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Abstract

Mixed finite elements for incompressible Navier-Stokes equations have seen a great suc-
cess in mathematical fluid dynamics [15, 50, 34, 23, 20], to name a few. However, the
dependency on pressure causes numerical instability. Linke [38], proposed a cure for this
by introducing the gradient-robust interpolation operator 74",

In this thesis, we extend this operator to nearly incompressible Stokes equation
(Chapter 5), linear elasticity (Chapter 6) and phase-field fracture models (Chapter 7).
We construct necessary assumptions and conditions needed to choose the suitable finite
dimensional subspace of HY(Q;R?), given a stable inf-sup finite element pair solving
the linear elasticity problem. We use Raviart-Thomas (R7 ) and Brezzi-Douglas-Marini
(BDMs) elements for Q; x DGQ and Qs x DGP; finite element pairs respectively.

For computation, we use C++ based open source finite element libraries deal.II [!]
and DOpElib [21]. We develop the FEValuesInterpolated class, which is derived from
FEValues class of deal.II. Our class gives the value of 7%Vv,,, while the latter gives v,.
In case of linear elasticity, under the influence of external thermal force, we show that the
gradient-robust method gives a well represented solution with fewer elements, compared
to the non-gradient robust techniques for both incompressible and nearly incompressible
materials. As an extension of our work [3], we show that, for phase-field fracture models
under the effect of external thermal force, a well represented solution of displacement and
fracture propagation for gradient-robust methods can be obtained with fewer elements,
compared to non-gradient robust techniques.
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Zusammenfassung

Gemischte Finite-Elemente-Methoden fiir die inkompressiblen Navier-Stokes-Gleichungen
haben in der mathematischen Fluiddynamik grofien Erfolg verzeichnet [15, 50, 34, 23, 20],
um nur einige zu nennen. Allerdings fiihrt die Abhangigkeit vom Druck zu numerischer
Instabilitat. Linke [38], schlug hierfiir eine Losung vor, indem er den gradientenrobusten
Interpolationsoperator 74" einfiihrte.

In Betrachtung eines stabilen inf-sup Finite-Elemente-Paares fiir das Elastizitatsprob-
lem, untersuchen wir Annahmen und Bedingungen um einen geeigneten endlich-dimensionalen
Unterraum von HY(Q;RY) zu wihlen. Hierbei werden Raviart-Thomas (R7T1) bzw.
Brezzi-Douglas-Marini (BD.M,) Elemente fiir die Finite-Elemente-Paare Qs x DG Q7 und
9y x DGP; genutzt.

In mehreren numerischen Experimenten zeigen wir die Vorteile dieser Erweiterung. Hi-
erzu, haben wir die C++ basierten Finite-Elemente-Pakete deal.II [/] und DOpElib [21]
genutzt und die Klasse FEValuesInterpolated entwickelt, welche auf der FEValues Klasse
von deal.II basiert und es ermdglicht den Wert von 74Vv,, berechnen. Im Vergleich zu
nicht-gradientenrobusten Techniken zeigen wir fiir den Fall der linearen Elastizitat unter
dem Einfluss auflerer thermischer Krafte, dass die gradientenrobuste Methode eine gut
reprasentierte Losung mit weniger Elementen liefert. Dies konnen wir sowohl fiir inkom-
pressibele als auch fiir nahezu inkompressibele Materialien beobachten. Dieses Verhal-
ten bestétigt sich auch bei der Betrachtung von Rissausbreitungsmodellen unter Einfluss
auBerer thermischer Krafte. Hier kann im Vergleich zu nicht-gradientenrobusten Tech-
niken eine gut reprasentierte Losung der Verschiebung und Rissausbreitung fiir
gradientenrobuste Methoden mit weniger Elementen erzielt werden.
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Chapter 1

Introduction

The use of nearly incompressible solids and incompressible materials is increasing in many
industrial sectors. Techniques like Hydraulic fracturing or Fracking, Ground storage of
CO4 are some of the well known techniques, that use heavy external pressure to introduce
fractures in the given material. In cases like these, it’s important to study the behavior
of the crack propagation under extreme pressure conditions.

Within fracture mechanics, the classical phase-field fracture model [21, 11] is a well-
established approach for simulating crack propagation. However, it is still a challenge
to give an accurate numerical simulation. Pressurized fracture problems modeled with
a phase-field method is currently a highly being research by many groups; see for in-
stance [18, 25, 37, 45, 61], to name a few. In [60], an overview of pressurized and fluid-filled
fractures is provided. However, all these above-mentioned works deal with compressible
solids, where Poisson’s ratio is significantly less than 0.5, i.e.; the incompressible limit.

Incompressible solids are however, an important field in solid mechanics [27, 28, 33,

, O7]. In [43], a robust discretization model using a phase-field method for fractures in
solids was proposed. A well-known challenge in phase-field methods is the relationship
between the model regularization € > 0 and the spatial mesh size h. In order to correct
this and get an accurate discretizations for small € around the fracture, an adaptive mesh
refinement around the fracture is useful. First studies dates back to [16, 17] investigating
residual-type error estimators. A predictor-corrector mesh refinement algorithm which
focussed on crack-oriented refinement was developed in [20] and extended to three spatial
dimensions in [37]. In [6], anisotropic mesh refinement was studied. Goal-oriented adjoint-
based aposteriori error estimation was discussed in [62]. Based on residual-type aposteriori
estimators for contact problems [59, 31] a reliable and efficient estimator for singularly-
perturbed obstacle problem (with robustness in terms of €) is given in [9]. Residual-type
estimator tests for different fracture phase-field problems with the irreversibility condition
is conducted in [11], and for nearly incompressible solids in [12].

In our work [3], as part of the German Priority Program 1748 (DFG SPP 1748), in the
project, ‘Structure Preserving Adaptive Enriched Galerkin Methods for Pressure-Driven
3D Fracture Phase-Field Models’, we first developed a phase-field model from [13] and
combined it with pressurized fractures as proposed in [18, 46, (G1]. Secondly, we applied the
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Chapter 1 Introduction

adaptive spatial mesh refinement based on the residual-type error estimator [11, 58] to our
mixed-system phase-field fracture approach. These algorithmic concepts are substantiated
with the help of several numerical examples and mesh convergence studies comparing
classical primal formulations and our newly developed mixed formulation. Finally, we
tested a gradient-robust modification of the discrete mixed formulation.

The aforementioned, gradient-robust methods is heavily inspired by the work of Linke [3]
on stationary Stokes equation. He introduced an interpolation operator 74 that maps
the velocity finite element space to an H%" conforming space, and by doing so, he mapped
all discretely divergence free functions to divergence free functions. The construction of
the interpolation operator depends on the choice of the inf-sup stable finite element spaces
used. This proposed method has been implemented to a range of problems and a variety of
finite element pairs for the discretization of the Stokes equation, such as non-conforming
Crouzeix-Raviart element [10], Taylor-Hood and MINI elements with continuous pressure
spaces [35], on rectangular elements [39], for embedded discontinuous Galerkin methods
(EDG) [36]. For 3-d polyhedral domains with concave edges, a gradient-robust recon-
struction is given in [3]. While the obtained convergence orders are optimal, the price to
pay, for these methods is a loss of quasi optimality due to Strang’s first lemma. Recently,
[32] showed that a more involved construction of the reconstruction operator allows for a
quasi-optimal discretization.

In this thesis, we consider the extension of these results to nearly incompressible Stokes
and linear elasticity. We have also developed the FEValuesInterpolated class in the C++
open source finite element library DOpE1ib [24]. The class works similar to the FEValues
class in deal.II [1], except, our class takes the interpolated space and the finite element
space of velocity /displacement vector and outputs the interpolated vector. To test the
correctness of the proposed class FEValuesInterpolated, we have run numerical tests in
both two and three spatial dimensions.

For linear elasticity, to avoid the locking phenomenon, e.g., [12, Chapter VI.3], typically
a mixed form
—2uV-e(u)—Vp=1£f in(,
1
V-u—xpzo in €, (1.0.1)
u=0 on 09,

is considered. Here the incompressible case, i.e., A = oo, can easily be included by
dropping the term —% p in the second line. It is clear conceptually, that the same difficulties
as for the Stokes problem will occur in the incompressible limit. However, the treatment
of the nearly incompressible case requires additional care. To this end, [22] defined a
discretization to be “gradient robust”, if the influence of gradient forces f = V¢ in the
discrete solution vanishes sufficiently fast as A — oo. [22] showed that a standard mixed
discretization of (1.0.1) is not gradient robust and provided a gradient robust hybrid
discontinuous Galerkin (HDG) scheme. In [9], we showed that mixed methods can be
made gradient robust, using the approach proposed by [3%] for the mixed discretization
of (1.0.1). In addition to this, we use the numerial example with external thermal force
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given in [22] and apply the gradient-robust method to phase-field fracture model proposed
in [3].

This thesis is structured as follows:
Chapter 2: Preliminaries
We introduce basic notations and definitions of operators, function spaces and their respec-
tive norms, necessary inequalities and theorems which are integral to functional analysis.

Chapter 3: Saddle Point Problem
In this chapter, we introduce the saddle point problem. Saddle point problem acts as a
base skeleton for both Stokes and elasticity problem which are the two main concerns of
this thesis. We discretize the problem and lay a foundation for the necessary and sufficient
conditions for the existence and uniqueness of both discrete and the continuous problem.

Chapter 4: Stokes Equation
The stationary Stokes problem is introduced as a saddle point problem. We discuss the
pressure dependency of the velocity in the mixed form and show how Linke, proposed a
variational crime to solve the issue using Helmholtz Decomposition of the velocity space.

Chapter 5: Conforming Subspaces of H4v
We proceed by introducing two H4 conforming subspaces namely, Raviart-Thomas and
Brezzi-Douglas-Marini finite element spaces. A detailed description of both the spaces
is presented along with Piola Transform. Furthermore, we discuss how we constructed
the FEValuesInterpolated class in DOpElib and how it differs from FEValues class of
deal.II. To lay a baseline and to test the class, we present a numerical example given
in [38] for 2d domain and a modified version of it for the 3d domain.

Chapter 6: Elasticity Equation

Following up on Linke’s work on stationary Stokes equation, we provide assumptions
necessary for constructing appropriate H4" conforming subspaces for the finite element
pair Qs x DGP; and Qs x DGQ;. Furthermore, we derive the gradient-robust error
estimation for the displacement vector, using the interpolation operator. We confirm
the theoretical estimate given in Theorem 6.8, by providing numerical examples. We
also achieve faster convergence rate of the displacement vector, compared to the non-
interpolated method for the external thermal force example given in [22].

Chapter 7: Phase Field Fractures

In this chapter, we discuss the different formulations of the phase-field fracture model
given in [8]. Following [54, 55], three examples with similar setup, are considered and
compared using Total crack volume (T'C'V'), Bulk energy FEj and Crack energy E.. Due
to our choice of pressure in these examples, we observed similar results for with and
without the interpolation operator. To rectify the situation, we have chosen the external
thermal force example used in Chapter 6 and observed similar convergence rates as in the
Section 6.3.

Chapter 8: Conclusion
We end the thesis with a recap of the presented results and the challenges within this

3
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thesis.

Some results of the thesis at hand are given in [, 9].



Chapter 2

Preliminaries

This chapter contains basic notations and preliminaries, that will be used throughout this
thesis. In Section 2.1, we define operators and properties related to them. Definitions
of function spaces, including a short outline on Hilbert space and Sobolev spaces, dual
spaces, respective norms and weak derivatives are given in Section 2.2. Core inequalities
needed in functional analysis like Cauchy-Schwarz, Young’s Inequality and some basic
theorems are discussed in Section 2.3 and Section 2.4. Basic litreature on these topics can
be found in [10, 56, 13, 14, 12].

2.1 Operators

Definition 2.1. We define various operators in this section for vector and scalar valued
functions, given any arbitrary dimension d € N, except for curl. Let Q@ C R%, be a bounded
domain in R, we define two vector valued functions u = (uy,us,...,ug): @ — RE
w = (wy,wa, ..., we): @ — R and a scalar function v: @ — R.

Note: Throughout this thesis, we use bold letters to denote vector valued variables and
spaces, and normal letters for scalar valued variables and spaces.

1. Gradient Operator:

T
o (v 00 ow\T
5’x1 3x2 8xd
81@-
(Vu),; = oz,
2. Divergence Operator:
d 8uz

u = . 2.1.1
V- u ;8% ( )



Chapter 2 Preliminaries

3. Laplace Operator:

< 9%
Av =
! ; 0x?’
d 82ui
(Au), = Z R

4. Curl Operator:

v
oz
ou ou
qu:—2——1, ford =2,
ox ox
1 2
Oug  _ Oua
e o
. u U,
Vxu=|352 =321, ford = 3.
Oug  _ Ouy
ox1 Oxo

5. Frobenius Inner Product:

an 8xj

d
Vu:VW:ZVui:Vwi:Z

i=1 ij

Now, we state properties involving the operators defined earlier.

(2.1.2)

Lemma 2.2. Let’s consider scalar functions 1, ¢ and vector fields u,w which are suffi-

ciently smooth, then we have the following identities.
(i) V(Y ¢) = ¢V + Ve,
(ii) V- (pu) =4V -u+ (Vy) -u,
(iii) V x (u) =V x u+ (Vib) x u,
(iv) V- (V xu) =0,
(v) Ap =V =V - (Vi)
(vi) V(V-u)— V x (V xu) = Vu,
(vii) V- (§VY) = ¢V + Vo - Vi,
(viii) Vx (ux w) =u(V-w) —w(V-u)+ (w-V)u—(u-V)w.

Remark 2.3. The term sufficiently smooth, has to be interpreted as weakly differentiable
in the sense of Definition 2.6 and sufficiently smooth should indicate that functions used

are differentiable for the applied calculations and considerations.

6



2.2 Function Spaces

2.2 Function Spaces

In this section, we define necessary function spaces and respective norms. We start with
the space of continuous functions.

2.2.1 Continuous Functions

Definition 2.4. We define the space of k times differentiable functions as

CQ) = {v: Q — R: v is continuous }, (2.2.1)

CH(Q) = {v: Q@ 5 R: 0°v € C°(Q),V|o] <k}, aeN keN (2.2.2)

C>(Q) = ) C*(Q), (2.2.3)
k=0

and their extensions with the property that the closure of the support of the functions is a
compact subset of & by

CEHQ) = {U € C*(Q): supp(v) Crompact Q} : (2.2.4)
Cr () ={ve C™(): supp(v) Ccompact 2}, (2.2.5)

with

supp(v) = {x: v(x) # 0}

being the support of the function v: Q — R.

2.2.2 Lebesgue Space

Definition 2.5. Let p € [1,00); we define the Lebesque space of order p as
LP(Q2) = {f: Q — R measurable : /|f(x)p| dx < 00}7
Q

with norm

P

1711, = ( [1s7] dx) . (2.2.6)

We use || - ||, for LP norm 1 < p < oc.
For the case of p = 0o, we define L°(Q) as

L>*(Q2) < {f Q — R measurable: /|f(x)| <C < oo ae on Q} (2.2.7)
Q



Chapter 2 Preliminaries

We define an extension of the above-mentioned spaces,

[2(Q) = {q e L2(Q): /q(x) dx = 0} .

1

The locally integrable space L, is given as,
L}, = {q: Q — R measurable : /|q(x)| dx < 00, V' Compact Q} (2.2.8)
ﬂ/
={q€ LN(Q): @ Cuompacr 2} (2.2.9)

2.2.3 Sobolev Spaces

Before going to Sobolev spaces, we proceed to a more generalization concept of the deriva-
tive for functions not assumed differentiable, but only integrable.

