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ABSTRACT

Imposing contact condition with X-FEM on non-matching grids

Khuong Anh Dung

The extended finite element method (X-FEM) has been developed to minimize
requirements on the mesh design in a problem with a displacement discontinuity. In this report,
the imposition of kinematic conditions along interfaces modeled with X-FEM is studied. In
order to model the kinematic condition, our aim is to build a Lagrange multiplier space. The
stability of the formulation is ensured by a LLB (inf-sup) fulfilling algorithm. By introducing a
Lagrangian multiplier space, this method realizes an optimal control for the interface problem.
A non-matching finite element grid on the interface is considered and an optimal energy-norm
error estimate in the finite time is obtained.

In addition, a model of the contact condition by X-FEM was proposed and applied to
test analysis. The computation has been made to ensure the accuracy. Some results of numerical
analysis by X-FEM are presented. Numerical examples show that the convergence rates are
preserved and the inf-sup conditions are passed. The results obtained for these test cases are
logical.
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Chapter 1
Introduction

In spite of the important effort dedicated to X-FEM in the last decade for a general presentation,
there are still many aspects that require further research. An efficient imposition of essential boundary
conditions in X-FEM is still an open issue. Finite element shape function satisfies “Kronecker delta”
property N;(x;)=¢; which makes imposition of essential boundary conditions straightforward. In

recent years, many specific techniques for the implementation of essential boundary conditions in X-
FEM have been developed. In certain X-FEM cases, imposition of essential boundary conditions is
tricky. There are certain difficulties in imposing essential boundary conditions. Imposing essential
boundary conditions is one of a key issue in X-FEM. Probably the simplest way to impose essential
boundary conditions is by boundary collocations. Another opportunity is based on a modification of the
weak form, such the penalty method [17], Lagrange multipliers [16] or Nitsche’s method [25]. These
methods consider a modified weak form and they allow the use of trial functions that do not vanish at
the essential boundary. In fact, the penalty method and Nitsche's method require only the choice of one
scalar parameter. In the penalty method, large values of this parameter must be used in order to impose
the essential boundary condition in a proper manner. In practice, that leads to ill-conditioned systems of
equations, reducing the applicability of this method. On the contrary, Nitsche's method does not suffer
of ill-conditioning. However, the implementation of Nitsche's method is not as trivial as for the
Lagrange multiplier method or the penalty method, in the sense that the modification of the weak form
is different for each particular problem.

In the X-FEM context, the Lagrange multiplier method is one of the most widely used because
of its straightforward implementation in all kind of problems. This method introduces a new unknown
function, the Lagrange multiplier. The interpolation space for the Lagrange multiplier must be carefully
selected: it has to be rich enough in order to obtain an acceptable solution. The aim of this project is to
review and compare some of the most powerful techniques for the imposition of essential boundary
conditions X-FEM. In this report we propose a Lagrange multiplier space to model the kinematic
condition. It can be applied to the imposition of essential boundary conditions.

Special attention is paid to the choice of Lagrange multipliers with X-FEM proposed in [29] and
to methods based on a modification of the weak form. Section 2 recalls basic concepts on the X-FEM.
Section 3 is devoted to review and compare three techniques based on a modification of the weak form:
the Lagrange multiplier method, the penalty method, and Nitsche's method. Also, LBB condition has
been discussed. Finally, in Section 4, two numerical examples corroborate the conclusions. In this
thesis, various applications of the X-FEM were developed and applied to model the kinematic
condition along the interface. We prove energy type in 2 space dimensions, and present some
numerical examples.



Chapter 2
Overview of the partition of unity, level sets and
the eXtended Finite Element Method (X-FEM)

Modelling discontinuities and singularities in the approximating space has been remained a
challenge in the world of computational mechanics. The standard Finite Element Method when
employed for modelling problems containing discontinuities such as cracks, material interfaces, high
gradients etc. , poses a problem in a sense that the FEM mesh is required to conform with the geometry
of the discontinuity. Additionally in order to capture high gradients in the approximating field,
significant refinement in the vicinity of the discontinuity is required. Above all modelling
discontinuities evolving in time with FEM is burdensome due to the need to update the mesh to match
the geometry of the discontinuity. This also increases the computational cost. To alleviate the
shortcomings associated with meshing of cracks using FEM, Partition of Unity Methods (PUM) were
developed. X-FEM is a partition of unity based enriched/extended finite element method.

The work is based on developments of the eXtended Finite Element Method, which has been
successfully applied to static problems exhibiting discontinuities or heterogeneities such as cracks,
holes or material interfaces. The governing idea of this method is to enrich the classical FEM
approximation based on the Partition of Unity technique with specific functions representing surfaces
of discontinuities or heterogeneities. Level sets are used to locate the physical surfaces on the mesh.
Their sign indicate the side on which a point is located. Level sets use node-valued functions and are
interpolated with the basic functions of the finite element. This description allows to release the
underlying mesh from the description of surfaces of discontinuity or external boundaries.

2.1 Partition of unity method

Melenk and Babuska [24] did show that the traditional finite element approximation could be
enriched so as to represent a specified function on a given domain. Their point of view can be
summarized as follows [28]. Let first us recall that the finite element approximation is written on an
element as

u(x)|, =22 a (x) 2.1)

ieN, «

As the degrees of freedom (dof.) defined at a node have the same value for all the elements
connected to it. The approximations on each element can be “assembled” to give a valid approximation
in any point x of the domain

u(x)=> > a’g*(x) (2.2)

ieN, «



where N, (X) is the set of nodes belonging to the elements containing point X . The domain of influence

(support) of the approximation function ¢“is the set of elements connected to node i. The set N, (X) is

thus also the set of the nodes whose support covers point X.

