
acting in vertical direction. The thickness of the shell is set to d, = 0.005. We use both the
pure displacement formulation with standard high-order H' elements, and our method. In
Figure 6.5, we plot the absolute value of the stress |0}, |, which we obtain for the two methods,
where we choose k = 3 for the TD-NNS elements, and order k£ = 5 for the standard method.
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Figure 6.2: Plate, aspect ratio 1:100, methods of order k = 1,2 and p-FEM. We plot coupling
degrees of freedom vs. estimated error || — op||x,, -

-3.500e-02 -1.7508-02 0.0002+00 1.750e-02 3.500e-02

Figure 6.3: Plate, aspect ratio 1:100, method of order £ = 4. We plot the stress component
Ohz129, a0d zoom into the vicinity of a singularity.
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Figure 6.4: Plate with hole, aspect ratio 1:200, two levels of geometric refinement. We plot
the absolute value of the stress |o].
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Figure 6.5: Cylindrical shell, aspect ratio 1:200, one level of geometric refinement. We plot
|o|. Left: TD-NNS method for k = 3, 46 949 coupling dofs. Right: standard H' method for
k =5, 54918 coupling dofs.

This results in 46 949 globally coupling dofs for the TD-NNS, and 54918 dofs for the standard
method. We see the far better quality of the TD-NNS solution, as it does not suffer from
shear locking. Again, we use geometric mesh refinement to resolve the singularities expected
at the corners of the shell. The two lower plots show the computed solution close to the
corner point.

In our last example, we couple the TD-NNS method for anisotropic domains to the stan-
dard TD-NNS method on a shape-regular mesh. We consider a geometry consisting of a
cylinder, which is partly coated by a different material. The inner cylinder is of unit size,
while the coating is of thickness d, = 0.01. We assume that the inner cylinder is characterized
by a Young’s modulus E = 1, while its Poisson ratio is set to 7 = 0.4999. For the coating, we
choose E = 1000,7 = 0.4. The body is fixed on the left end, and a volume force in vertical
direction is acting. We discretize the inner domain by a shape-regular, tetrahedral mesh, and
the coating by a prismatic one. In total, we use 924 elements. Then, we apply the hybridized
TD-NNS method from Chapter 5, where we use the tensor product elements derived above for
the prismatic elements. For a method of order k& = 3, we obtain 209 849 degrees of freedom,
of which 55457 are coupling. We apply a preconditioned CG method, which needs 174 steps
for an error reduction of 1078, Here, we used the additive Schwarz block preconditioner from
Chapter 5, enhanced by blocks containing all degrees of freedom of a flat prism, and those
of the neighboring tetrahedral element. This was done to avoid a slow-down of convergence
due to the anisotropic nature of the prismatic elements. In Figure 6.6, we display geometry,
mesh, and stresses in the deformed geometry.
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Le

Figure 6.6: Coated cylinder, upper left: geometry, upper right: hybrid mesh, lower left:
stress component oy, ., lower right: absolute value of stress |op| on deformed configuration
for method of order k& = 3.
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