Definition 2.6 (Weak derivative). Let o = (o, - ay),a; € N, be a multi-index with
la| = i + -+ + an, a given function f € L},.(Q2) has a weak derivative, D*f, provided

loc

there exists a function g € fi.(Q2) such that

[ s@@) do = (<) [ @)y de Vo e @) (22.10)

Q

If such a g exists, we define D*f = g.

We use the following example from [, Chapter 8.2] to show how discontinuous func-
tions can have weak derivative.

Example 2.7. Take n =1,Q = [-1,1], and f(x) = |z|. We claim that D' f exists and is
given by
{—1 x <0,

2.2.11
1 x> 0. ( )

Since the function f is discontinuous at = = 0, there is no derivative in the classical
sense. However, we can break the interval [—1,1] into two parts where f is smooth on
each interval and integrate by parts using ¢ € C*°(€2).



2.2 Function Spaces

[ @) @) do = / f@)¢'(2) da + / f(@)d(x) da

1

(+1)6(@) dz + f6l, — [(~1)o(x) do + fol}

0

g9(x)¢(x) dz

L‘\»—‘ ’l—‘\o

Remark 2.8.

1. In order to simplify the notation, the classical and the weak derivates are both de-
noted by D. From the context it will be clear which one is meant.

2. If f(x) has a classical derivative, then it coincides with the corresponding weak
derivative.

3. Since the Lebesgue integral is not affected by function values on null sets, the notion
of a weak derivative works for functions which are not classical differentiable on a
set of Lebesgue measure zero.

4. The weak derivative is unique up to a set of Lebesque measure zero.
Now we proceed to a similar definition of weak divergence.

Definition 2.9 (Weak Divergence). A vector field w € L*(Q2;R?) is said to have a weak
divergence (a divergence in L*(S2;R?)) if there is a function s € L*(2) such that

—/W-ng dx:/sgb dx, Ve CX(nRY. (2.2.12)
Q Q

We, then write s =V - w.

Definition 2.10 (Sobolev Spaces). Let k be a non-negative integer, and let f € L}, (€2;R?).

loc

Suppose that the weak derivatives D f exist for all || < k. We define the Sobolev space
as

Whe(QRY) = {f € LP(GRY): D*f € L (RY), |a <k} 1<p<ookeN
(2.2.13)

Additionally, define the closure of C5°(€2;RY) in WhP(;RY) by
Wer = Cgo(q) v, (2.2.14)

9



Chapter 2 Preliminaries

where the Sobolev norm is given as

1
P
Hf”wlc,p(n) = ( Z HDZfHﬁp(Q)) ; (2.2.15)
o<k
for 1 < p < oo, where for p = oo, we have
1 e g2y 1= max LD 1] ey < 00 (2.2.16)

The space W*?(£2) is a Banach space with the norm ||-|;yx,-

Definition 2.11 (Semi norm). For a non-negative integer k and f € W*P(Q), we define
the W*P_semi norm as

3=

| flwrng) = (Z 1D f Iz ) : (2.2.17)

loe|=k
in the case 1 < p < 0o, and for p = oo, we define

[ Flwr ooy = max [ Dy fll o (2.2.18)

Remark 2.12.

1. The space W*%(2) is a Hilbert space so, we denote it as HE with inner product

(W, V) = > | D*uD®v dx (2.2.19)
la|<k

with the norm )
. 3
lall gy = (W W kg = D |D*ul? (2.2.20)
( (®)
and semi norm

[ ) = (Z /\DauP dx) . (2.2.21)

2. For H' we have that |[u|gi () = |Vl 2
3. We also have H°(Q) = L*(Q).

4. The space H} is repeatedly used in this thesis, so we will briefly discuss:

Hy(Q) = Hy(Q) x Hy(Q) x - Hy(Q) (2.2.22)
= {u e H'(2): ulpa = 0} (2.2.23)
= {u e L’(Q): Vu e L*(Q),ulsq = 0}. (2.2.24)

10



2.2 Function Spaces

5. On H}, the expression
(u,v) = /Du Dv dx (2.2.25)
Q

is a scalar product and induces the norm |Vul|,..

6. On Hg, the norm ||Vu| ;. is equivalent to ||ul| ., using the Poincare inequality, see
below (2.3.5). Similarly, we have the equivalence for |[Vul|y, and [ully..

7. Using the Poincare inequality, for functions in H}(Q), we have |-|g1 is equivalent
to |||l and from now we use the identity |ul| ;= [Vu[ ..

For further details, we refer to [13, Section 1.3]. Before going into the dual space, we
introduce the continuous linear operators.

Definition 2.13 (Linear Operator). Let V and W be Hilbert spaces and let L : V. — W
be a linear mapping from V to W, we say L is bounded or continuous if there exists a
constant ¢, such that

| Lv|lw < ep||v|v- (2.2.26)
Let L(V, W) be the set of all boundend linear functionals/operators, we have L € L(V, W)
and the norm is given as

Lv
Il ccvawy = sup LI (2.2.27)
v, Ivilv
Before defining the dual space of Sobolev space, we define dual index ¢ of p as
1 1
l=—+-. (2.2.28)
p q

Definition 2.14 (Dual Space). Given a Banach space X, the set of all bounded linear
operators in X is called the dual space of X and is denoted as X'

X' ={F: X > R: |F(v)|<C|v],YVveX}.
The dual norm is defined as follows from (2.2.27)

|Fllx = sup (2.2.29)

In particular, it holds H~1(Q) = (H}(Q))".

LX(Q) = [L2(Q)]" = {v: @ > R0, € LX), Vi=1,---,n}

and

[

2

Wil = (Z ||vi||%z(m)
=1

11



Chapter 2 Preliminaries

2.3 Inequalities

We proceed to defining some very important inequalities that we will be using throughout
this thesis.

(i) Minkowski’s Inequality : For 1 <p < oo, f,g € LP(Q2), we have
I "‘QHLp(Q) < Hf”LP(Q) + Hg”LP(Q) : (2.3.1)
(ii) Holder’s Inequality : For 1 < p,q < oo, such that 1/p+1/¢ =1 and f € LP(QQ)
and g € LY(Q) then fg € L'(Q) and
1fqll; < ||f||LP(Q) HgHLq(n) : (2.3.2)

(iii) Cauchy-Schwarz’s inequality : This is Holder’s inequality with p = ¢ = 2, i.e.,
if f,g € L*(Q) then fg € L'(Q) and

J1£&)9(x)] d < 1l 19l 2o (2:33)
Q

(iv) Young’s Inequality : If a > 0,0 > 0 are two non-negative numbers and if p > 1
and ¢ < 1 are real numbers such that % + % =1, then

P
ab< T+ =1. (2.3.4)
P g

(v) Poincaré’s Inequality : Suppose () is a bounded domain. Then there exists a
constant C' (depending on €2) such that

[ullwis) < ClIVUlloey — Vue WyP(Q). (2.3.5)
Proof. See [1, Proposition 8.13]. O
Lemma 2.15. Let u € H{(Q) and Q C R®. Then
IVullze = IV - ullze + [V x ullz.
In particular, it holds
IVullz > [V -ulf .
Proof. Let v € H} (). By Lemma 2.2 ((vi)), we have that
—Au=-V(V-u)+V x(V xu)

Multiplying with test function ¢ and integrating by parts we get,

/vu:v¢dx:/(v-u)(v.¢)dx+/(vxu-(v><¢))dx.

Q Q

Setting ¢ = u, the proof is done. O
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2.4 Some important theorems

2.4 Some important theorems

Integration by parts is at the very core in going from a strong formulation to a weak
formulation. In this section, we present some basic theorems for the same.

Theorem 2.16. Let 2 C R". n = 2,3, be a bounded domain with Lipschitz boundary OS2
and u,v sufficiently smooth. Moreover, we denote the unit outward normal vector as n

on 0N2.

1. Integration by parts :
Let u € H?(2: R?) and v € H'(£2; R?), then it holds

0

u
/(Au)vdx: /a—ﬁvds—/Vu. Vo dx. (2.4.1)
Q Ble) Q

2. Green’s divergence theorem :
For u € H}(2;R?Y) and ¢ € L?(Q), the divergence formula states

/V-uqu: —/u-qua:+/u-qf1ds. (2.4.2)
Q Q o0

Now, we extend the symmetry of weak derivatives.

Theorem 2.17 (Symmetry of weak derivatives). Let @ C R" u € W*P(Q2) and o, 3
multi-indices with |o| + |B| < k. Then it holds

D*(Du) = D? (D*u). (2.4.3)

Proof. Consider a test function ¢ € C3°(€2) and using Definition 2.6, we get
[ DmuD?pax = (~)* [u (D) ax
Q Q

_ (_1)\04 (_1)\a+/5| / (Da+[3u> o dx

= (—1)‘B‘/(D°‘+5u> ¢ dx.

From the above equation and definition of weak derivative 2.6, we get DP (D*u). Now
by exchanging the roles of a and 3, we get

/ DPuD*¢dx = (—1)® / u (D*P9) dx
Q Q

_ (_1)\5\ (_1)\a+5| (DlaJrﬁ u) ¢ dx
!
= (—1) / (Da+ﬁu) ¢ dx,
ie., D™ (D'@u) — Do+Py. 0
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Chapter 2 Preliminaries

2.5 Symbols and Abbreviations

The list of used symbols and abbreviations are listed below.

1d, 2d, 3d | one, two or three-dimensional

R4 set of real numbers in d dimensions

N set of natural numbers

Q two/three-dimensional bounded domain
o) boundary of the domain

\Y gradient operator

A laplace operator

() dual product

() inner product

Du derivative tensor of the vector u

|- 1o L? norm

|-l H' norm

a(,+),b(,) | bilinear forms a, b

L Lagrangian of the minimization problem
L linear mapping from vector spaces to R
L, A B linear operator between two Hilbert spaces
B’ dual operators

Vv’ dual space of the space V'

\% continuous velocity /displacement space
Q continuous pressure space

V, discrete velocity /displacement space

Qn discrete pressure space

Q, polynomial space from span{1,z,y, zy, 22, y?, 2%y, y*x, r?y*}
P polynomial space from span{l,z,y}

Further Definitions, Theorems and Lemmas are described in the later chapters, when-
ever necessary.
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2.5 Symbols and Abbreviations

v interpolation operator

11, Fortin operator

tr() trace operator

Ir indicator function on the element T’

n unit normal vector

Th Triangulation of the domain 2

T given element in the triangulation 7p,

T reference element

F set of all edges/faces for a given triangulation
Fn set of all interior edges/faces for a given triangulation
F € Fp, | a given edge/face in the triangulation

[¢](x) | jump at the point = of the function ¢

) affine Transform

g Piola Transform

A, first and second Lamé parameters respectively

thermal expansion coefficient
thermal conductivity coefficient
temperature variable

crack domain

phase-field variable
regularization of the bulk term
degradation of the bulk term
critical energy release rate, material dependent
time variable

bulk energy

crack energy

o

HET Qe FE Qe 0
S

o

TCV total crack volume

RTx Raviart-Thomas element of order k

BDM; Brezzi-Douglas-Marini element of order &

DGP, Discontinuous finite elements of order 1 based on Legendre polynomials

DGO, Discontinuous finite elements of order 1 based on tensor product of
Lagrangian polynomials

DOpElib Differential equations and optimization environment

deal.II Differential equations’ analysis library
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Chapter 3

Saddle Point Problem

In this chapter, we lay the foundation for the saddle point problem, which is at the very
core, to the type of equations we will be dealing with in this thesis. The necessary and
sufficient conditions needed for the existence and uniqueness of the solution in continu-
ous discrete case are discussed in Section 3.2 and 3.3 respectively. For a more detailed
description, we refer to [10, 29, 12, 15, 50].

Definition 3.1 (Bilinear form). The map, a(,-) : VX V — R is called a bilinear form if
a(ouy + fuy, v) = aa(uy, v) + pa(uy,v), Vu,veVv
a(u,avy + fvy) = aa(u, vy) + fa(u, ve), Yu,veV.
Definition 3.2 (Symmetric form). A bilinear form is called symmetric if
a(u,v) =a(v,u), VYuvewv
Definition 3.3 (Continuous Bilinear form). A bilinear form is said to be continuous if
there exists a constant C' such that

a(u,v) = Clullv||vl]v, VuveVv

Consider V' and @, two Hilbert spaces and suppose,
a: VXV =R b:VXQ—R

are two continuous bilinear forms.

3.1 Minimization problem

Let f € V' and g € @', where V' and @)’ are the dual spaces (see Definition 2.14) of V
and @) respectively. Consider the minimization problem over V,

J(u) = ;a(u, ) — (F,u)yry, Vuev (3.1.1)

17



Chapter 3 Saddle Point Problem

subject to the constraint

b(u,q) = (8 Do VqEQ. (3.1.2)
We define the dual pairing (-, -) between elements of the space and its dual space. We
drop the spaces from the dual pairing notation whenever it is obvious.

The Lagrangian of the above minimization problem is given as

L(u,p) = J(u) + [b(u,p) — (g, p)] (3.1.3)

From the first-order optimality conditions, we have 9,L = 0 and 9,L = 0. We can rewrite
the above problem with the given constraint as: Given f € V' and g € @), find the pair
(u,p) € V x @ such that

a(u,v)+b(v,p) =({f,v), VveV (3.1.4)
b(u,q) = (g,q), VYqg€Q
Definition 3.4 (Saddle Point). Given spaces, X C R% d =2,3,Y C R and a linear map
L:XxY —R. A point (x*,y*) is called a saddle point of L in (X xY) if
L(x*y) < L(z*,y") < L(z,y"), VereX,yeY (3.1.5)

Remark 3.5. 1. The p wvariable acts as a Lagrange multiplier in the minimization
problem.

2. The first component of the solution i.e., u solves the minimization problem.

3. The solution (u,p) of the problem (3.1.4) follow the saddle point inequality (3.1.5),
L(u,q) < L(u,p) < L(v,p), VVvEV,qEQ

4. The converse of the above statement is not true. Even if the minimization problem
has a solution, the existence of the Lagrange multipliers can only be asserted with
additional conditions.

In this thesis, we will be discussing two saddle point problems namely, linearized Navier-
Stokes and linear elasticity. In this chapter we will cover the existence and uniqueness
of the Saddle point problem (3.1.4). Firstly, let’s define some necessary definitions and
properties before going into the existence of Saddle point problem. Consider the following
problem with a : U XV — R and f € U/,

a(u,v) =(f,v) YVueUveV (3.1.6)
Lets define a linear operator L: U — V' as
(Lu,v) =a(u,v) VueUveV (3.1.7)
which implies that u = L™!f.
Definition 3.6 (Isomorphism). A linear operator L between two normed linear spaces is

called an isomorphism if it is bijective and L and L~' are continuous.
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3.2 Existence and Uniqueness

The following theorem shows the necessary and sufficient conditions for isomorphism on
L and there in necessary and sufficient conditions for the existence and uniqueness of
solution for (3.1.6).