It is thus possible to enrich the finite element approximation by the same techniques as those
used in meshless methods. Here is the enriched approximation which makes it possible to represent

function F(x)e, on domainQ

u(x)= > zg:a{’¢i“+ > Db (X)F(x) (2.3)

ieN,(x) ieN, (X)"Ng  «

where N is the set of nodes whose support has an intersection with domain €. . The proof'is obtained
by setting to zero coefficients a”and by taking into account the fact that the finite element shape

functions are able to represent all rigid modes and thus the e, mode. We will see the concrete use of
the partition of unity for the modelling of discontinuities in the following part.

2.2 Level Sets

The Osher-Sethian level set method [51] tracks the motion of an interface by embedding the
interface as the zero level set of the signed distance function. The motion of the interface is matched
with the zero level set of the level set function, and the resulting initial value partial differential
equation for the evolution of the level set function resembles a Hamilton-Jacobi equation. In this
setting, curvatures and normals may be easily evaluated, topological changes occur in a natural manner,
and the technique extends trivially to three dimensions. This equation is solved using entropy-satisfying
schemes borrowed from the numerical solution of hyperbolic conservation laws which produce the
correct viscosity solution.

Level set method is designed for problems in which the speed function can be positive in some
places are negative in others, so that the front can move forwards in some places and backwards in
others.

Level Set Function =z
]

L=plx =0 —_~ s

Figure 2.1. Example of 2D curve propagation with the level set method (taken from [9]).



In the level set method, the boundary is represented implicitly as an iso-surface of a function, a
so-called level set function, of a higher dimension. The resulting evolution is then mapped into an
evolution of the level set function. The advantages of this method are that the method handles changes
of topology naturally without special rules for collision detection, can be easily adapted to any number
of dimensions, and can treat the formation of corners and cusps in the boundary correctly through the
use of methods borrowed from hyperbolic conservation laws.

This method encapsulates the entire evolution of the surface with a single time-independent
function. While it is typically only used for monotonic speed functions, i.e. fronts which move only in
one direction, recent work shows that this restriction can be overcome in some instances.

The level set of a differentiable function: f :R" — R corresponding to a real value ¢ is the set

of points
(2.4)

Figure 2.2. Example of a level set representation of a circle (bold curve). Red curve is zero level set
(taken from [20]).

Within the framework of X-FEM another development is the use of Level set functions for
representing discontinuities. Where the discontinuity is represented as a zero Level set function. The
surfaces are located and evolved by the level set technique.



2.3 The eXtended Finite Element Method (X-FEM)

2.3.1 Basic

Based on an idea of Lancaster and Salkauskas [40] and probably motivated by the purpose to
model arbitrary crack propagation without computational expensive remeshing, the group of Prof. Ted
Belytschko developed the X-FEM. Since its introduction in 1999 (Moé&s, Dolbow, and Belytschko 1999
[30]), the extended finite element method (X-FEM) has been successfully developed and applied in
science and engineering computations. The extended finite element method is currently widely used in
research and starts to appear in industry. In general X-FEM can be used to model cracks, contact and
interface problems, simulation of inclusions and holes, moving discontinuities, bi-phase flow problems,
fluid structure interaction, etc. This method basically eliminates the need to mesh physical surfaces in
finite element computations.

The finite element method is used as base in X-FEM, and hence large body of the finite element
method can be readily exploited. The eXtended Finite Element Method exploits the partition of unity
property of finite elements, which allows local enrichment functions to be easily incorporated in the
FEM approximation. As the name implies, the standard FEM approximation space is extended or
enriched using an appropriate enrichment function, which can best describe the field. Additional
functions which might contain any prior knowledge/information about the solution can be incorporated
into the finite element space using partition of unity and the resulting space is capable of capturing the
local features of interest. For crack modelling a discontinuous jump function and asymptotic near tip
displacement fields are added to the displacement-based finite element approximation. The whole
beauty of X-FEM lies in subdividing the problem into two parts: part A) generating mesh without
cracks/inclusions, etc.; part B) enriching the FEM approximation with additional/enrichment functions
that models the discontinuities. This avoids the need for remeshing or explicit geometric modelling of
the discontinuity.

The enriched finite element approximation is written:

U (X)=Du; @00+ Y. a; H(F (X))@, (X)+ Y, @, (x)b;;B;(X) (2.5)
where
[+ f()>0 (a0
H(f(x))—{_l f(x)<0} and Bj(x)_[r smzj (2.6)

In the classical FE approximation, to represent the discontinuity at the interface, the interface
needs to be aligned with the mesh.

T“(x)=Z¢, (X)T,

VT"(x)=D Vg (X)T, @7



]/5;" i [\ 1
W Y
H—t

(a) (b)

Figure 2.3. Node selection for the enrichment in X-FEM: (@) the circled nodes are enriched by the jump
function whereas the squared nodes are enriched by the crack tip functions [30]; (b) the squared nodes
are enriched by the jump function whereas the circled nodes are enriched by the crack tip functions.

In the X-FEM approximation, the interface can be represented by evolving g(x)
T'(x) =226 ()T, + 2.4, (x)r9(x)a,
| J

VT"(x)= ZV;&, (x)T, +ZJ:(V¢J (X)+g(x)+d;°Vg(x))a, (25)

Meshing
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g J
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\_ J
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Imposing BC

( )
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[ Stress computation (o) ] [ Other computation ]

Figure 2.4. Structure of the X-FEM code.



> X-FEM on element level

(@ 3

Figure 2.5. The three-node linear triangle: (a) element geometry; (b) equation of side opposite corner
1; (c) perspective view of the shape function N, =¢.