Theorem 3.7. Let U and V be Hilbert spaces. Then the linear operator L : U — V' is
an isomorphism if and only if the associated bilinear form a : U x V — R satisfies the
following conditions:

(i) (Continuity). There exists C > 0 such that
la(u,v)| < C|ullu||V]lv, VuveV (3.2.1)
(ii) (Inf-sup condition). There exists o > 0 such that

|(|““ v) s allully, YVueUveV (3.2.2)

sup

(iii) For every v € V, there ezists u € U with
a(u,v) # 0. (3.2.3)

Proof. For proof, we refer to [12, Theorem 3.6]. ]

In the equation (3.1.4), we can define a linear operator L : V x @ — V' x @)’ as
L(u,p) = a(u,v)+b(v,p) + b(u,q), YueV,qgeQ (3.2.4)
and the equation (3.1.4) can be rewritten as
L(u,p) = (f,v) +(g,q), YueV,geQ (3.2.5)

The existence and uniqueness of (3.2.5) can be asserted by using Theorem 3.7. To prove
equation (3.2.2), Brezzi [15] has split the conditions in terms of the two bilinear forms. We
will outline those properties in the next lemma and theorem. Before that it’s convenient
to convert the bilinear forms into linear operators and rewrite equation (3.1.4). We define
A: V=V B:V — (@ and the adjoint operator B": ) — V' as

(Au,v) =a(u,v), Vu,veV

(Bu,q) =b(u,q), YueV,geQ (3.2.6)

(B'q,v) =b(v,q), VueV,qgeq

Now equation (3.1.4) can be rewritten as: Given f € V' and g € @, find the pair
(u,p) € V x @ such that

Au+ B'p =T, (3.2.7)
Bu=g. (3.2.8)
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Chapter 3 Saddle Point Problem

We also need to define divergence space (term "divergence" might not make sense now,
let’s go with it for now, we will explain why in later chapters), orthogonal space and polar
set.

Definition 3.8 (Divergence space). Furthermore, we define the divergence space VI as

V& = v eV:buq) =0 VgeQ} (3.2.9)
Definition 3.9 (Orthogonal Space). We define the orthogonal space of VA as
vivh =fueV:(uv)=0, vvevi} (3.2.10)

Definition 3.10 (Polar Set). If V' is the dual space of V, we define the polar set V° of
V as

Vl={feV:{v)=0, VveV}. (3.2.11)
Lemma 3.11. The following assertions are equivalent:

(i) There exists a constant > 0 with

b
inf sup VDo (3.2.12)
€@ vev [|[vlivllale
(ii) The operator B : VIVt — ) is an isomorphism, and
|Bv|lg > BlIvllv, VveV: (3.2.13)
(iii) The operator B': Q — V° C V' is an isomorphism, and
1B'qllve = Bllalle. Vg€ Q. (3.2.14)
Proof. For proof, we refer to [12, Lemma 4.2]. H

Now finally, we have the main theorem for saddle point problem. The necessary and suf-
ficient conditions for the existence and uniqueness of the problem is given in the following
theorem.

Theorem 3.12 (Brezzi’s splitting theorem). For the saddle point problem (3.1.4), the
linear operator L in (3.2.5) defines an isomorphism if and only if the following conditions
are satisfied:

(i) The bilinear form a(-,-) is VY-elliptic, i.e.,
a(v,v) > allv|?, Vve V¥ (3.2.15)

where, a > 0.
(ii) The bilinear form b(-,-) satisfies the inf-sup condition (3.2.12)
Proof. For the proof, we refer to [12, Theorem 4.3]. O
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3.3 Discretization

Now that we have necessary and sufficient conditions for the well posedness of the sad-
dle point problem, we move on to solving the system using mixed finite elements with
discrete subspaces V;, € V and @), C ). The notation X, indicates that the space
X, is discretized uniformly with step size h. We define the discrete problem as: Find
(un, gn) € (Vi x Q) such that

(I(Uh,Vh) + b(vhaph) = <fa Vh>7 vVh € Vh7

3.3.1
b, @) = (@ au) Y an € Qn (33.1)

Next, we would like to find an analogous theorem to 3.12 for the above discrete problem.
For that we will define some spaces similar to Definition 3.8.

Definition 3.13 (Discrete divergence space). We define the discrete divergence space VY
as

VIV = {v, € Vi b(up,q) =0, VqeQ} (3.3.2)
Theorem 3.14. Suppose the conditions of Theorem 3.12 hold, and suppose V5, Q) sat-
isfy:
(i) The bilinear form a(-,-) is V&V -elliptic with constant ay > 0.

(ii) The inf-sup condition or Ladyzhenskaja-Babu$ka-Brezzi condition, there ezists a
B > 0 such that

b
inf sup bV, ) > B (3.3.3)
€@ v,ev,, || Vallllgnll

Then the discrete problem (3.3.1) is uniquely solvable, and we have the error estimate

— +llp — < ( inf — inf — ) 3.3.4
= wnll + lp = pall < ¢ (inf =il + inf o= (33.4)

Proof. For proof, we refer to [10, Theorem 5.2.2].

3.4 Fortin’s Criterion

Fortin’s Criterion is useful in checking if the discrete space @)}, satisfies the inf-sup condi-
tion (3.3.3). It involves an interpolation operator between spaces V and V..
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A% _— Q'

11, J

B /
Vi, ——m @,

Figure 3.1: Commutative diagram for Fortin operator, 11,

Figure 3.1 shows a pictorial representation of the Fortin’s criterion. The operator J
denotes the injection between the spaces @’ and Q},.

Theorem 3.15. Suppose the bilinear form b: V x Q — R satisfies the inf-sup condi-
tion (3.2.12). In addition, for the discrete subspaces V5, and Qy, there exists a bounded
linear operator (Fortin operator) I1,: V. — V, such that

b(V — IV, qh) =0, Vg€ Q. (341)

If |I11,]| < ¢ for some constant ¢ independent of h, then the finite element spaces V, and
Qn satisfy the discrete inf-sup condition (3.3.3).

Note: The converse of the above theorem is true as well.

Corollary 3.16. If the finite element spaces V, and Qy, satisfy the inf-sup condition (3.3.3),
then there ezists a bounded linear operator 11,: V. — V}, such that (3.4.1) holds.

In the next chapter, we will apply the saddle point theory to solve the linear Navier-

Stokes equation and show the pressure dependency on the velocity error and how can we
overcome that using Linke’s decomposition [35].
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Chapter 4

Stokes Equation

In this chapter we introduce the stationary continuous linear Stokes equation (from [12, 29,

|) and see the connection with saddle point problem mentioned in the previous chapter.
In Section 4.3, we show the invariance property of the velocity vector and discuss the
variational crime that would solve the issue.

4.1 Problem Statement
The stationary Stokes equation with homogeneous boundary is given as

—vAu+Vp=f, ueq
V-u=0, ue, (4.1.1)
u=0, ueoi,

where, 02 is the boundary of the domain ) and v is the viscosity. In order to solve
the system numerically using finite elements, we reformulate equation (4.1.1) as: Find

(u,p) € (Hé(Q;Rd) X L%(Q)), such that

V(VU,VV)—(V'V,p):<f,V>, VVeHl(Q;Rd)’

—(V-u,q) =0, Vq € L. (4.1.2)

We use the notation H}(Q;R?), to specify that the set contains vector valued functions.
For scalar functions in L2(€; R), we omit R and just write L3(f2) to distinguish between

scalar and vector valued spaces. Now, we can rewrite the above system like the saddle
point problem (3.1.4) as: Find (u,p) € (Hé(Q;Rd) X L%(Q)), such that

a(u,v)+b(v,p) = (f,v), VVEHl(Q;Rd),

b(u,q) =0, Vq € L. (4.1.3)

where,

(4.1.4)
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Chapter 4 Stokes Equation

and g = 0 with u,v € V = H}(;R?) and ¢ € Q = L(Q2). Following the same route
from last chapter, we have a similar Theorem to 3.12. We refer to the mentioned text
books for more information on existence and uniqueness theorems.

Theorem 4.1. Let Q be a bounded domain in R% d = 2,3 with a Lipschitz continuous
boundary I and let £ € H™1(Q;R?Y). Then, there exists a unique pair (u,p) € HE(Q;RY) x
LE(Q) that solves (4.1.2).

For the proof, it is readily obvious that the bilinear forms a(-,-) and b(-,-) satisfy the
conditions of Theorem 3.12. Now, we can go into the stability of the solution.

Lemma 4.2. Let the conditions of Theorem j.1 are given. Then, the solution (u,p) of
the Stokes problem (4.1.2) depends continuously on the right-hand side, i.e.,

[ully = [[Vullo < [[£]l7-1(0), (4.1.5)

2
Ipllo = B”f”H*l(Q)- (4.1.6)

We use the notation || - ||; for H! norm (2.2.20) and || - ||o for L? norm (2.2.6). Before
proceeding to the discrete setting of the Stokes problem, we would like to highlight some
important properties of the Stokes problem. The following is a Corollary of (3.2.13).

Lemma 4.3. For each q € Q there is a unique v € V3L C 'V such that
Vov=q andldlo<Ivlv. IVliv < Cllalo (4.1.7)
with C' = %, where [ is the inf-sup constant in (3.2.12).

For proof, we refer to [29, Corollary 3.44]

4.2 Discretization

Now, we proceed to the discrete setting of the problem. We choose V,, C V and @), C Q
for the discrete Stokes problem: Find (uy,pn) € Vi, x @y, such that

a(up,vi) +b(Va,pn) = (f; Vi),  Vva € Vy,
b (up, gn) =0, Van € Qn.
Where, a(,-) and b(,-) are defined in (4.1.4). In this thesis, we choose V}, /@) finite

element spaces as the inf-sup stable conforming pair Q,/Q; (Taylor Hood space of order
1). We have a similar theorem to Theorem 3.14.

(4.2.1)

Theorem 4.4. Let (u,p) € V X Q be the unique solution to the Stokes problem (4.1.2).
Let the spaces Vy, and Q) satisfy the inf-sup condition (3.3.3), then the discrete Stokes
problem (4.2.1) is uniquely solvable and the velocity solution uy, follows the following error
estimate

1
_ <C{'f vl + = inf [p— } 4.2.2
fa- il <€ { inf fu-vilit Lot - gl (122
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4.3 Helmholtz decomposition

The central part of this thesis is the velocity error estimate (4.2.2) and how do we make
it pressure robust. There are many methods which accomplishes the task and rewrite the
estimate as

lu—uply <Cy inf |[u— vl (4.2.3)
VLEV
We will be focussing on a variational crime method proposed by Linke [38]. The problem

lies in how the spaces VIV and V4V are related. Due to the construction (V, C V),
one might expect V&V C V4 If it had been the case we would have gotten the desired
estimate (4.2.3). But for most of the inf-sup stable finite element pairs, we have V{v ¢
V4 and hence the pressure dependency. What this implies is that we expect all the
discretely divergence free functions to be divergence free (in the continuous sense) as well.
Linke proposed a variational crime where he introduces an interpolation operator

TV, = HY(Q) = {v e LA(QRY): Vv e LA(Q)} (4.2.4)

4.3 Helmholtz decomposition

Before going into Helmholtz decomposition, we would like to define some needed spaces.

H Y@ RY) = {f e HY(Q;RY): V-f € H(Q)} (4.3.1)

Definition 4.5 (H curl).
HO(QRY) = {v e LA(QRY): V x v e L(;RY)} (4.3.2)

with the natural norm
V12 = VIS + IV x V3. (4.3.3)

curl "
Using the Green’s formula, for v € L2(;R?) and ¢ € L*(Q;R?), we get

/Qv-(quS)da:—/Qva-(bda::/ (v-1h) - ¢ds. (4.3.4)

o0N

Definition 4.6 (H{™).
H™(Q;RY) = {V € H™(Q;RY): v - fifpq = O} (4.3.5)
Unlike other spaces with subscript zero, we want the trace (v-n) to vanish on the

boundary 0f).

Lemma 4.7. Assume that Q C R? is simply connected. Then every function f €
H-Ldiv (Q;Rd> is uniquely decomposable in the form

f=Vy+Vxo (4.3.6)
with ¢ € HY(Q) and ¢ € L3(;RY). Moreover, we have
€lles-san (o) = (10115 0 + 161) (43.7)
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Chapter 4 Stokes Equation

For proof, we refer to [12, Lemma 6.1]. We can take the lemma a bit further, if we
consider f € L2(Q; R?) and not just in H~14V (Q; Rd>, we have the following Lemma.

Lemma 4.8 (Helmholtz decomposition of a vector field in L2(Q; R%)). Let Q2 be a bounded
Lipschitz domain. Then every £ € L2(Q;R?) has a unique decomposition

f=w+ Vi, (4.3.8)
where
wc HIV = {V c BV (Q;Rd) :V-v=0andv-n=0 on 69}, (4.3.9)
and ¢ € L*(Q). Similar to (4.3.7), we have
I£115 = [IwlIE + IV I5. (4.3.10)
In addition to this, we have the orthogonality between the components, i.e.,

(w, Vi) = 0. (4.3.11)

For proof, we refer to [56, Lemma 2.5.1].

Definition 4.9 (Helmholtz projection). The operator P: L*(Q) — HZY (Q; Rd) is called
the Helmholtz projection and is defined as:

P(f) = w. (4.3.12)
By the definition (4.3.12), we have that the image PP (f) is invariant under the transfor-

mation f — f + Vo, i.e.,
P(f+ Vo) =P(f). (4.3.13)

Using the orthogonal properties of the closed sub spaces V4V and VIVt we have
from [29, Remark 3.42],

Remark 4.10. The space V can be decomposed uniquely into orthogonal subspaces
V =Vigyant (4.3.14)
where, the orthogonality is given by the inner product induced by the bilinear form a(-,-).

Using the orthogonal decomposition (4.3.14), we can re-write the continuous Stokes
problem (4.1.3) in two parts as, Vv € VIV and Vv € ViVl a5

a(u,v)=(f,v), Vve Vi (4.3.15)
b(v,p) = (f,v), VveVint (4.3.16)
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Using the Helmholtz decomposition, (4.3.8) of f, in (4.3.15), to solve for u we get

/QVu:Vvdx:/ﬂ(f-v) dz, Vv e vy,
= [ (W+Vo)-vde, VveVW,
{2 . (4.3.17)
= [ w-vdax, Vv e Vv,
Q
= [ P(f) -vdx Vv e v,
Q

We have [, (V¢ -v) do = 0, since v € VIV and using Green’s divergence theorem (2.4.2),
we get

/qu-vdx: —/ OV vdr + / v-hodr Vv e Vv (4.3.18)
Q Q o0

| ——

=0 by def of V4V =0 by def of V = H}(Q;R?)

We can infer a couple of things from the above calculations. If we change the external force
f in the Stokes problem to f — f + V1, we would still have the same solution u, noting
from (4.3.13). However, the same is not true for the pressure solution p. Solving (4.3.16),
we get

/ (V-V)-pdx:/f-vdx, Vv e vivd
Q Q
:/ (Ww+ Vo) vduz, Vv e vivt
o . (4.3.19)
= / (W-v+Vo-v)ds, Vve Vit
Q
— / Vé- vdr, Vv e Vvl
Q
Now, under the transformation f — f + V¢, we have p — p 4+ V).
Remark 4.11. From the above calculations, we can conclude that
(u,p) = (u,p+ V) forf —f+ V. (4.3.20)

The invariance property of the velocity in the continuous problem does not carry over
to the discrete problem, since V& ¢ V4V, In other words, in the discrete case (4.3.17)
gives

/ Vuy,: Vv, de = / (f - vp) de, Vv, € VI,
@ 2 _ (4.3.21)
= /Q (W, + Vo) - v, dz, Vv, € Vfl“’,
This will not simplify further because,
/ Vo v, dr = —/ OV - v, di +/a V- igdr Vv, € VIV (4.3.22)
) Q Q

# 0 since Vfbi" ¢ vdiv
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In other words, the discretely divergence free functions v, € VIV are not divergence free.
More on this in Chapter 5. To solve this problem, Linke introduced a reconstruction

operator (4.2.4) and reformulated the Stokes discrete problem (4.2.1) as

a(up, vi) +b(up,pp) = £, 7%Wv), Vv, €V,

(4.3.23)
b(un,qn) =0, Van € Qn.

The error estimate for the above modified discrete problem is given by

Theorem 4.12. Let (u,p) € H?(Q;R?) x HY(Q) be the solution of continuous Stokes
problem (4.1.4) Then, one obtains for the discrete solution (up,py) for (4.3.23) the error
estimates

[u—wfly < Cihluls,

o= pallo < Coh(luls + Iph). 32

For varied choices of solution spaces V;, x @)y, the proof is given accordingly. For
Crouzeix-Raviart and Polynomial space of zero order space (CR x Py), Crouzeix-Raviart
and Tensor product of polynomial space of order zero (CR x @Qy) and discontinuous
pressure spaces the proof is given in [38], [39] and [35]. In the next chapter, we provide
more in detail about the interpolation operator 7.
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Chapter 5

Conforming Subspaces of H-div

In this chapter, we discuss two subspaces of H%, namely Raviart-Thomas (R7) and
Brezzi-Douglas-Marini (BDM). In Section 5.3, we introduce Piola Transform, which
preserves the normal components, when transforming a function from any given element
T € Ty, to the reference element 7. Our implementation of the interpolation operator
74V in DOpElib, is presented in Section 5.4. We conclude the chapter by testing our
implementation with the help of numerical examples shown in Section 5.5. For literature
on Raviart-Thomas and Brezzi-Douglas-Marini spaces, we refer to [10, 12, 30, 29].

Definition 5.1. Let Q C R? be a domain. We define the Sobolev space
H™(QRY) = {v e L(Q;RY): V- v € L)}, (5.0.1)

with the norm
[l grawv = [[ulfo + |V~ ulfo. (5.0.2)

Furthermore, we define
HYY (R = {v e H™(QRY): V- v =0 and v- i = 0 on 00} (5.0.3)
Since the operator maps the discrete space V, into a conforming subset of HV(Q; R?),

we define some notation for the finite element triangulation for the discrete space Vj,. In
this thesis, we used the rectangular mesh for our finite element simulations.

5.1 Notation
1. We will denote by Tp, h > 0 a family of regular finite element triangulations.
2. We denote a rectangle element as T' € Tj,.

3. The set of all faces, i.e., the edges of the rectangles for d = 2 and cuboid for d = 3,
will be denoted as Fj, and Fj, will denote the set of all interior faces.
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Chapter 5 Conforming Subspaces of H-div

|n'1,.1v‘J |n12,1v‘b

Iy I
TRy F2 T1 rlr T2 F5 Ty, Fs Tl AP: Ty, F T2
Fy F, F || F

|n-r| F3 | Ny, ry

(b) Normal vectors of the common face
(a) Normal vectors of non-common faces

Figure 5.1: Pictorial representation of two elements 17,715 € Tp,.

4. For every face ' € F;,, we define a unit face normal vector fiy. The orientation of
these normal vectors for the interior faces F* € F), are arbitrary but fixed. However,
for the exterior faces F' € Fy, \ Fy, the normal vectors point outward for the domain

Q.

5. Given any element T' € 7T, we denote the set of all faces as Fr, and correspondingly,
N7 p will denote the unit normal vector of the simplex 7" at its face F.

Figure 5.1a summarizes the notation used. Now, let’s assume a piecewise polynomial
function ¢ € L™ (2), then for every interior face F' =Ty NTy € Fy, the face jump for all
x € F' is defined as

6] (x) == (gn 8 (¥)- furp + lim 6 (y): n) (5.11)
yeT1 yeT2
From Figure 5.1b, we get
@] (x) = ¢ (x*) — ¢ (x7), (5.1.2)
where x* € T} and x~ € Ty. From Green’s divergence theorem (2.4.2), we have ¢ € H4Y
only if the jump in (5.1.1) equals zero [30, Lemma 4.2.2].

Remark 5.2. The continuity of the normal component over faces does not imply conti-
nuity at vertices, since it’s not transferred in tangential direction.

As a consequence of this remark, part of the construction of H%-conforming finite
element spaces consists of defining a polynomial trace space on each face, such that
continuity of normal traces can be established by this space. In the next section, we
define polynomial spaces needed for the construction of R7 (Raviart-Thomas) and BDM
(Brezzi-Douglas-Marini) spaces, the two H4V conforming spaces we use in this thesis.

5.2 Definitions

Definition 5.3. [P,/ The space of polynomials of degree less than k defined on the domain
Q is denoted as Pr(Q).
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5.2 Definitions

Definition 5.4. [Q] For d = 2, we define,

Pk Q) = S pa1, 22) 1 p(a1,22) = Y aijxix% . (5.2.1)
i
From the above definition, we can define
Qr(Q) = Pue(Q)  ford=2, (5.2.2)
Similarly, we can define for a given dimension d,

Qk(Q) = Pkkk(Q) fOT’ d= 3,

le,---kd(Q> = Pkl (Q) R Pkd (Q) (523)
Furthermore, we define the vector-valued space,
Q4 == Qu(Q) x - x Qu(). (5.2.4)
d factors

Given a partition 7T, of the domain (2, we restrict a given polynomial v, € Py(2) onto
the element T as
Uh‘T = Up- ]IT (525)

where, I is the indicator function, i.e.,

1 ifxeT
= RS (5.2.6)
0 iftxegT.

We define our spaces on a reference element T = [0, 1], which is the standard in the
finite element open source libraries deal.II and DOpElib. Given any element 7', we do
a Piola transform (will be discussed in detail later) onto the reference element T and do
our calculations on the reference element. Hence, we define our conforming spaces RT
and BDM on the reference element.

5.2.1 Raviart-Thomas Finite Element

Definition 5.5 (RT(T) space). The Raviart-Thomas element of degree k > 0 on the
reference element T' = [0, 1]¢ consists of the polynomial space

RTw(T) = QUT) + xQu(T). (5.2.7)

Its node functionals are

Niij (Vi) :/ vip-fhig;ds Vo, € Qu(F) F CoT,
; (5.2.8)

A

./\/'2,1' (Vh) = /TVh' wdzx Vw e \I’h(T),

where Wj, = qu,k,---k X X Qk---k,kfl

d times
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Chapter 5 Conforming Subspaces of H-div

(a) RTo element with 4 degree of freedom (b) RT1 element with 12 degrees of free-
given by the normal components on the dom given by normal components and
edges. 4 interior nodes.

Figure 5.2: Degrees of freedom for Raviart-Thomas elements, R7 o and RT ;.

The choice of the node functionals, guarantees the continuity of the normal component.
Following lemma, proves the unisolvence of the Raviart-Thomas element.

Lemma 5.6. For any v, € RTk(T) and F; c 9T, if

/F Vo -Rgds=0 V€ QuE)),

) (5.2.9)
/vh-wdx:O Vw e U, (T),
T
then, we have vy, = 0.
Proof. For proof, we refer to [10, Proposition 2.4.1]. H
Lemma 5.7. For Raviart-Thomas elements of order k, there holds
dmRTy, =2k + 1)(k+2), ford=2, (5.2.10)
and
V-RT(T) = Qr(T). (5.2.11)
Furthermore, for each F C T and each vy, € RT(T') there holds
vip- 1| € Qu(F). (5.2.12)
Proof. For proof, we refer to [30, Lemma 4.2.36]. O
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5.2 Definitions

Definition 5.8 (Raviart-Thomas space RT ). The global Raviart-Thomas finite element
space RT (25 Tn) on the domain  with a given triangulation Ty, is given as

RTe(%Th) = {vi € H™(QRY): vyl € RTW(T), T € T} (5.2.13)

This space is a finite dimensional subspace of HY(Q; RY).

5.2.2 BDM Finite Element
Now, we define the BDM,, element.

Definition 5.9 (BDM space). The BDM element of degree k > 0 on the reference
element T' consists of the polynomial space

BDM,, = P; ® span {(xk“y), V x (xyk“)} . (5.2.14)
Its node functionals are

Niij (Vi) :ﬁ vi-ig;ds Vo, € Py (E) E; c oT,
- . (5.2.15)
Ny (i) = /th- wdz Vw e P,f_z(T).

Similar to the Raviart-Thomas element, the choice of the node functionals assert the
continuity of the normal component. The following lemma provides the unisolvence of
the Brezzi-Douglas-Marini element.

Lemma 5.10. For k> 1, any vy, € BDMk(T) and F, c T, if

/F va-figids =0 Ve € Pu(E),

. (5.2.16)
/vh-wdxzo Vw e Pl (1),
T
then, we have vy, = 0.
Proof. For proof, we refer to [10, Proposition 2.4.2]. O
Lemma 5.11. Given any BDM element of order k > 1, there holds
dim BDM = (k+ 1)(k+2)+2, ford=2, (5.2.17)
and A A
V- BDM(T) = Py_1(T). (5.2.18)
Furthermore, for each F C T and each v, € BDM, T) there holds
vip- 11 5 € Py(F). (5.2.19)
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Chapter 5 Conforming Subspaces of H-div

(a) BDM; element with 8 degrees of free- (b) BDM, element with 12 degrees of free-
dom given by the normal components dom given by normal components and
on the edges. 3 interior nodes.

Figure 5.3: Degrees of freedom for Brezzi-Douglas-Marini elements, BDM; and BDMs.
Proof. For proof, we refer to [30, Lemma 4.2.40]. ]

Definition 5.12 (Brezzi-Douglas-Marini finite element space RT ). The global Brezzi-
Douglas-Marini finite element space BDMy(Q2;T,) on the domain Q with a given trian-
gulation Ty, is given as

BDM(;Tr) = {vi € H™(QRY): v, |5 € BDM(T), T € Ty } . (5.2.20)

This space is a finite dimensional subspace of HYV(; RY). The standard affine mapping
from a given element T" € T, onto the reference element 7" does not preserve the normal
components and hence, we need a special transformation called Piola Transform.

5.3 Piola Transform

In finite elements, we regularly undergo coordinate changes because, we use a standard
reference element. So an affine mapping for the elements comes in handy. An affine
mapping ® (at least C*) is a mapping from R? into R?. Formally, we define

Definition 5.13. Gz’ve@ a triangulation Ty, of the domain Q and an element T € Ty, we
define the mapping ®: T — T as
T = &(7). (5.3.1)
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5.3 Piola Transform

We define Jacobi matriz, Jacobi determinant and the face Jacobian as

Dd(2) = (0;®;), Viel,
J(2) = det D®(2), VieT, (5.3.2)

A

Jo(2) = J(2)| DO T(2)h|, Viedl.

The mapping ® is globally invertible on any element T" € 7;,. Moreover, the Jacobian
matrix D®(Z) is invertible for any # € T. And, given any v, € T and V), € T with
vy, = ®(v},), we have the usual properties like

/cb(@h) dx:/othf,
r r (5.3.3)

/ O(¥) ds = /AvhJﬁ da.
oT oT

Lemma 5.14. The mapping ® is an isomorphism from LQ(T; R%) onto L2(T;R?) and
HY(T;R?) onto H'(T;RY).

Proof. For proof, we refer to [10, Lemma 2.1.5]. H

The main flaw with such a mapping is that it does not preserve normal components,
which is essential for our work here. In order to overcome this problem, we use the Piola
Transform.

Definition 5.15 (Piola Transform). Given a vector field vy € LQ(T;]Rd), and the affine
mapping ®: T — T, we define the Piola transform G: L2(T;R?) — L*(T;RY) as

G(Vp)(Z) = J({%)D(I)(f)\?h(f), where © = O(). (5.3.4)
Furthermore, we have
Vva(z) = 5 (1:E>Dc1> V(@) DO,
1. (5.3.5)

Now, combining the properties of the Piola transform, we can assert the following
lemma,

Lemma 5.16. The mapping G is an isomorphism from Hdi"(T; R?) onto HY (T; RY).
Proof. For proof, we refer to [10, Lemma 2.1.7]. ]
Now that we have the Piola transform which maps the conforming H4" subspaces from

the reference element 7' to T € Tn, and preserves normal components, we would like to
show how to construct these spaces numerically using the open source library DOpElib.

35



Chapter 5 Conforming Subspaces of H-div

5.4 Implementation in DOpElib

DOpElib(Differential equations and optimization environment) [21], is an open source
library based on deal.II-a general purpose object-oriented finite element library [1].
Throughout this thesis, all the numerical simulations are carried out using DOpElib.
We have also implemented a new class called FEValuesInterpolated, in the DOpElib
library. This class will take the functions v, € V; and interpolates them onto an H4v
conforming space you choose. In other words, FEValuesInterpolated is the numerical
implementation of the interpolation operator 74V in (4.2.4).

Before going into the actual implementation, it’s easier if we start with an example.
Consider the following integral

/f-vhda;, Vv, € Vi (5.4.1)
Q

The above equation (5.4.1) is the standard right-hand side of the discrete Stokes equa-
tion (4.2.1) or discrete saddle point problem (3.3.1). We use the inf-sup stable conforming
Taylor-Hood finite element Q,\Q; for our numerical simulations, so we have V;, = Q,
in (5.4.1). The integral (5.4.1) contributes to the right-hand side matrix or load matrix,
F in the finite element system. Let F; be the i element of the matrix F corresponding
to the " shape function ¢; of Q,. Now, we have

Fi:/gf-q’)idx: 3 /Tf(x)~¢i(x)dx,

TeT,

S /T £(2) - ¢y(@) J di, (5.4.2)

So, we expanded the integral over the domain into the sum of integrals over the trian-
gulation 7,. Then, we transform the element T to the reference element T using the
affine transformation (we don’t need HY" conforming here) ®. Next, we use a quadrature
formula to solve the integral numerically, ¢ is the index that runs over all the quadrature
points of our choosing and n, is the number of quadrature points used. n, depends on
the order of the quadrature used. w(Z,) are the weights of the quadrature used. Note
that we have also dropped the (X) in front of the Jacobian J, for convenience. We will
specify J(x) if needed, else we will assume its on the reference element.

In DOpElib, we use the inbuilt class FEValues which gives transformed values &(f(q).
After which, we sum the values over the quadrature for each element T' € T}, for all F;. We
cannot use the FEValues class for the modified Stokes problem (4.3.23), because FEValues
class does not preserve normal components for functions in Qs space. Before going into
the details of the Interpolated class, we want to introduce canonical interpolation, which
gives us an idea on how to interpolate functions onto any given finite element space.
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5.4 Implementation in DOpEl1ib

Definition 5.17 (Canonical Interpolation). Given an elementT € T, and a finite element
defined by its shape function space Sy and node functionals N; for i = 1,...,n, where
n =dimS (which is also the dimension of the finite element space). Let 1; be the nodal
basis of St, i.e.,

Then, the operator w: C°(T;R?) — Sy for any ¢ € C°(T) is defined as
m(¢) = >_Ni(d)s. (5.4.4)
i=1

Now let’s consider the i’ element of the matrix I in (4.3.23)

_ L divo — L divo
IFZ-_/Qf e dx = 3 /Tf(x) 7V, dx,

TeT

-y /T f(x)- (é%(@)%(@) dx, (5.4.5)

T€Th
SPINALE (i/%(@)%(ﬁ)) J g,
TET,, j=1

where n is the dimension of the conforming H%"(Q2) space,M we are using and ; for

j = 1,...n are the shape functions of M. Now since 9); is in M we have to use Piola
transform and not the affine transform ®. Then, we get

"o 1 B

58) = g PP G0 ). (5.4

Substituting this back in the equation, we get

iv _ SN P - . (. 71 “1(x b'e ~w(X
/Qf'ﬂd ¢idx = Z Z{f(xq)' (ggl/\/} (CbZ) <J1(Xq)D(I) (xq)¥( q))) J-w( q)}

TeTh q=1
(5.4.7)
Similar to (5.4.2), our class FEValuesInterpolated provides the user with the entire
information:

FEValuesInterpolated.value(i,q) = (Z/\A/’j (le) <J_11(X)D(I)_1(Xq)¢(xq)>>
j=1 q

(5.4.8)
The user can then, sum it up over all quadrature points to finish the computation. As
mentioned earlier, we have used only interpolated onto two spaces, i.e., Raviart-Thomas
and BDM spaces. However, the class FEValuesInterpolated works for any H%" con-
forming space with nodal functions N (specified for RT in Lemma 5.6 and for BDM in
Lemma 5.10) in the deal.II library. We have also incorporated gradient of the interpo-

lation as well, i.e.,
FEValuesInterpolated.gradient(i,q) = Va¥Ve;(x,). (5.4.9)

You could in theory calculate the divergence of the interpolation V- 7%V¢ as well, by
calculating the gradient and adding the trace from the obtained gradient tensor.
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Chapter 5 Conforming Subspaces of H-div

5.5 Numerical Results

In this section, we will solve the Stokes problem (4.1.1) and compare it with the velocity
error with and without using interpolation operator 74V, The choice of the H4 space
depends on the finite element space ), chosen for the pressure. For the finite element
pair @, x DGOQ;, we choose RT 7 and for the pair Qs x DGP1, we choose BDM,. Where,
DGQ, and DGP; are discontinuous Galerkin polynomial spaces.