» The 3-node triangular element

2
y
X —> 7
1 s 3
Physical element Parent element

Figure 2.6. Physical and parent 3-node elements.

» 4-node quadrilateral (linear shape functions)

A S 1
-1.1) (1.1) N, (r.8)=21-r)(1-s)
1
T N,(r,s)=—1+r)(1-59)
—> g i‘ (2.9)
N,(r,s)==1+r)(1+59)
(-1 1) (1) 4
Physical element Parent element N,(r,s) = %(1 -r)(1+5s)

Figure 2.7. Physical and parent 4-node elements.



2.3.2 Modelling holes and material interfaces with the X-FEM

We show here how to model holes which are not defined by the mesh. The idea is to define an
enrichment function V (X) which is zero in the holes and one in the body

V“F{lﬁxd) 2.10)

0 if xeQ

where Q is the domain occupied by the body. If the support of a nodal shape function intersects
a hole, the nodal shape function is multiplied by the V (X) function so that the support size is reduced to
its material fraction. Also, the nodal degrees of freedom for which the supports are totally in the void

are eliminated (or set to zero depending on the implementation). Figure 2.8 (a) illustrates the
enrichment strategy for a body containing hole and void.

090 <

Matter
Void

(a) (b)

Figure 2.8. Example of (a) enrichment for a discontinuity: eliminated nodes (dof. set to zero), modified
function (shape function multiplied by V(x)) [6]; (b) non-conforming mesh to model an inclusion [41].

In the X-FEM context, its main characteristic is to separate the problem into two parts [41]:

» The first part corresponds to the discretization of whole domain, which does not include
some or all the surfaces related to discontinuities or boundary conditions. The
approximation of the displacement field is consequently the classical approximation used in
FEM, and mesh generation is generally straightforward.

» The second part (for material interfaces) consists in supplementary shape functions added to
some nodes of the previous approximation. The goal of these additional functions is to
enrich the basic approximation of the existing displacement field with less regular functions
able to model jumps on the surfaces which are not meshed. In Figure 2.8 (b), black circles
indicate these nodes. The determination of these nodes can be made with the help of a level
set representation of the surface [35]. When nodes have been selected, specific enrichment
functions are then associated to these and offer for instance the possibility to take the
deformation discontinuity at a material interface into account.
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Comparison of the classical FEM and X-FEM in 1D model problem

Problem with homogeneous Dirichlet boundary conditions and initial conditions.

where

f=1f-325(x,)

Numerical results of 1D problem

Derivative

u-u,=f
(a)=u, IC
)=u, BC

2

Analytical solution [14]: (note that the derivative of u is discontinuous at point X, )

-

16x*

(x-1)" x>x,

X < X
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Figure 2.9. Comparison of derivative using classical FEM and X-FEM.
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Figure 2.10. (a) Comparison of the rate of convergence using classical FEM and X-FEM - the phase
boundary is always located between nodes; (b) Rate of convergence using Lagrange multipliers.

The X-FEM permits to have a better accuracy than the classical FEM with an equivalent time of
computation.
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Chapter 3
Stability study

3.1 Dirichlet boundary conditions with X-FEM

Trace of the inner field on the Dirichlet boundary is very rich when the boundary is not matched. If
the strong imposition of Dirichlet (naive approach) is implied, there are poor fluxes on the boundary
(boundary locking) and strong oscillations of the reactions forces.

3.2 Methods based on a modification of the weak form

We review and compare some of the most powerful techniques for the imposition of essential
boundary conditions with X-FEM. This section presents three methods that overcome this problem: the
Lagrange multiplier method, the penalty method and Nitsche's method.

3.2.1 Background on these methods

For the sake of clarity, the following model problem is considered (see in reference [48]). The
resolution of the 2D linear elasticity problem represented in Figure 3.1.

3.2.1.1 The elasticity problem

Consider a solid occupying a domain € with boundary

r=r,ulwith [, "I, = (3.1)

n

Equilibrium: o ; + f; =0 inQ

Constitutive law: o;; = Dy, &

Strain —displacement : &; = %(ui,j +U;;)

Dirichletb.c.: u,—u* =0 onT,

Neumannb.c.:o;n; —t* =0 onT, ) . .
Figure 3.1. 2D linear elasticity problem.

u, =i" component of the displacement vector u

__:sth
o =1

component of the Cauchy stress
& =] " component of strain tensor
Dy, = elasticity tensor

t* = specified traction vector on I,

n =i" component of the unit outward normal
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The constrained minimization problem may be stated as

u(e H1)= arg min J(w)
weH
subject to the constraint
u-u®*=0 onT,
where

J(w)= %a(w,w) —1l(w)
where a(w,w) = IQ e(w) Dg(w)dQ
I(w)= jQwa do+ L w't*dS

The vectors and matrices in 2D are

w=[w,w, ]’ il
ow, ow, (ow, ow, | *
ew)=|—L,—2%,| —L+—=2|| =ow

X~ O, \OX, OX o= 0

f:[fpfz] 0

t* =[t*,t,%] ox,

. 1 v 0 (1-v) 1% 0
D= ~|lv 1 0 [plane stress; D=———| v (1-v) 0
1-v | (I+v)(1-2v) s
00 —2 0 o —

2 2

3.2.1.2 Penalty method: implementation

Construct a modified functional
J (W)= J(w)+%jru (w—u®)" (w—u®)dS

Solve the unconstrained minimization problem
u(e Hl):arg min J,(w)asa — o
weH!