Example 5.18. Consider the stationary Stokes problem (4.1.1), where the solution is
taken from [35, Section 5] as

uy (,y) = 2002%(1 — z)%y(1 — y)(1 - 2y),
uy(2,y) = —200y%(1 — y)?z(1 — 2)(1 - 22),

(5.5.1)
1 1 1
_ 3,2 3 3
plavy) = = (10— 3% + (1= (r— 3)*+5)
2 2 8
103 | —»— (0@ Non-Robust | ] 3 —»— ()21 Non-Robust
—e— (0, DG(Q; Non-Robust 10°1 —e— (), DG P, Non-Robust | |
—— (Y2 DGQ; Robust —a— ()2 DGP; Robust
102 B N 102 B N
5 5
|10t 1 7 10} |
= =
100 1 100} |
T 1 1w &= .
10° 10t 10* 10 10* 10° 10° 10 10t 10* 10 10* 10° 10°

1 1
M 12

(a) Interpolation w.r.t. RT space RT (b) Interpolation w.r.t. BDM space BD M

Figure 5.4: Velocity error in H' norm |u — uy||; vs viscosity v in 2D.

Example 5.19. 3D example for the Stokes problem where the exact solution is given as

w (7,9, 2) = 427yz(1 - 2)*(1 = y)(1 = 2)(z — y)

wy(z,y, 2) = —2xy*2(1 — 2)(1 — y)*(1 - 2)(1 — 22)

us(r,y, 2) = 20y2*(1 — 2)(1 — y)(1 — 2)*(1 — 27) (5.5.2)
p(x,y,2) = — (10(x - ;)3@/2(1 — 2+ (1= 2)*(y - ;>3 +(z— ;)3@ - 1)2)
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3 B T T T T ] 1 1 1 1 1
10 ——  (2Q; Non-Robust 103 | —— @2Q1 Non-Robust .
—e— ()2 DG(Q; Non-Robust —— (2 DG P, Non-Robust
102} ——  @;DGQ; Robust | 102| —a— (0, DG P, Robust Modification )
1L ]
10 101 | .
= 10°} 1= ol ,
=] 5 10
[ \

210 12 10| 1
1072} : 102} |
1073} g 1073} |

100 10' 102 10® 10* 10° 109 100 10' 102 10® 10* 105 106
1 1
n W

(a) Interpolation w.r.t. RT space RT1 (b) Interpolation w.r.t. BDM space BD M

Figure 5.5: Velocity error in H' norm |ju — uy||; vs viscosity v in 3D.

The velocity error estimate for the discrete Stokes problem (4.2.1) is given as (4.2.2).
From Figure 5.4 and 5.5, we can see that, for the non-robust method, velocity error
depends linearly on the viscosity, which comes from the pressure term %Hp — prllo and
hence shows the pressure dependency of the velocity component. Whereas, with the
modified Stokes equation (4.3.23), we get a constant velocity error is given as

_ < i _
= willy < Co g ffu—vall;

similar to (4.2.3), which confirms that the velocity is indeed pressure independent. In the
next chapter, we extend Linke’s approach to linear elasticity.
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Chapter 6

Elasticity Equation

In this chapter, we consider the nearly incompressible linear elasticity, e.g.,

—2uV -e(u) = AV(V.-u)=1f inQ,

u=0 on 0L,
where e(u) denotes the symmetric gradient, and p, A > 0 are the Lamé parameters. To
avoid the locking phenomenon, e.g., [12, Chapter VI.3], typically a mixed form
—2uV-e(u)—Vp=1£f in(,
V-u—ipzo in Q, (6.0.1)
u=0 on 09,

The rest of the chapter is structured as follows. In Section 6.1, we introduce the notion of
gradient robustness and discuss the discretization of (6.0.1). Next, in Section 6.2, we show
that the proposed discretization is indeed gradient robust and provide error estimates. We
conclude the paper with a series of examples highlighting the derived results in Section 6.3.

6.1 Gradient Robustness and Discretization

6.1.1 Gradient Robustness

We use the spaces, V. = H}(Q;RY) and Q = LZ(2). We note that the elasticity prob-
lem (6.0.1) in the weak form is a saddle point problem (3.1.4) with

a(u,v) =2pu(e(u),e(v)), (6.1.1)
b(q,v)=1(q,V-v). (6.1.2)
Using the spaces V&V (3.2.9) and V¥4 (3.2.10), any function v € V is uniquely written

as u=u’+ut € Viv g vdiv.l

Using Helmholtz decomposition (Lemma 4.8), f € L%(Q;R?) can be uniquely decom-

posed as
f=Vo+w, (6.1.3)
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Chapter 6 Elasticity Equation

where ¢ € H'(Q2)/R is irrotational, w is divergence free and both are orthogonal with
respect to the L?(2)-scalar product, i.e.,

(w,V¢)=0. (6.1.4)
With these definitions, the decay of the influence of gradient forces, i.e., w = 0, onto
the solutions u of (6.0.1) can be quantified as the following result from [22, Theorem 1]
shows:

Lemma 6.1. If f € H1(Q) is a gradient, i.c., f = V¢, for some ¢ € L*(2). Then for
the solution u = u® +ut of (6.0.1) it holds u® = 0 and

J_ C
= < .
Jally = flu{l; < M+/\\|¢Ho
In particular, |Jull; = O(A7!) as A — oo.
Since this bound need not hold for arbitrary, inf-sup stable, discretizations, [22, Defini-

tion 2] introduced the following notion:

Definition 6.2. A discretization of (6.0.1) is called gradient robust, if for any fized
f = Vo with ¢ € L*(Q), p > 0 and any discretization parameter h there is a constant cy,
such that the approximate solution w, € Vi and satisfies

Ch
lanlls < li#llo.

6.1.2 Abstract Discretization

Similar to Stokes equation, we select subspaces V;, C V and @), C @ such that there is a
positive constant [ satisfying the inf-sup condition

. (qh7 V ' Vh)
inf sup ———~ >
IhERR v, V), ”(]h”DHVhHI

(6.1.5)

Now, the standard, in general not gradient robust, weak formulation is given as follows:
Find (up,pn) € Vi, x @y such that

a(uh,vh) + b(ph,vh) = (f,Vh) VVh c Vh,
(6.1.6)

1
b(gn, up) — X(phth) =0 Van € Qb.

Under the well known inf-sup condition (6.1.5) on V, and @}, the system (6.1.6) is
uniquely solvable [10, Theorem 5.5.2]. Following [10, Proposition 5.5.3] the displacement
error is thus bounded as follows:

c 1 /1
—wli < inf |u- ( 1) inf [p — aullo. 6.1.7
le =l < 5 inf fu=valli+ 2 (5 +1) inf lIp=alo (6.1.7)
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6.1 Gradient Robustness and Discretization

Figure 6.1: Commutative diagram for the reconstruction operator wdiv

Following [38], we assume that there exists a reconstruction operator
7V, o HY(OQRY) = {ve (R : V-v e L(Q)},

to be specified later in Section 6.1.3, mapping discretely divergence free functions to
divergence free functions. Then the modified problem is given as:

a(uh, Vh) + b(ph, Vh) = (f, ﬂdiVVh) Vv, € Vy,
1 (6.1.8)

b(qn, up) — X(phth) =0 Van € Q.
Clearly, by construction, the modified problem (6.1.8) admits a solution under the same
conditions as (6.1.6), since only the right hand side has been modified. In Theorem 6.7, we
will see that the discretization (6.1.8) is gradient robust, under appropriate assumptions

on w4, Further, in Theorem 6.8, we show the gradient robust displacement error estimate

hk
=il < e (145 s + el (6:19)

where || - ||x denotes the norm on H*(Q2) or H*({;R%); of course assuming sufficient
regularity of u and p and approximation order of V;, and @,. While the introduction
of a variational crime in (6.1.8) means that instead of a quasi-best approximation error
we only provide an estimate of optimal convergence order the estimate (6.1.9) is clearly
better than (6.1.7) in view of the asymptotics as A — oo and pu — 0.

6.1.3 Reconstruction Operator and Assumptions

The construction of the reconstruction operator w4 proposed by [38] is based on the
choice of a suitable subspace M;, C HYW(QRY) satisfying the commuting diagram in
Figure 6.1 where 75 denotes the L?-projection onto @;,. The commuting diagram is

equivalently expressed by the equation
b(gn, ®Vvy) = b(qn, vi) VYvi € Vi, qn € Qp, (6.1.10)
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holds assuming that V - M, C @);,. Further, we define
VO ={v, €V} : blgn, vi) = 0 Vg, € Qu}, (6.1.11)
HM(Q;RY) = {ve HY(Q;RY) : V-0 =0}. (6.1.12)

Then clearly, by (6.1.10) we have that the restriction of w4V to discretely divergence free
functions maps into divergence free functions, i.e.,

7V VY - HV(Q;RY) (6.1.13)
and further for any v, € V, it holds
7y, -n=0 on 0N (6.1.14)

where, n is the unit outward normal vector. Analogously to the continuous setting, we
can define the orthogonal complement Vi by

VJ— = {uh eV, : a(uh,vh) = O,VV}L c V?L},

and the corresponding discrete decomposition u, = u) + upr € V) @ V3. Before we
continue, let us make some, generic assumptions on the considered spaces V, and @y
defined on a shape regular family 7, of decompositions of §2.

Assumption 1. Following [79, Assumptions A1,A2, and A3], we assume, that for some
k> 2 andi= 0,1 the finite element space Vy, is equipped with an interpolation operator

I, HEL(Q; RY) — V), satisfying
hpll v = vlir < chiH Vi Vv e QR T € Ty

where || - |l;r denotes the respective norm on the element T', and hr is the element
diameter. For the space Qy, we assume that the L*-projection . H*(Q) — Qy, satisfies

Woll7¥q —qllir < chkllgllir Vg€ HYQ),T € Th.

Further, it is assumed that Vi, and Qy, satisfy the inf-sup inequality (6.1.5). Finally, we

assume that there exists a subspace Q; C L*(€;R?) such that the respective L*-projection

~T2 .
7wl satisfies

Wel® a—allir < chillaliar Vo e HH(QRY),T €T,
Further requirements on Qh will be made in Assumption 2.

With these preparations, we can now state the additional assumptions on the recon-
struction operator.

Assumption 2. Following [70, Assumption A4J, we first assume, that the reconstruction
operator satisfies the following orthogonality relation

(Vh — Wy, q) =0 Yvy, € Vi, q € Qy, (6.1.15)

where Qh C LA RY) is given in Assumption 1. Second, we assume the following local
approximation property to hold

||7TdiVVh — VhHO,T < Ch?|vh|m,T v Vi, € Vha T e 77wm - 07 1. (6116)
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6.2 Error Analysis

Before concluding the assumption, let us note that the assumptions can indeed be
satisfied. To this end, we give an example which we will also use for the numerical results
in Section 6.3.

Example 6.3. Let us assume that the domain can be decomposed into a family T, of
shape reqular rectangular (d = 2) or brick (d = 3) elements. For the space V;, = V¥,
we consider, parametric, piecewise Qi and globally continuous finite elements with k >
2. For the discretization of QQ, = iil, we select the space of discontinuous piecewise
Py_1 functions. Indeed theses pairs satisfy the inf-sup condition (6.1.5), see, e.g., [10,
Sec. 8.6.3 € 8.7.2] for k = 2, for arbitrary k [23, Sec. 3.2] or []/] for mapped pressure
spaces. Moreover, [79, Sec. 4.2.1] showed, that the choice M;, = BDMj, as space of
Brezzi-Douglas-Marini elements yield the desired commuting diagram property (6.1.10)
together with the canonical interpolation w4V, Further, they showed [79, Lemma 2.1],
that the restriction of w4 to discretely divergence free functions maps into divergence
free functions, i.e.,

v {vih € Vi, 1 b(qn,vi) Yqn € Qn} — {v € HW(Q:RY) : V.v= 0}

and further for any vy, € Vy, it holds

Vv, . n=0 on 9.

Further, [30, Section 4.2.1] shows the validity of Assumption 2 where Qy, is the space of
discontinuous piecewise Pl ., functions.

Remark 6.4. Infact, [79] showed that (6.1.10) follow from a set of assumed orthogonality
properties and surjectivity of divergence and normal traces from which suitable choices of
M, and constructions of 4V can be obtained.

6.2 Error Analysis

This section is taken from our previously published work [9]. We proceed with the er-
ror analysis of the modified weak form (6.1.8). We split the analysis in two parts for
incompressible materials (A = c0) and nearly incompressible materials (A # oo).

6.2.1 Incompressible Materials

We proceed to the error analysis of incompressible materials, where A = oo and the term
involving 1 is dropped in (6.1.8). The analysis follows, at large, the arguments in [10]
with some minor adjustments to the elasticity case.

Theorem 6.5. Let Assumptions 1 and 2 be satisfied and N\ = oco. Then the solution
(u,p) € H*H(Q; RY) x H*(Q) of the continuous problem (6.0.1) and the solution (uy, pn) €
V5, x Qp of (6.1.8) satisfy the error estimate

lo =l < e 3 Ml < b ul,
TeTs
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where | - |, denotes the H*-semi-norm, where k > 2 is given by Assumption 1.

Before proving the above theorem, we would like to prove an important lemma which
is need to prove the theorem.

Lemma 6.6. Let Assumptions 1 and 2 be satisfied and X\ = oo. Then for any functions
u e HY(QRY) and wy, € Vy, it is

\(V Ce(u), 7w, + (g(u)7g(wh))‘ <c Y Bhalrwallir, (6.2.1)
TeT

where | - |1 denotes the H*-semi-norm on T, where k > 2 is given by Assumption 1.

Proof. We add and subtract (V - e(u), wy,) on the left to obtain

(V -e(u), #wy,) + (e(u),e(wp)) = (V- e(u), #Vw);, — wy,)

) ) + (V- c(w)wy). 0P

Since V - e(u) € L2(Q;R?), we can apply the projection 7L, from Assumption 1, to get
7V - £(u) € Q. By the assumed orthogonality in (6.1.15), we have

(%LQV - e(u), Vw, — Wh) =0, Vwy, € V.
Using Assumption 1 and (6.1.16), we obtain, for the first summand on the right of (6.2.2),

(V e(u), 7w, — Wh) - (v e(u) — 7V - e(u), 7w, — Wh)

< YV -eu) = 7V (@) ol mwy = Wallor

) (6.2.3)
< Z chlfp 1’V'E(U)‘k—l,ThTHWhHLT
T€77L

< > ehflulprrl|wallir
TeTh

For the last two summands of (6.2.2), we apply Gauss divergence theorem to get

(V- e(u), wn) + (c(1), e(wp)) = / c()-n wyds =0 (6.2.4)

o)
since wy, = 0 on 02. Combining (6.2.2) with the bounds (6.2.3) and (6.2.4) the assertion
is shown. O

Now, we continue to prove Theorem 6.5

Proof. (of Theorem 6.5) Let uy, be the solution of (6.1.8), with A = oo, and let v;, € VY
be arbitrary. Defining w;, = u;, — v;, € V9 and applying the triangle inequality gives

Ju = walls = ffu = wi = valli < fJu = vally + [[wal:. (6.2.5)
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6.2 Error Analysis

In view of the interpolation estimate in Assumption 1, we are left to estimate ||wy]|;.
From Korn’s inequality, we have

cllwall? < [le(wa)ll5.
From this, we conclude

2ucl|willi < a(wn, wh)

= a(uh - VhaWh) (6 9 6)
=a(u, — v +u—u,wy) o

< la(a — vy, wy)| + |a(up — u, wy)|.
For the first summand on the right of (6.2.6) we use Cauchy-Schwartz inequality to get
|a(u =i, wa)| < 2pfle(u = vi)lolle(wa)llo < 2pflu = Vil [|wallr- (6.2.7)
Before we come to the bound of the second summand in (6.2.6), we make some prelim-
inary calculations. Since uy, is the solution of (6.1.8), choosing v, = wy, € V9 gives
a(uy, wy) = a(uy, wp,) + b(pp, wi) = (F, 7V wy,). (6.2.8)
div

Further, since u is the solution to the equation (6.0.1) multiplication with 7w®Vw}, and

integration yields
—QM/V ce(u)mWwy, dr — /Vp aWw, dr = /fﬂ'divwh dz
) Q 9)
by the compatibility of the reconstruction with the kernel of the divergence, i.e., (6.1.13)
and (6.1.14), this gives
—2u(V - e(u), #w;,) = (f, #Vwy,)
Combining this with (6.2.8), we get

a(uy, wy) = =2u(V - e(u), #wy,). (6.2.9)

Now, we can bound the second summand on the right of (6.2.6), using (6.2.9) we get

W) — 2u(e(n), 5(Wh))‘

la(uy, —u,wy)| = )—QM(V ce(u),
< 20)(V - e(w), 7 wi) + (e(u) =(wi) |
By the previously shown lemma, i.e., (6.2.1), we can bound the right hand side to get

la(uy, =, wi)| < 2pc > (K ulkzwallr)
TeT,

. (6.2.10)
< 2uc ( 3 h%’“lU!ZH,T) w1
TeTh
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Now combining (6.2.6) with the two bounds (6.2.7) and (6.2.10), we get

D=

[walls < clfu—valli +¢ ( ) h%’“!uliH,T)

TeTh

Substituting this in (6.2.22) yields

2
lu—wlly <clla—valls +¢ ( > h%’“hlliﬂm) : (6.2.11)

TeT,

To bound the best approximation error on V9 in this inequality, we proceed using inf-sup
condition as in [23, Chapter 2, (1.16)] and the assumed interpolation estimate on Vj, in
Assumption 1, to get the estimate

3
inf |lu—v <c¢ inf [lu—v <c h2*ual? .
Ju u vl < e inf u= vl < (; Hlul

Using this in (6.2.11) gives the desired estimate. O

6.2.2 Nearly Incompressible Materials

For the nearly incompressible case, i.e., (A # 00), we start by assuming a gradient force
f = Vo, for some ¢ € L*(Q2). From Lemma 6.1, we have that the solution of (6.0.1) for
such an f is u = ut. The following result shows, that our mixed discretization (6.1.8) is
gradient robust in the sense of Definition 6.2.

Theorem 6.7. Let Assumptions 1 and 2 be satisfied. If the right hand side f € H=(Q; R?)
of equation (6.1.8) is a gradient field, i.e., f = V¢, for some ¢ € L*(Q), then the solution
(up, pr) € Vi xQy of (6.1.8) with X # oo satisfies uy, € Vi- and the gradient robust bound

1

ol (6:2.12)

lunly < e

with a constant ¢ independent of h.

Proof. Consider v;, = uy, in equation (6.1.8) with f = V¢. Then integration by parts for
the right hand side, using the zero trace from (6.1.14), we get

a(uy, up) + b(pn, wp) = — (¢, V- w8Vuy). (6.2.13)

Since V - w4Vu, € Q), we can rewrite the right hand side as

(6, V- 7'uy) = (779, V - 7Vu,). (6.2.14)
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6.2 Error Analysis

Since 7'V - uy, € Qp, we can use it to test the second line in (6.1.8) giving

(7TL2V . uh,ﬂLQV ‘uy) = (7rL2V ~up, V-uy)

1 2
= X(pha 7TL V- uh)
1 (6.2.15)

= X(phu V. uh)

1
— 7b(ph7 uh)'

A
Substituting (6.2.14) and (6.2.15) in (6.2.13), we get
a(up, up) + ATV w7V ) = (79, V - wlVuy,). (6.2.16)
Now 7°¢ € @, and u, € V), hence, by (6.1.10), it holds
(726, V - 7)) = (7% 6,V - uy).
Filling this into (6.2.16) gives
2u (e(up),e(up)) + A (7TL2V cup, TV - uh) =— (7TL2¢, V. uh) . (6.2.17)
Using Cauchy-Schwartz inequality, we get
2ulle(un) |2 + A= - w2 < 7 6l 7=V - wallo < I6loIT™V - wallo.  (62.18)
Now, to estimate the H'-norm of uy, we notice that by the choice of f and (6.1.13),
testing the first equation in (6.1.8) with a function v;, € V) yields
a(up, vi) = =b(pn, va) = (¢, V - v ) = 0
and thus u;, € Vi. Hence by, e.g., [29, Lemma 3.58] it holds
lapll < |7V - uo (6.2.19)
with a constant ¢ depending on the inf-sup constant § from (6.1.5), since T’V .u, € Q).

Using Korn’s inequality, (6.2.18), and (6.2.19), we get

2
(e Mlanllf < cplle(uu)ls + Al 7™V - u ¥
< clolloflunlls,

and thus the assertion is shown. O

(6.2.20)

Theorem 6.8. Let Assumptions 1 and 2 be satisfied. Then the solutions (u,p) € V x Q,
of the problem (6.0.1) and (up,pn) € Vi X Qn of (6.1.8) satisfy the error estimate

hk
o=y < e (14 /5 ) ulless + el (62:21)

provided the reqularity (u,p) € H*1(Q;RY) x H*(Q) is given, where k > 2 is given by
Assumption 1.
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Proof. As in the proof of Theorem 6.5, we could split the error
lu—anlly = [[a = wn = valls < lu =il + [|walls, (6.2.22)

where w;, = u, — vy, with arbitrary v, € V;, and ¢, € Q)),. However, as it will turn out
to be useful, we will select ¢, = b’ p and vy, as a particular Fortin operator applied to u,
i.e., satisfying the following equation

(e(vn)e(epn)) + b(pn, pn) = (e(u), e(epn)) Ven € Vi, (6.2.23)
b(Sh,Vh) = b(Sh, ll) Vsp € Q.
Clearly, the solution to the continuous counterpart is (v,p) = (u,0). Since the above
equation is uniquely solvable, see, e.g. [10, Theorem 4.2.3], we have the orthogonality
b(m¥*p — pu,u — v,) = 0 and the approximation error satisfies, e.g., [10, Theorem 5.2.2].
la = vulli + |2 = Pullo < e inf |Jlu—pnlli +¢ inf ||0—splo, (6.2.24)
@rhEV) ShEQR

which gives
lu=vpli <c inf |lu—eu: (6.2.25)
PreEV)

Due to the interpolation estimates in Assumption 1, we are left with bounding w;, =
u,—vy € Vyand v, = pr, —qn € Q. We split wy, = W%—FW;JL‘ € V?L@Vﬁ. By definition of
the bilinear forms a and b, i.e., (6.1.1) and (6.1.2), and the first line in (6.1.8) and (6.0.1),
the remainder wy, and r, satisfy, for any discrete function ¢, € Vy,

a(Wn, pn) + b(rn, on) = a(u, — v, n) + 0(pr — an, 1)

= (£, 7™y, — n) +a(u — vi, 1) + b(p — qn, 1)

Analogously, from the second line in (6.1.8) and (6.0.1), we get for arbitrary s, € @,
1 1

b(sn, wn) — X(Tm sn) = b(sp, up — vp,) — X(ph — Gh, Sh)
1 1
= blsn, un) =  (pn s) - (b(sn, Vi) — NG ) (6.2.27)
1
= b(sp,u—vy) — X(P — qh, Sn)-
Testing (6.2.26) and (6.2.27) with @5, = wy, and s, = 1, we get
2, 1 2 1
cplwilli + S llrnllo < alwn, wa) + ~(ra; 74)
1
= a(Wpn, W) + b(rp, wp) — b(rn, wp) + X(Tha Yy (6.2.28)

= (£, 7%Wwy, — wy) + a(u — vy, wy)

1
+b(p — qn, Wn) — b(rp, 0 —vp,) + X<p — G, Th)-
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Using (6.2.1) and (6.0.1), we obtain a bound on (f, 7w}, — wy},) as follows

(£, 7w, — wy,) = —2u(V - e(u), 7w, — wy) — (Vp, 7wy, — wy,)
= —2u(V - e(w), 7wy) — 21 (e(u), e(Wn)) + b(p, T wh — W)

<cp Y hplulpsrwallur + b(p, 7wy, — wh)
T

2
< 2puc ( ) h%’“!ﬂ!@m) Iwalls + b(p, w Wy, — w).

Substituting this in (6.2.28), we get

1 2
culwallt + S lIrallg < 2ue ( > hlaliy T> Wl
TET,

iv 6.2.29
+ (b(P7 7wy, — wp,) + b(p — qn, wi) — b(rp,u — Vh)) ( )
1
+ (a(u — Vi, Wp) + X(P — Gn, Th))‘
The last line can be estimated as
1 cl cl
a(u — vy, wp) + X(p —qn,Th) < *||u — vl + ?HWhH% 2>\||p anllf + 2>\||7’h||o

From (6.1.10), we have that b(qs, 7w, — wj,) = 0. Hence the second line in (6.2.29)
becomes

b(p, VW, — wp)+

S

(p = qn, wp) — b(rp, 0 — vy)

b(p — qn, T Wi, — W) + b(p — qn, W) — b(rn, u — vy)
5(77 p — qn, ¢ Wh) —b(ph — qn, 1 — Vy)

(7 p — . wi) — b(pr — qn, 1 — vy,)

where we used the properties of the L2 projection 7°, the commutative diagram (6.1.10)
and V- M, C ;. Now, we utilize the choice ¢, = rk p to further simplify the represen-
tation of the second line in (6.2.29) to be

b(P> Wdivwh - Wh)+ b(P — qn, Wh) —b(rp,u—vy)

= b(ﬂ-LQP — 4h, Wh) - b(ph — (Gp, 0 — Vh)
=0

by our choice of v,. This provides the bound

1
2
clh 1
Lliwall? + 5 Irall3 < 2uc(z h%’f|u|z+1,T) Iwal:

TeT,

(6.2.30)
clh 1
+ ?“u —villT + ﬁHP — anll3.
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Of course (6.2.30) provides a bound on wy, but as it is suboptimal, in view of the A
dependence, we continue by splitting wj, = w9 + wi-.

We first bound ||w?|;. Consider cu|w?|; and using that a(wy,w)) = 0, we have,
using (6.1.11), (6.2.26), and the choice of v;, by (6.2.23) that

CMHWQH% < CL(W27W2) = G(Wh, W?z) = G(Wh,Wg) + b(?’h,Wg)

— ()~ )

( 2uV - e(u) + Vp, iV w) — w2)
< (209 =(w), 7w — wh) + (Vi ww — wh)
< (=20 - e(u), 7 Wh) — i (e(w), e(wh))
< p(=2V - e(u), 7w wWh) — 1 (e(w), e(wh)) -

Thus, by Lemma 6.6, we conclude

cpllwhllt < pe - hpllullkozliwhllie < cph*l[uflea[will
TeTh

and hence
Iwills < ch*[[ull1. (6.2.31)

For ||wi||1, we utilize wi- € Vi i.e.,

(v ’ Wthh) = (v : Wi_vqh) VC]h € Qh

meaning
VY w, =7V Wi
Using [29, Lemma 3.58|, we get with a constant ¢ depending on the inf-sup constant

Wil < el (V- W) llo
< |7V, — 7V vl

Phn

<c 7—71' V-u

0

from the definition of v; in (6.2.23). Hence, noting that V - u = +p, we obtain

HW%_AWﬁ%% ﬂ%%

We conclude from (6.2.30)
Irnlls < epAR [[ulliyy + cllp — anllo
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and thus we obtain the final bound on wij

C
Wil < S llrllo

(6.2.32)
c
< ey/SR¥ ull + 1o = anll
Now, we can bound ||wp||; using (6.2.31) and (6.2.32)
[wall < [lwhll + [[wi [l
c
< ch¥|ul|p1 + XHThHO
c 6.2.33
< el + e Sl + S o = aul (6:2:33)
1 c
< (14/5) Bl + o = aullo
Finally, we arrive at the desired bound
=yl < flu=wulli + [[Walx
c (6.2.34)
< (14 /8) Wl + A4 lpl
A A
by definition of ¢, and Assumption 1. n
6.3 Numerical Results
For our computation, we use DOpElib [21] based on the deal.Il [1] finite element library

with rectangular meshes. All examples are posed on square domains and the meshes are
obtained by bisection. For the computation we considered the inf-sup stable Taylor-Hood
element (Qy x Q;), for comparison of our results with [22]. Further, we utilized the inf-
sup stable discretization Q, x DGP; (discontinuous P; pressure) and its gradient robust
modification by interpolation into BD M, as discussed in Example 6.3.

First, we present an example for incompressible materials.

Example 6.9. For the first numerical ezample, we consider a small variation of Fxample
5.1 in [55], where the displacement and pressure on the domain € = (0,1)% is given as

2002%y(1 — x)%(1 — y)(1 — 2y)
n@y) = [—200;:1:(1 -y —yf)(l - g@]

1\, 3 AN
p(z,y) =—10 (x - ) ¥+ (1—2) (y - ) +=]. (6.3.2)
2 2 8
for the incompressible linear elasticity equation

—2uV -e(u) + Vp =1,
V-u=0

(6.3.1)

(6.3.3)
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Figure 6.2: Comparing displacement error in H' norm vs. % for Example 6.9 with and without
gradient robust modification for 64 square elements

with homogeneous boundary conditions on u and thus define £, of course the pressure is
defined up to a constant only.

Comparing (6.1.7) with Figure 6.2, we notice that the H'-norm displacement error
without interpolation asymptotically grows linearly w.r.t i as predicted due to the ap-

pearance of the pressure term i 1265 Ilp — qnllo in (6.1.7). The error is independent of p,
qh h

highlighting the prediction of Theorem 6.5.
For future examples, we consider nearly incompressible materials given by equation (6.0.1).

Example 6.10. For the second numerical example, we set the right hand side f = V¢; ¢ =
2% + % on the domain Q = (0,1)* and consider nearly incompressible elasticity, i.e.,

—2uV -e(u) = Vp =1,

1
‘U——p=0
V-u N

with homogeneous boundary conditions on u as in [22, Example 2].