Approximate solution

u, =arg min J_(W,)asa —> o

— wheX,

eXy
X, is a finite dimensional subspace of H'
where the discretized modified functional

3, (W) =3(w)+ [ (w,—u®)" (w, —u®)dS
(R 2 Ty

Part A

Part B
Now, discretize

Wy :Z(Pk (Wh)k =0OW,
k

(3.2)
(3.3)
(3.4)
.
8
oy (3.5)
ox, |

plane strain (3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

12



where

W, e R" = vector of nodal unknowns

.0
® = Shape function matrix = { g }
b

J(W, eRN)zéthAhWh -W.'F,

Part B
Part A

Part A, proof
since g(w,) =0w, = Z(a(ﬂk)(wh)k = ZAk (Wh)k =AW,
k

k

2 o [

oX, oX,
0 o,

whereB, =8¢, =| 0 —|p =| 0 &
“ “ x, | 0oX,

92 00 0pc

| OX, 0% | OX,  OX |

Hence a(w,,w,)= jﬂg(wh ) De(w,)dQ

=W, (IQATDAdQ)Wh

%/—J
Ap

Part B, proof
I(w,)= IQthf dQ+ L w, t*dS
=W,/ (IQQTf dQ)+ w' (jr thts”dS)

=W,’ (chDTf dQ+ Jr( thtspdS)

Fy

We have,

3o (W)= 30w+ [ (wy —u®)T(w, —u®) dS

Part A

Part B

Part B,
using w, =) g (w,), =OW,
k

Part B = jr (OW, —u®)" (OW, —u®) dS

=W, ( jru @' ®dS )wh —2W," jru @ u®dS + jru TRARTRAS

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)
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Hence,
J, (W, e RM) = J(W,)
Part A

+3[th (j @' ®dS )wh—zthj @'u*ds + | uSpTuspdS}
2 ry Iy ry

Part B
N, A +a[(j @' ®dS )wh—j d)Tus"dS}
ow, _ow, “[\r, "
Part A Part B

=(AW, —Fh)+01(_|-r @' ®dS )Wh —aL @"u®dS
%{—J u u

Part A

Ay Fn
:(Ah +aAh)Wh —(Fh +alA7h)=0
03, (W) _

0
ow,,

. ~ (3.18)
:(Ah +0¢Ah)Wh =F, +aFn
I ;

Note:
> A is symmetric.
> A isill conditioned for large a.

» The formulation is not consistent for trial functions that do not vanish on the Dirichlet boundary.

3.2.1.3 Penalty method: problem

The formulation is not consistent for trial functions that do not vanish on the Dirichlet boundary.
To see this, start with the modified functional

Ja(ui)z‘](ui)"'%_[r (U, —u;")*ds (3.19)

:>5\]0,(Ui)=§\](ui)+ocj.r Su, (U, —u.®)dS
Wlth 5\] (u|) :J.Qé‘gij Dijklgk|dQ_J‘Q5ui fi dQ_J.r §uiti5pds

:I SU; ; Dy Uy dQ—I ou, f; dQ—J. ou.t¥ds (3.20)
e — Q I

(8 Dyquy g )A, —~8U; Dy Uy ; (chain rule)

=IQ(5UiDijk|Uk,| )’de—J'QéuiDijkluMdQ—L)cSUi f, dQ—J‘r Sut®ds

14



Using Green’s theorem

_ 8Dyt n;dS — [ 5u,Dyu , dQ— [ su,f dQ—[ sut*ds

=T, ul}

=]y SUi N dS - [ 6uDyu Q] suf, dQ —jﬂ SutPds
tI

- Ir:r ur ouds _J‘r dut*ds _.[Q5ui (Dijkluk,lj + i )dQ

= [ sutds+[ ou (t-t2)ds — [ su (o + f)dQ
= 53(u) =] sutds+| ou(t-t)s-[ su (o, +f)dQ (3.21)
Thus,
5J,(U) = jru sutds + Jr, ou, (t — Otfp Jds - [ _su, (o, 0+ f)dQ+a jru U, (U, —:OuiSp)dS (3.22)
Nothing tobalancethis Neum:annb.c Equili;riumeq Dirichletb.c

unless su;=0on I,
This lack of consistency is a major problem for methods where the trial function space does not

vanish on the Dirichlet boundary. We will see that Nitsche’s method overcomes this problem. But
before that we need to understand the physical interpretation of Lagrange multipliers.

3.2.1.4 Lagrange multipliers: basic

Constructed a modified functional

Jl(w)=3(w)+jr AT (w—u®)dS (3.23)
Solved the unconstrained minimization problem
(ueH',leHo):arg H}iﬂnHo‘]ﬂ(w) (3.24)

The problem posed on finite dimensional subspaces
(uh,},h eHO)zarg mi{lh J,(w,) (3.25)

3.2.1.5 Lagrange multipliers: implementation

Discretization

N
Wy :Z%(Wh)k =0oW, (W, GRN)
k=1

y (3.20)
A, = Z%ij'hk =2ZA, (A, € RM)
k=1
The modified functional
J, (W) =J(W))+A," (B, W, -G,) (3.27)
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where

1
J(Wh)zzthAhWh -W,'F,

B, =jr 2Td dS (3.28)
G,=[ ='u"ds
Minimization
Ny _ AW, -F +BA =0
oW,
2 (3.29)
6AA =B,W, -G, =0
h
In matrix form : Saddle point problem
NxN
A, B \(w,)_(F, A, R (3.30)
B, 0 A, G, B, e RMxN

Symmetric,

Well conditioned,

Higher computational cost as number of unknowns increase,
May not be positive definite.