From Lemma 6.1, the solution for Example 6.10 in the limiting case (A = c0) is given
as u™® = 0 and p>® = z°% + 5. From equation (6.2.12), we have the bound for the solution

A
uj as

C
A+

on the discrete function for a gradient robust discretization. For g = 1075, we have
A+ pu =~ A\VA > 1. Hence, we see a green line with positive slope in Figure 6.3a for
the gradient robust method, while the non robust method shows an almost constant

[ =yl = [[uplh <

1lo
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Figure 6.3: Comparing displacement error in H'! norm for Example 6.10 with and without
gradient robust modification for 64 square elements

w)||; # 0. However, for A = 10° we have —— =~ ¢(constant) V0 < p < 1, which is seen in
” h Ap K

the flat green line in Figure 6.3b.

For non-gradient robust methods, we have

c /1
il < & (5 +1) ol

from equation (6.1.7). For p = 107°, the term (i + 1) — 1 as A — oo. The same is

shown by the flat red line in Figure 6.3a. However, for A = 107°, we have ||u)||; < “[lello-
Which is shown by the red line with negative slope in Figure 6.3b.

It should be noted in this example, that the (blue with triangles) line for the non-
gradient robust Qs x DGP; method coincides with the (green with dots) line for the
gradient robust modification. However, this appears to be due to the particular problem
data hiding the non-gradient robustness of the Qy x DGP; discretization. That indeed,
the standard Qs x DGP; method is not gradient robust is shown in the following example.

Example 6.11. For the third numerical example, we consider the right hand side f =
V; ¢ =— (10(x — 0.5)%y? + (1 — x)3(y — 0.5)> + 1/8) in Ezample 6.10 while keeping the
homogeneous boundary values, and the equation, for u.

Figure 6.4 shows our previous statement, that Example 6.10 failed to show the missing
gradient robustness of the standard Qs x DGP; discretization. Indeed, in this example,
both Oy x O and Qg x DGP; discretization show the undesirable blowup for y — 0 and
the constant value as A — oo, while the gradient robust modification shows the desired
convergence.
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Figure 6.4: Comparing displacement error in H'! norm for Example 6.11 with and without
gradient robust modification for 64 square elements

Example 6.12. For the fourth numerical example, we consider, again, the nearly incom-
pressible case with homogeneous boundary conditions on u, the values of u* and thus f
are given as in Example 6.9 and the domain € = (0,1)2.

In this example, for A = oo, the solution u™ is known, i.e., it is given in (6.3.1). We
denote the solution, for A # oo, as (u’\,p’\). We compute the error [|[u® — up||; in our
numerical results, where uj is the discrete approximated solution for a given value of \.
Since, Theorem 6.8 provides an estimate, for [[u* — u}||;, we use the triangle inequality
to get

[0 —uplly < Ju™ —u + ot = ugl,

ch2 (6.3.4)
< o — s (15 ) B2y + S

Figure 6.5b follows the same pattern as Figure 6.4b. However, there is a slight difference
between Figures 6.5a and 6.4a, which can be explained by (6.3.4). In the limit A — oo
and fixed g = 107°, we have (1 + \/g) — 1 and ||[u® — u?||; — 0, and we observe

0™ =zl = [[u™ = wiell < ch?[lu|ls (6.3.5)
for fixed refinement as it is shown in Figure 6.5a. Figure 6.6a further confirms (6.3.5)
as we can see the order O(h?) for ||u* — up||; for large values of A. In Figure 6.6b, we
observe the convergence |[u® — up||; — |[u® — u?|| as b — 0 and the decay of the error

[u>® —u?|| - 0as A — 0
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Figure 6.5: Comparing displacement error in H! norm for Example 6.12 with and without
gradient robust modification for 64 square elements
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Chapter 6 Elasticity Equation

Example 6.13. Finally, we would like to compare our results with the thermo-elastic
solids example given in [22, Section 6]. The gradient force f is given by a temperature 0
as

f=—(2u+3))aVe.

The material used is a nearly incompressible hard rubber with Young’s Modulus E =5 X
107[Pa], Poisson ratio v = 0.4999 and the thermal expansion coefficient o = 8 x1075[1/K].
Hence the Lamé parameters are X = 8.332 x 10*°[Pa] and u = 1.6667 x 107[Pa]. We take
the domain Q = (0, L)* with L = 0.1[m]. The temperature field is obtained as the solution
to the stationary heat equation:

—V Vo=,

where v = 0.2[W/(mK)] is the thermal conductivity coefficient and f = 4xexp(—40r?)[W /m?]
is the heat source, with r* = (x — 0.5L)* + (y — 0.5L)?. Homogeneous Dirichlet boundary
conditions are applied on both temperature and displacement. It is important to note that

0 € H'(Q) and thus £ € L*(Q;R?). For numerical computation, we additionally solve the
temperature equation by a standard H'-conforming finite element discretization. Hence,
the finite element spaces mow consist of three components, the first two denote the dis-
placement and pressure discretization as before. The third element, always Qs, is used to
solve the equation for the temperature 6.

l 1.2e-05

I 0.0e+00|

(a) 16 elements (b) 64 elements

Figure 6.7: Displacement |u[ = ,/u2 +u2 for different number of elements with Qy x
DGP;1 x Qs with BDM Interpolation
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Figure 6.8: Displacement |u| = |/u2 + u2 for different number of elements with Q, x Q; x
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Figure 6.9: Displacement |u| = ,/u2 +u2 for different number of elements with Qy x
DGP1 x Qy

In Figure 6.7, we can see that we achieve a well represented solution for the displacement
with only 64 elements using a gradient robust method, and the magnitude is already
captured with only 16 elements. In comparison, the non-gradient robust methods require
256 and 1024 elements, respectively, to get a solution of similar shape and magnitude, see
Figures 6.8 and 6.9.

The above example and figures show that, using the modified discrete problem (6.1.8)
with the interpolation operator, gives us faster convergence of the displacement oper-
ator compared to (6.1.6). In the next chapter, we would like to see the effects of the
interpolation operator in the phase-field fracture propagation problem.
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Chapter 7

Phase-Field Fractures

In this chapter, we present an extension of the work carried out in [3] on pressurized
fractures in nearly incompressible solids using an adaptive finite element discretization.
We proceed by introducing the notation required for the pressurized fracture problem
described in [8], in Section 7.1 and introduce mixed formulation in Section 7.2. In Sec-
tion 7.3, we discuss the discretization of the problem. In Section 7.4, we provide numerical
results and discussions given in [3]. Section 7.4.4, discusses, how can we extend the dis-
cussion further, under the effects of an external thermal force similar to Example 6.13 in
Chapter 6.

7.1 Notation and Problem

In this section, we introduce notation and describe the problem discussed in [3]. For the
sake of better readability, we introduce few already defined notations again. Consider a
domain Q C R? with C C R denoting the fracture and Q C R? is the intact domain. The
outer boundary is denoted as 02 and 0rQ == C denotes the fracture boundary.

Using a phase-field approach, the one-dimensional fracture C' is approximated on the
domain ©Q € R? with the help of elliptic (Ambrosio-Tortorelli) functional [1, 2]. This
yields an approximate inner fracture boundary 0r{2 ~ C. Variational phase-field fracture
starts with an energy functional and the motion of the body under consideration is then
determined by the Euler-Lagrange equations, which are obtained by differentiation with
respect to the unknowns. The unknown solution variables are vector valued displacement
u: Q — R? and a scalar valued indicator phase-field function ¢:  — [0, 1]. The indicator
function ¢ = 0 indicates that there is fracture/crack region and ¢ = 1 indicates the
unbroken material. Any value ¢ € (0,1) denotes a smooth transition zone dependent on
the regularization parameter e. From physics of the underlying problem, we have crack
irreversibility condition

o < "L (7.1.1)
Where, ¢! denote the previous time step solution and ¢ is the current solution.
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Chapter 7 Phase Field Fractures

7.2 Problem Statement
Given spaces V = H} (;RY), W = H'(Q) and the convex set
K = K”:{wEW:wgtpn_l <1a.e. on Q} (7.2.1)

including the inequality constraint. Note that the latter constraint "' <1 is provided
for convenience, only. The Euler-Lagrange system for pressurized phase-field fracture
reads [17]:

Problem 1. Let p, € W'>®(Q) be given. For the loading steps n = 1,2,3,...,N : Find
vector-valued displacements and a scalar-valued phase-field variable {u, ¢} = {u™, "} €
V x K such that

(9()o(w).e(v)) + (¢%p4. V- V) + (¢*Vpg,v) =0 VveV, (7.2.2)
and
(1 =) (po(u): e(u), ¥ — ¢)
+2 (sopglv' u, Y —9)2(pVpy- u, v — ¢) (7.2.3)
+Go(—(U- -0 +e(Ve. V(@ - ¢))) 20 Yy ek
Here,
g(p) = (1= K)* + k) (7.2.4)

is the degradation function with a small regqularization parameter k,G. is the critical
energy release rate, and o(u) is given as

o(u) :==2pe(u) + Atre(u)l, (7.2.5)

from the Hook’s law for linear stress-strain relationship of isotropic materials. Where p
and X denote the Lamé coefficients and e(u) = %(Vu—i— VuT) is the linearized strain
tensor and I is the identity matrix.

Remark 7.1. Please note that we used a different notation for the linearized strain tensor
than the one used in Chapter 6. We wanted to be consistent with the notation of the
reqularization parameter € used in the literature.

As with Stokes problem in Chapter 4 and Elasticity problem in Chapter 6, we use a
mixed form to avoid the volumetric locking phenomenon. Now the stress tensor in the
mixed form is given as:

o(u,p) =2pe(u) + pl, (7.2.6)
where, we define the pressure p € Q = L3(9) as

p = Atre(u). (7.2.7)
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7.3 Discrete formulation

Remark 7.2. The solution variable p is not be confused with the given pressure p,.

A mixed form for p, = 0 is given in [13]. Extending that for a non-zero given pressure
pg 7 0, we get

Problem 2. Let p, € W'*(Q) be given. For loading steps n = 1,2,3,...,N: Find
vector-valued displacements, a scalar-valued pressure and a scalar-valued phase-field vari-
able {u,p, o} = {u™, p", "} € Vx Q x K such that

(9(p)o(w,p),e(v)) + (¢%pg, V- v) + (¢*Vpyv) =0 ¥YVEV, (7.2.8)
and )
(tre(u).q) = 3(p.@) =0 Vge@Q, (7.2.9)
(1—k)(po(u,p): e(u), v — ¢)
+2(‘Ppglv‘ u, _¢)2(90Vpg' u,¢—¢>) (7'2‘10)
+Ge (-2 = p 0= ) +e(Vp. VW -9)) 20  Vyek.

Now, we proceed to the discretization of Problem 1 and Problem 2 and also see how
we can use the interpolation operator 74 and get a modified problem similar to (4.3.23)
and (6.1.8) in the next section.

7.3 Discrete formulation

The discretization is similar to the earlier problems with a uniform set of elements T €
Tn = T,'. But to allow adaptive refinement locally, a single hanging node per edge at
which degrees of freedom will be eliminated to assert H!-conformity of the discrete spaces
is allowed. The set of nodes ¢ is denoted as N and, we further distinguish the set N9 of
the nodes at the boundary and the set of interior nodes N7 = N\N?. Adhering to the
inf-sup condition (3.3.3) and other necessary conditions of Theorem 3.14, we choose the
following finite element spaces

Wi = Wi = {v € CQ): VT € Tl € Qu(T)} C W

(7.3.1)
Qh = Z:{thQVT€E7Qh|TEP1(T>}CQ7

and we use
V, =V, = {Vh € COUR?Y): VT € Tp,vi|r € Qi(T)? and v, = 0 on 89} cV (7.3.2)
for Problem 1 and for Problem 2 we use

V, =Vp = {Vh € CO(Q;RQ): VT € Th,vi|r € Q2(T)? and v, = 0 on GQ} cV.
(7.3.3)
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Using the Nodal Interpolation N from Definition 5.17, where n represents the current
time step, we define the discrete feasible set for the phase-field as

Ky = Kji = {vn € Wi vn(q) <N" (¢i (@), YgeN}. (7.3.4)

The nodal basis functions of the finite element space W) are denoted by ¢,. Now, we
define the spatially discretized time step problem.

Problem 3. Let p, € WH>®(Q) be given. For the loading steps n = 1,2,3,ldots, N:
Find vector-valued displacements and a scalar-valued phase-field variable {up, pp} =
{ull, o'} € V}, x K}, such that

(g(gOh)O'(llh), €(Vh)) + (gﬁipg, V- Vh> + (Qbivpg, Vh) =0 VV}L € Vh, (735)
and
(1 — k) (pno(un): e(un), Yn — on)
+2(npg V- U, Y — pn) + 2 (0n Vg Wny Y — 1)

+G (=2 == ) +e(Von V=) 20 Vin€ K,
(7.3.6)

Now, we proceed to discretize the mixed form Problem 2 as

Problem 4. Let p, € W'°(Q) be given. For the loading steps n = 1,2,3,...,N: Find
vector-valued displacements, a scalar-valued pressure and a scalar-valued phase-field vari-
ables {up, pn, on} = {u}, p}, i} € Vi, x Qp, X K}, such that

(9Cen)o(un.pn).evi)) + (2 0o, V- vi) + (63 Vpgva) =0 Yvi € Vi, (73.7)
and

(tre(un), qn) — i(Ph,Qh) =0 Vg, €Qn (7.3.8)

and
(1 — &) (pno(up, pr): e(un), vn — én)
+2(0nPg V- n, ¥ — @) + 2 (0nVpg- un, bn — o),

+ G (—i (1 —on,tbn = on) + € (Von, V (b — th))) >0 Vi € Ky
(7.3.9)

Similar to the previous chapters, we provide a modified version of the above problem
using the interpolation operator 74V, Now, as mentioned in Section 7.3, we used the
finite element pair Q; x Py in [8]. So we have to use the Raviart-Thomas element of
order 1; (RT) for the HY conforming space. Hence, the interpolation operator is given
as ™ V, — V), where

Vi = {vh €C°(UR?) : VT € Ty, valr € RT1(T)} (7.3.10)

The modified problem is given as
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Problem 5. Let p, € WH>®(Q) be given. For the loading steps n = 1,2,3,...,N :
Find vector-valued displacements, a scalar-valued pressure, and a scalar-valued phase-field
variable {up, pn, on} : {u},pr, op} € Vi, x Qn x K}, such that

(9(en)o(an, pn) e(vi)) + (25 pg, V- Vi)

(7.3.11)
+ ((Zﬁ%pr 7Trch) =0 Vv, € Vh,
and |
(tre(un), gn) = S (Prsan) =0 Van € Qn, (7.3.12)
and

(1 — &) (eno(an, pr): e(up), vn — én)
+2(0npg V- n, ¥ — @) + 2 (0nVpg- un, bn — o),

+ G (—i (1 —on,tbn = on) + € (Von, V (b — Sﬁh))) >0 Vi € Ky
(7.3.13)

In order to calculate the divergence of the interpolated term (V- 7™vy), we use the
FEValuesInterpolated.gradient function from (5.4.9) and calculate the divergence as
a trace of the gradient tensor. For calculating the interpolation term 7vy,, we use
FEValuesInterpolated.values from (5.4.8).

7.4 Numerical Tests

In this section, we describe the setting of the numerical examples discussed in [3], which
are motivated by the theoretical calculations of Sneddon [55] and Sneddon and Lowen-
grub [54].