YVVVYY

3.2.1.6 Lagrange multipliers: physical interpretation

Claim: The physical interpretation of the Lagrange multiplier is that it represents the traction at
the Dirichlet boundary
A4 =—oyn,onT, (3.31)

Proof:
Start with the modified functional

3 =3+ A -u?)ds

= 53,u)=83u)+[ oAU -uT)dS +[ Asuds (3.32)
f Iy T,
Part A
Part B
Lets first look at part A
1 s
Jw,) =5jggij Dy&dQ— [ u,f dQ—_[rluiti Pds
= 53(u) = [ 55,Dyu5,dQ - [ ou,f, dQ—[ sutds
(3.33)

i,j ~ijkl

=[,  ouDuu,  do-[ suf, dQ—J'r[ sut®ds

(6 Dyquy s ).j —8U; Dy Uy jj (chain rule)

=jg(5UiDi,-k|Uk,| )ﬁde_J‘Qé‘uiDijkluk,lde_J‘Qé‘ui f, dQ—J'r SUtLdS
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Using Green’s Theorem

_ 8UDyq,n;dS — [ 5u,Dyu, Q[ suf, Q[ sutPds

=T, U,

- Su, oyn,dS — [ 8Dy, dQ [ su,f, dQ—jﬂ SutPds

=T, T}
tI

_ sutds — [ sut?ds - [ su(Dyu,, + f, JdQ

=T, Ul

= [ sutds+[ su,(t—t7)dS [ ou (o, + f,)dQ
:>5J(ui):jF §uitidS+Ir 5ui Sp)dS j §u 0'” |+ f
Consequently,

83, (u)=83(u)+[ o4 -uP)ds +[ Aouds
— 2 Jr, T,

Part A

Part B

Neumann b.c. Equilibrium eq

Part A
Dirichlet b.c.

—1.5P
+jru5ﬂ,,(ui u) ds +jruﬂ,,5uids

Part B

Hence, we identify |4 =—on; on T,

We may now replace the Lagrange multiplier with its physical interpretation to define the

modified functional.

Jﬂ(ui)zJ(ui)+J' A(u, —u®)dS
=J(u)- j oyn, (U —u®)ds
= J(ui)—Iru Dyu&an; (U, —u®) dS
=J() = Dya,n; (U ~u;) dS

Notice that, due to minor symmetry

1
Dijklgkl = Dijkl E(Uk,l + ul,k) = Dijkluk,l

The advantage of using the modified functional
J,u)= J(ui)—jru DU, (U —u®) dS
Is that the number of equations do not increase? In vector form
J,(u)= J(u)—jru (No)' (u-u®)ds

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)
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with

n 0 n .
N:{O1 0, nj; 0'=[(711 o, (712] =DAU

J,(u)=J(u)— L (No)' (u—u®)ds

(3.40)

=,(U)=J(U)~ | U'A'DN"(@U-u")ds

Minimizing
23,(U) _3)(U) (], apN"@ds +] @"NDAGS |U
ou ou n L
A
+(L ATDNTuSpdS):O
F

:>(A—X)U=(F—f) (3.41)

Number of unknowns does not increase,
System matrix remains symmetric,
Less accurate.

YV VYV

3.2.1.7 Nitsche’s Method: modified functional

In order to overcome the inaccuracy of the previous method, we combine with the one of the
penalty method. Then, the modified functional is

o
— sp spy2
Iv@)=3)=[ o (u)n;(u,—u*)ds +3Jr (U, —u®)*dS (3.42)
Lagrange multiplier term - Penalty term enforcing
with the Lagrange multiplier the same Dirichlet condition

replaced by its physical intererpretation

where a is a positive constant scalar parameter.

3.2.1.8 Nitsche’s Method: consistency

Then,
8y (U =83 ()= [ Soyn; (u —u*) dS
” (3.43)
_Iru o;h;ou; dS +a.[ru Su, (U, —u,®)dS
with
5I(u)= |, dutds+[ su(t —t)ds -] su (o, + f,)d (3.44)
Ly T NI Q B

=0 =0
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Thus,
U%/—J !
SI(u)
— L_u oyn;ou, dS + a_[l_u Su, (U, —u®)dS
(3.45)

J
-0 =

+aI ou; (u; —u;*)ds
r, (R —

=0

=[. ou wds -, doyn; —_:JiSp) ds

The new terms in the r.h.s. are added to ensure consistency of the weak form. So, Nitsche’s
method restores consistency in the formulation unlike the penalty method.

3.2.2 Penalty method

Assume boundary conditions in “standard form”
[€](D)=(D,) (3.46)
Define an m by m “penalty matrix”
[x]=diag(x,,x,,... 5, )5, > max‘Kij‘ (3.47)

Modify the global problem as follows

{[K]+[(~Z]T [K][é]}(n) - (F)+[€] [x](D,) (3.48)

The idea is to enforce a displacement boundary condition approximately by changing [K] and

(F).
For an interpolation with consistency of order p and discretization measure h the best error estimate
2p+l1
gives a rate of convergence of order h 3 in the energy norm, provided that the penalty o is taken to be of

2p+l
order h 3 . In the linear case, it corresponds to the optimal rate of convergence in energy norm. For order
p = 2, the lack of optimality in the rate of convergence is a direct consequence of the lack of consistency of

the weak formulation. The choice of the penalty o to maintain the optimal rate of convergence in L* norm
and the ill-conditioning of the system are commented for a particular problem.

The penalty method can also be obtained from the minimization of the discrete version of the energy
function.

Obviously, the situation gets worse for denser discretizations, which need larger penalty parameters.
The ill-conditioning of the matrix reduces the applicability of the penalty method. The penalty parameter o
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is a positive scalar constant that must be large enough in order to impose the essential boundary condition
with the desired accuracy. As previously observed with the Lagrange multiplier method, the penalty method
is easily applicable to all kind of problems.

Notes on the penalty method:

% Very easy to implement: no re-numbering, no transformations to apply,
¢ Does not eliminate dof., so no reduction in bandwidth.

Assigning the penalty numbers «; can be tricky:

% Too low => poor approximation to boundary condition.
%+ Too high => can create numerical problems (e.g., locking, ill-conditioning, ...).

The penalty method presents two clear advantages: (i) the dimension of the system is not increased
and (ii) the matrix in the resulting system, is symmetric and positive definite, provided that K is symmetric

and « is large enough.

However, the penalty method has also two important drawbacks: the Dirichlet boundary condition is
weakly imposed (the parameter a controls how well the essential boundary condition is ensured) and the

matrix is usually ill-conditioned (the condition number increases with o).

3.2.3 Lagrange multiplier method

Noted that, Lagrange multipliers can be interpreted physically as constraint forces. The main idea is
to add extra dofs into the problem, and use these dofs to enforce the boundary conditions.

There are several possibilities for the choice of the interpolation space for the Lagrange multiplier A.
Therefore, the Lagrange multiplier method is, in principle, general and easily applicable to all kind of
problems. In fact, there is no need to know the weak form with Lagrange multiplier, it is sufficient to define
the discrete energy functional, i.e. compute K and f, and the restrictions due to the boundary conditions,
Au =D, in order to determine the system of egs. Advantage is very effective at handling multi-point
constraints. However, the main disadvantages of the Lagrange multiplier method are:

» The dimension of the resulting system of equations is increased. More dof., it will take longer
solution time.

» Even for K symmetric and semi-positive definite, the global matrix is symmetric but it is no longer
positive definite. Therefore, standard linear solvers for symmetric and positive definite matrices
cannot be used.

» More crucial is the fact that the system of eqs and the weak problem induce a saddle point problem
which precludes an arbitrary choice of the interpolation space for u and A. The discretization of the
multiplier A must be accurate enough in order to obtain an acceptable solution, but the resulting
system of equations turns out to be singular if the number of Lagrange multipliers 4 is too large. In
fact, the interpolation spaces for the Lagrange multiplier A and for the principal unknown U must
verify an inf-sup condition, known as the Ladygenskaya-BabuSka-Brezzi (LBB) stability
condition, in order to ensure the convergence of the approximation. In the X-FEM, it is trivial to
choose the approximation for the Lagrange multiplier to verify the LBB condition.
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The first two disadvantages can be neglected in front of the versatility and straightforward
implementation of the method. However, while in the extended finite element method it is trivial to choose
the interpolation for the Lagrange multiplier in order to verify the LBB stability condition and to impose
accurate essential boundary conditions.

3.2.4 Nitsche’s method

In this situation, Nitsche's method represents an interesting alternative for the weak imposition of
essential boundary conditions. Nitsche's method is a classical method for imposing essential boundary
conditions weakly. Unlike the penalty method, it is consistent with the original differential equation. The
strong point of Nitsche's method is that it retains the convergence rate of the underlying finite element
method, whereas the standard penalty method either requires a very large penalty parameter, destroying the
condition number of the resulting matrix problem, or, in case the condition number is to be retained, is
limited to first order energy-norm accuracy. The discretization of the Nitsche's weak form leads to a system
of equations with the same size as K and whose matrix is symmetric and positive definite, provided that K is

symmetric and o is large enough. Although, as in the penalty method, the condition number of this matrix

increases with parameter o, in practice not very large values are needed in order to ensure convergence and
a proper implementation of the boundary condition. The matrix condition number is not a real problem for
this method.

Remark: Nitsche's method can be interpreted as a consistent improvement of the penalty method.
The penalty weak form is not consistent. The only problem of Nitsche's method is the deduction of the
weak form. The generalization of the implementation for other problems is not as straightforward as for the
method of Lagrange multipliers or for the penalty method. The weak form and the choice of parameter o
depends not only on the partial differential equation, but also on the essential boundary condition to be
prescribed. For increasing values, o plays the role of a penalty parameter, giving more weight to the
verification of the boundary condition and, therefore, affecting to the solution in the rest of the domain. The
great advantage of Nitsche's method is that parametric tuning can be done with only one scalar parameter a,
in front of the difficult choice of the interpolation space for the Lagrange multiplier.

3.2.5 Conclusions

The applicability of the penalty method is reduced due to the possible ill-conditioning problems,
specially when refined discretizations are needed. The Lagrange multiplier method and the penalty method
present similar properties. The advantage of Nitsche's method is that it requires only the choice of a scalar
parameter, in front of the choice of the interpolation space for the Lagrange multiplier. For instance, the
choice of the position of the collocation points in the Lagrange multiplier method can be a difficult task for
irregular distributions of particles. However, it is fair to recall that the Lagrange multiplier method is easily
applicable for the implementation of all sort of linear boundary constraints in a large variety of problems.
The penalty method and Nitsche's method require only the choice of one scalar parameter. The applicability
of the penalty method is reduced due to the ill-conditioning of the resulting matrix and the lack of
consistency of the weak formulation. As an alternative, Nitsche's method introduces new terms in the weak
form in order to maintain consistency and coercivity of the bilinear form. Moreover, moderate values of the
scalar parameter o (o is a large enough constant which ensures the coercivity of the bilinear form) provide
good results, avoiding the ill-conditioning problem of the penalty method. Therefore, Nitsche's method
represents an interesting alternative to the widely used Lagrange multiplier method, mainly in those
problems where the selection of an appropriate interpolation for the multiplier turns out to be a serious
problem.
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Therefore, although imposing boundary constraints is straightforward with the Lagrange multiplier
method, the applicability of this method in particular cases can be clearly reduced due to the difficulty in the
selection of a proper interpolation space for the Lagrange multiplier.