7.4.1 Setup

Following [51], where v = 0.2 is discussed, a two-dimensional domain 2 = [—10, 10}* as
seen in Figure 7.1. The initial crack length is defined as [y = 2.0 and width is 2d. The
crack domain Q. = [—1,1] x [—d,d] C Q. As discussed earlier, the phase-field function
¢ describes the crack domain, i.e., ¢ = 0 in Q. and ¢ = 1 in Q\Q.. The thickness 2d
corresponds to 2hv/2, where h is the diameter(maximum length inside) of the cell 7. For
the numerical testing, we use ¢ = N (¢9).

We consider homogeneous boundary conditions for displacement and Neumann condi-
tion (traction free condition) for phase-field, i.e., €0, = 0 on 9. For all tests in this
section, the crack bandwidth e is set as € = 4v/2d, the regularization parameter « is deter-
mined sufficiently small with x = 1078, The fracture toughness of the observed material
is G, and the Young’s modulus £ = 1.0. All the numerical tests are based on the three
configurations derived from Sneddon’s setup [51].
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-—) crack C
/I\

transition zone of size €

o2

Figure 7.1: 2D domain 2 with Dirichlet boundaries on 92, an initial crack C of length 2l
and width e, where the phase-field function ¢ is defined.
7.4.2 Examples

Example 7.3. Constant given pressure p, = 107% and v = 0.2 to v = 0.5 using Problem 3
and compare it to Problem /.

Example 7.4. Constant given pressure p, = 1073, v = 0.2 to v = 0.5 and a compressible
layer around the finite domain as well as in the prescribed fracture using Problem 3 and
compare it to Problem /.

Example 7.5. Non-constant pressure pgy,v = 0.5 and a compressible layer around the
finite domain as well as in the prescribed fracture using Problem j and compare it to
Problem 5.

7.4.3 Observations

For all examples described, the following quantities of interest are calculated:
« Total crack volume (T'CV);
o Bulk energy Fj;
o Crack energy E..

For TCV, manufactured reference values can be computed for an infinite domain from
the formulae presented in [51][Section 2.4]. Numerical values on the cut-off domain in
Figure 7.1 for v = 0.2 can be found in [71]. Numerically, the total crack volume can be
computed by using

TCV = /Qu(:c,y) -Vo(z,y) d(z,y). (7.4.1)
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As a second quantity of interest, the bulk energy Fj is defined as
E, = / g(;b)a : e(u)dz, (7.4.2)
Q

where o := o(u) for Problem 3 and o := o(u,p) for Problem 4 and 5. As third quantity
of interest, the crack energy is computed via

B, = C;/Q <(90_€1)2+e|w|2> dz. (7.4.3)

As we focus on the gradient robust methods using interpolation operator in this thesis,
we are interested in Example 7.5, where the comparison is done between Problem 4 and
the modified, Problem 5. Building on Figure 7.1, we construct a domain [—20, 20]? which
contains the previously define domain [—10,10]?. The surrounding layer of width 10 is
defined as a compressible material with v = 0.2. All other parameters, namely, E, G., k
and (). are same as defined in Section 7.4.1. The same compressible layer is used inside
the prescribed fracture on the set [—1, 1] x [—d, d].

We use a non-constant given pressure p, is given as

pg = f(x)g(y) (7.4.4)
where,
0.001 1<z <2,
1) —0.002 2%(x — 1.5) 0<z<1,
€Tr) =
0.002 (z —3)*(x —1.5) 2<z <3,
0 otherwise,
1 ly| < 0.5,
g(y) =< 2(ly] — 1.5)%ly| 0.5 <|y| < 1.5,
0 otherwise.

When we compare the quantities of interest, i.e., TCV, E., and E, for Problem 4 and
Problem 5, we observe that the results are almost similar up to 5 decimal points [3].
This can be explained by the choice of the pressure p,. The pressure chosen in (7.4.4) is
relatively simple and the jump in the pressure on the prescribed fracture is aligned with
the mesh and no difficulty in the pressure approximation.

The thermal example considered in Example 6.13, showed that a well represented solu-
tion can be obtained with fewer number of elements in case of gradient-robust methods,
compared to the non-gradient-robust version of the Elasticity problem. In the next section,
we would like to apply the same external force under similar conditions to Example 7.5
and see if we can observe changes with and without the interpolation operator.
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l1.0e+0 l1.0e+0 l1.0e+0
| 5.0e-01 | 5.0e-01 | 5.0e-01
IO.Oe+O IO.Oe+O IO.Oe+O

(a) 400 elements (b) 1600 elements (c) 6400 elements

Figure 7.2: Initial setup of the domain, ¢ = 0 for fracture and ¢ = 1 for no crack for
various meshes

7.4.4 External Thermal force

Since the given pressure p, used in Example 7.5 did not give any observable change
between Problems 4 and 5 (see [, Table 5]), we remove the given pressure p, entirely and
introduce an external gradient force f which is given by a temperature #, similar to what
we did in Example 6.13 as

f = —(2u+3)\) aVve,

where, the temperature field is obtained as the solution to the stationary heat equation:
—V.-4Vo = f.

The following table shows the list of all values used in this example.

| Parameter | Value |
5 x 107 [Pa]
0.4999

8.332 x 101°[Pa)
1.6667 x 107[Pal
0.2[W/mK]

8 x 10-7[1/K]

Young’s Modulus

Poison ratio

Lamé Parameter

Lamé Parameter

Thermal conductivity coefficient
Thermal expansion coefficient

O 2 T > % ™

We consider the domain 2 = [—2.5,2.5]* with a fracture of length 2cm and width 1em
centered at the origin, which can be seen in Figure 7.2. As described earlier, phase-field
function ¢ = 0 refers to the material with crack and ¢ = 1 refers to no crack on the
material. We use a smooth bilinear transformation for the phase-field ¢ to go from 0 to

1.

Unlike Example 6.13, we cannot put the external thermal force at the origin due to the
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fracture, so we move the thermal force to four edges of the domain as
f 4t2exp{ (x—25 + (y —2.5)2)}—1-
exp{ —40 (:v—25)2 (y+25)2)}
(=10 ((z +25)* + (y — 25)°) } +
4t exp { =40 (= +2.5)* + (y + 2.5)°) }

(7.4.5)
t? exp

We define the discrete temperature space T}, as
T, = T;: = {Th S CO(Q) VT € 77L77—h‘T S QQ(T) and 7, = 0 on 8Q} (746)

The mixed problem for the external thermal force f is given as

Problem 6. Let f € L(2) be given. For the loading stepsn =1,2,3,..., N: Find vector-
valued displacements, a scalar-valued pressure and a scalar-valued phase-field variables
{un, pr, on, T} = {u, ph. ok, T} € Vi X Qn X Ky X T, such that

(9(en)o(un, pr), e(va) )+ (21 + 3X) @ (V7 vi)

(7.4.7)
+v (V7, V1) =f, VmeTy Vv, eV,
and .
(tre(un),an) = < (Prsan) =0 Van € Qn, (7.4.8)
and

(1 = r) (pro(an, pr): e(uy), v, — dn)
+ 2 (n PV Wny Y — 0n) + 2 (0n Vg Wny Y1 — 1)

+ G, (—i (1 —on,tbn = on) + € (Von, V (b, — @h))) >0 Viu € K.
(7.4.9)

The modified interpolated version of the above problem is given as

Problem 7. Let p, € WH>®(Q) be given. For the loading steps n = 1,2,3,...,N :
Find vector-valued displacements, a scalar-valued pressure, and a scalar-valued phase-field
variables {up, pn, on, T} = {u}, p}, ok, T} € Vi X Qn X Kj X Ty, such that

(Q(SOh)U(uh, Ph), €(Vh))+ (2 + 3\ « (Vrh, pPdm Vh)

+’}/(v7’h,v7'h) If, VThETh,Vvhth,
(7.4.10)
and )
(tre(un),an) = < (Prsan) =0 Van € Qn, (7.4.11)
and

(1 = k) (pno(un, pr): e(an), ¥n — én)
+ 2 (n PV Wny Y — 0n) + 2 (0 Vg Why Y1 — 1)

+ G, (—i (L= @n, ¥n —¢n) +€(Veon, V (¢ — Sﬁh))) >0 Vi € K
(7.4.12)
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(a) 400 elements (b) 1600 elements (c) 6400 elements

Figure 7.3: Displacement vector for various meshes with Qs x DGP; x Q5 for Problem 6
at time t = 0.33 seconds

T 7.1e-07 L - T H T 7.3e-07 EE* ‘Eg
] 3‘58-00; [ wi= ] 3‘78-00; [ ‘ #f”
Lo oerofie - looerofl
(a) 400 elements (b) 1600 elements (c) 6400 elements

Figure 7.4: Displacement vector for various meshes with Qs x DGP; x Qs for Problem 7
at time ¢ = 0.33 seconds

We use Homogeneous Dirichlet boundary conditions for both temperature and dis-
placement. Furthermore, it is important to note that § € H*(Q) and thus f € L?({; R?).
Similar to Example 6.13, we solve the temperature equation numerically by a standard
H'- conforming finite element discretization using the space Qy (see (7.4.6)). We use the
same setup for both Problems 6 and 7. We also change the pressure finite element space
Qn to DGQ; and use the BD M, space instead of R7T ;1 to be consistent with the numerical
simulations used in Example 6.13.

In Figure 7.4, we can see that we have achieved a well represented solution for the
displacement vector with only 400 elements using Problem 5. The magnitude is captured
with 1600 elements. In comparison, even with 6400 elements, we can observe that a
well represented solution or magnitude, is very far from what was obtained when using
Problem 4, as shown in Figure 7.3.

From Tables 7.1, 7.2 and 7.3, we observe that the difference in the values for TC'V and
bulk energy Fj for all three time steps, ¢ = 0.33, t = 0.66 and ¢ = 1 between 1600 and 6400

70



:

7.4 Numerical Tests

TCV | —2.22555 x 1077 | —2.56719 x 1077 | 7.76821 x10~7 | -9.48268 x10~" | -8.37626x 107" | -1.95683 x10°
E, | 3.30868 x 1072 | 2.56991 x 107% | 2.49472 x 10" | 4.92219 x 1072 | —1.70555 x 10 | 2.07536 x 10~
E. 4.04412 4.043 4.19369 4.04416 2.44036 x10 4.06779

Table 7.1: Values of quantities of interest given for Problem 6 and 7 for 400 elements

TCV | —3.12872 x 1077 | —3.42527 x 1077 | 3.20657 x 10~7 | —1.28599 x 10~% | 6.26908 x 10~6 | —2.60384 x 10~
E, 2.90055 x 1072 | 4.95787 x 10~% | 4.5927 x 1072 | 8.20492 x 102 —5.78296 3.20263 x 107!
E. 4.03704 4.03546 4.24409 4.03841 7.8537 4.0985

Table 7.2: Values of quantities of interest given for Problem 6 and 7 for 1600 elements

TCV | —3.54157 x 1077 | —3.55814 x 107 | —1.33274 x 1075 | —1.3715 x 107% | —2.41516 x 107¢ [ —2.79791 x 10~°
B, 8.0492 x 1073 5.4281 x 1073 1.09163 x 1071 | 8.26011 x 1072 | 2.98415 x 107! 3.25712 x 1071
E, 4.35277 4.35273 4.36436 4.35632 4.53817 4.42821

Table 7.3: Values of quantities of interest given for Problem 6 and 7 for 6400 elements

elements, is much less for gradient-robust Problem 7, compared to non-gradient-robust
Problem 6. This indicates that, with the use of gradient-robust method, we are closer to
the actual value with 1600 elements, compared to non-gradient-robust Problem 6.

Regarding fracture propagation, in Figures 7.5, we see that, a well represented solution
is given only with 400 elements. Whereas, in Figure 7.6, it takes up to 6400 elements for
the same.

In the next chapter, we give an overview and conclude the thesis.
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Chapter 7 Phase Field Fractures

1 6.5e-01

'3.3e-01 '2.1e-01

l0~0e+0 l0.0e+0

(a) t = 0.33 seconds, (b) t = 0.667 seconds, (c) t =1 second,
400 elements 400 elements 400 elements

I 9.5e-01 I 9.3e-01 I 9.2e-01
' 4.8e-01 ' 4.7e-01 ' 4.6e-01
IO.OeJrO IO.0e+O IO.OeJrO

(d) t = 0.33 seconds, (e) t = 0.667 seconds, (f) t = 1 second,
1600 elements 1600 elements 1600 elements

. Q . d . Q
'10e+0 '10e+0 '10e+0

I 5.0e-01 I 5.0e-01 I 5.0e-01

l0.0e+0 l0.0e+0 I0.0e+0

(g) t = 0.33 seconds, (h) ¢t = 0.667 seconds, (i) t = 1 second,
6400 elements 6400 elements 6400 elements

Figure 7.5: Fracture propagation with Qg x DGP; x Qs for Problem 6
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7.4 Numerical Tests

1 7.4e-01 1 6.7e-01
'3.7e-01 '3.4e-01
l 0.0e+0Q l 0.0e+0Q

(a) t = 0.33 seconds, (b) t = 0.667 seconds, (c) t =1 second,
400 elements 400 elements 400 elements

I 9.6e-01 I 9.3e-01
'4A8e-01 '4.6e-01
I 0.0e+00 I 0.0e+00

(d) t = 0.33 seconds, (e) t = 0.667 seconds, (f) t = 1 second,
1600 elements 1600 elements 1600 elements

. Q . d . Q
'10e+0 '10e+0 '10e+0

I 5.0e-01 I 5.0e-01 I 5.0e-01

l0.0e+0 l0.0e+0 I0.0e+0

(g) t = 0.33 seconds, (h) ¢t = 0.667 seconds, (i) t = 1 second,
6400 elements 6400 elements 6400 elements

Figure 7.6: Fracture propagation with Qy x DGP; x Qs for Problem 7
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Chapter 8

Conclusion

Gradient dependency of the vector valued solution is a common problem when solving
saddle point problems numerically. In this thesis, we consider one of the solutions to that
problem proposed by Linke in [38] for stationary Stokes equation. In Chapter 5, we have
given a brief introduction on constructing finite dimensional subspaces of HY(Q); R?)
space, such as Raviart-Thomas and Brezzi-Douglas-Marini finite element spaces. An
implementation of the FEValuesInterpolated class in DOpElib library was given in Sec-
tion 5.4. After testing the correctness of the class in Section 5.5, we have extended the
variational crime by Linke to linear elastic incompressible and nearly incompressible ma-
terials in Chapter 6.

After laying out necessary assumptions on how to choose the appropriate HYV(Q; R?)
subspace for a given inf-sup stable finite element in Section 6.1.3, a detailed error anal-
ysis for both incompressible and nearly incompressible materials was conducted in Sec-
tion 6.2. In order to validate the error estimates, several numerical tests were conducted.
In the final numerical example, an external thermal force was applied to a rubber like
nearly incompressible material. We show in Section 6.3, that a well represented solution
and magnitude is achieved for the displacement vector with fewer elements, when using
gradient-robust method.

In Section 7.2, we have stated different versions of the phase-field fracture problems as
given in [3]. As mentioned Chapter 6, the standard mixed form of the problem given in
Problem 4, though solves the issue of volume locking, it doesn’t make the displacement
vector pressure-robust. In order to rectify that, we have applied the interpolation operator
and used a modified version in Problem 5. In Section 7.4, we have seen that the quantities
of interest T'C'V, B, and E, show similar results for both Problems 4 and 5. To solve this
issue, we have used the external thermal force used in Example 6.13 instead of the given
pressure py. In Section 7.4.4, for the external thermal example, we show that we reach a
well represented solution for the displacement vector with fewer elements for Problem 7
when compared to Problem 6.
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