In summary, imposition of constraints

» Penalty method

J
0.0

Assume a large penalty parameter.

Matrix problem is ill-conditioned.

Where to integrate the penalty term and classical drawbacks (choice of the penalty parameter
and degraded conditioning).

0.0

0‘0

» Lagrange multipliers
% The Lagrange parameter is an unknown.

s A “saddle point problem” results which is symmetric and well-conditioned. However, the
problem is indefinite.

72

% Physical interpretation of the Lagrange multipliers.

®

¢ Difficulties to choose the correct space.

/7

% Advantage as reuse of classical contact algorithms.
» Nitsche’s method
% Restores consistency in the penalty formulation.
+» Difficulties of determination of a parameter to insure the stability of the system (inf-sup related

in fact). Hard to extend to non-linear bulk behavior. Not easy to reuse all classical contact
algorithms.

3.3 Lagrange multiplier approach (1D Version)

Physical meaning of the Lagrange multiplier: jump of the gradient (heat flux).

Matrix form
o Satlal
T = (3.49)
G 0]/ q

where G, =—®, () and g, =—T(X)
Note that: X, are points on the interface

3.4 The choice of the Lagrange Multiplier space

The results obtained with this Lagrange multiplier space are given in Figure 3.2 for a nodal
integration. It is clear from these results that locking occurs. The suboptimal convergence rate of the
energy error denotes an over-constrained primal variable space. As shown in reference Ji and H,
Dolbow 2004 [15], severe oscillations affect the Lagrange multiplier field (see Figure 3.3).
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Figure 3.3. Results for non-matching structured meshes using a full Lagrange multiplier space:
convergence of the errors and inf-sup parameter taken from [29].

To further illustrate why this ‘naive’ approach fails and the locking issue, we shall see the two-
element scalar problem shown in Figure 3.4 [29].

| E

ul u2 A
Q e
I
A A A 1
u3 u4 \/
1

Figure 3.4. Two-element scalar problem [29].
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The Lagrange multipliers solution is

A =F
1
h=F - [F]

(1-e)’

where F=F +F, and [F] =F —F,. We observe the second and third Lagrange multipliers
become unbounded when the interface reaches the bottom layer of elements, especially A, whose

support drops to zero as € tends to one. Moreover, oscillations occur: the effect of [F]is positive for
A, and negative for A,.

If we set 4, = A,, we obtain the Lagrange multiplier below which still exhibit oscillations.

(2¢°-9¢” +14e-8) |

h= F_(4e3—12e2 +7e+4)E[F]

A =1 (3.51)
B (2e2—5e+4)

A=F (4€’ —12e2+7e+4)[F]

On the other hand, if we set 4, = (1—e) 4, + e/, (linear variation over I') then the oscillations
disappear. We obtain

(2¢°-8e” +9e-4)

-F F
4 +(4e5—16e4+28e3—32e2+17e—4)[]
A =(1-€e) 4 +el, (3.52)
2¢* —8e*+9e—4
" —

(4e5 —16e* +28¢e* —32¢? +17e—4)
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3.5. Algorithm to design the Lagrange multiplier space

Lagrange multipliers were considered for the first time within the concept of X-FEM in
(Dolbow, Moés, and Belytschko 2001). In (Ji and Dolbow 2004), the authors illustrate through
numerical experiments that a naive choice for the Lagrange multiplier space, i.e., a piecewise linear
ansatz space on the interface with a degree of freedom at each node obtained by cutting the interface
with the edges of the two dimensional mesh of the primal variable, yields oscillatory multipliers on the
boundary. This oscillatory effect is referred as boundary locking. From the mathematical point of view,
these oscillations result from a non-uniform but mesh dependent inf-sup condition. Roughly speaking
this means that the Lagrange multiplier space is locally too rich, and as a consequence the constant in
the inf-sup condition tends to zero if the mesh-size tends to zero.

In order to improve the approach, a first effort was done in (Moés, Béchet, and Tourbier 2006)
where a reduced Lagrange multiplier space has been proposed. Although the algorithm to define the
Lagrange multiplier space passes a numerical inf-sup test, it is quite complex. Numerically, the
Chapelle-Bathe test is used quite often (Chapelle and Bathe 1993; El-Abbasi and Bathe 2001) to verify
the inf-sup condition. This test reduces to the computation of eigenvalues for a sequence of meshes
with increasing density.

A second algorithm was then proposed in (Geniaut, Massin, and Moés 2007), and it was
extended for large sliding (Nistor, Guiton, Massin, Moé€s, and Geniaut 2008). The strategy used to build
the Lagrange multiplier space in the second algorithm is quite easy to grasp. We consider the nodes on
each side of the interface. These nodes are tied together across the interface by cut edges. As a subset
of these cut edges, we define the set of vital edges as the minimum set of edges able to connect the
nodes on each side of the interface. These vital edges and only these will hold a Lagrange multiplier
degree of freedom. This second algorithm showed slight improvement in terms of accuracy compared
to the first one. The major issue in implementing the second algorithm is that finding the vital edges
requires to solve a global problem. Although both approaches perform numerically rather well and no
oscillations can be observed, no theoretical analysis of the stability exists.

Aluot: I P1 'PU. Pl I PO : Pl PO I Pl I

Pl PO Pl Pl PO Pl
Algo2: — — : | : :

Figure 3.5. Example of edges cut by an interface. Dotted edges are non-vital, groups of connected vital
edges are circled. The final multiplier approximation (PO or P1) is plotted on the interface for first and
second algorithms (taken from [49]).
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In this thesis, we use a new algorithm (see Appendix B.3 and B.4), was introduced in E.
Béchet, N. Moés, B. Wohlmuth 2008, which allowing a local construction of the Lagrange multiplier
space while improving the accuracy of the computed fields. The originality of this approach with
regard to (Moés, Béchet, and Tourbier 2006) lies in the use of the trace of primary shape functions
defined on the domain, and a simplified procedure to define the mesh on the interface. The proper
design of the Lagrange multiplier space is guided by the inf-sup condition (Babuska 1973).

More details about these three algorithms are described in Appendix B: Algorithm to design the
Lagrange Multiplier space.

3.6 Definition of norms and error norms

In practice, we shall solve the eigen-problem. If the inf-sup condition is satisfied, optimal rates
of convergence are expected. We shall check these rates on three relative errors, namely the error in the
‘energy’ norm

B IQV(uh —uex)-V(u“ —uex)dQ
SQ,Vu - J‘QVUEX -VUeXdQ (353)

The L error norm measuring the accuracy of the Dirichlet boundary condition

_ Jo(u" —u)dr (3.54)

gl",u J-r(uex )2 dF

And, finally, the error norm on the Lagrange multiplier

h ex 2d
&, = J (A1 -vu) dr (3.55)

L(Vnuex )2 dr

where V is the gradient operator and V|, is its projection on the outward normal on the boundary.

This computation will verify that we have a convergence in energy for each method. In this
section the energy is computed with the Eq. (3.56).

E =%Q‘Kg (3.56)
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This implementation of Eq. (3.56) is simple. This will give equivalent results to the strain
energy error computed by Eq. (3.57).

T T
Error = \/Ig(éexact _écomp)

Epot — & )dQ (3.57)

(_exact —comp

mo

3.7 LBB (inf-sup) condition

These approximations are chosen in one part for the displacement and the other part for the
contact pressures are seemly not satisfy the inf-sup condition in all cases. The failure to comply with
the Ladygenskaya-Babuska-Brezzi (LBB) condition causes the oscillations of contact pressures, a
phenomenon similar to that encountered in incompressibility. Physically, in the case of contact, it is to
seek to impose too many contact points of the interface, making the system hyperstatic. To release it,
we must restrict the space of Lagrange multipliers, as is done in [29] for Dirichlet conditions with X-
FEM. The algorithm proposed by Moés [29] to reduce the oscillations is extended to 3D case. Its
purpose is to impose relations of equality or linear relations between Lagrange multipliers. This
algorithm tends to impose more equal relationships as linear relations, so the linear approximation of
departure is a little worse. This algorithm has been improved to make it more physical and more
effective.

q"diw"dQ
inf sup ~<*—m———2> >0 (3.58)
i 1 ()

with B independent of h
The value of B is simply the min of [ in the following generalized eigen-value problem.

KoMy K,V =1°M v (3.59)

The stability of B with respect to h is checked on a sequence of meshes.

3.8. Saddle point problem

3.8.1 Lagrange Multipliers for saddle point problem

A, B"\(w, _ F)A, eR"™ w,eR" (3.60)
B 0 /A, G)/Be RN A, € RM
Observations [48]:

30
B 0
» The matrix S is symmetric,
» The matrix S is usually not ill-conditioned,
» The matrix S is indefinite (i.e., can have eigenvalues that are zero),
» The system has a unique solution for w, if A is symmetric positive definite.
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» The system has a unique solution for |, if anyone of the following (equivalent) statements holds

good

= Statement 1: B has a trivial null space.
= Statement 2: The inf-sup condition is satisfied

= inf sup ————

ﬁiﬁ RV Vx/

» Statement 3: is BA™'B" symmetric positive definite.
» The system allows very attractive iterative solution procedures.
» When a large number of constraints are imposed, solution cost increases considerably (since we
have to solve a (N+M)x(N+M) system).

(3.61)

W,
Let [/11 j and (;j be two solutions of the above equation (we will find the conditions for which it
2
is not possible to have two such solutions)
The difference solution
[A‘”j - (‘”1 - ‘”Zj (3.62)
AN ) LA -A,
Satisfies the homogeneous equation
T
A o)
B 0 /){LAA 0
Can be written as two sets of equations :
AAW +BTAN =0 *)

3.64
BAW ) (3.64)
Premultiplying (3.64 *) by aw"and (3.64 **) by AAL" and subtracting (3.64 **) from (3.64 *)
AW AAW =0 (3.65)

If A is positive definite (on the set of vectors which lie in the null space of B), then we can say
that the above implies
AW=0 ie w =w, (3.66)
The next question is, what is the condition for A to be unique?
Go back to equation (3.64*) with Aw =0
AAW +BTAA =0 (3.67)
=BTAA=0

If BT has a trivial null space, then
AA=0 ie A =2, (3.68)
The following statements are identical:

= Statement 1: B' has a trivial null space.
» Statement 2: The inf-sup condition is satisfied

p=inf sup—————

qER VERN N v,/
V#

(3.69)
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3.8.2 Inf-sup condition for saddle point problem

The inf-sup parameter:
vB'q
f(v,q) = ——— (3.70)
VWivyq'q
Using Cauchy-Schwartz inequality
vie'la  [MIe"d] _[e"q -
f(v,q) = wv[=vv'v (3.71)
Vvdata” Wivdata  Jara vl

_[p'd _ JamETq
ngEf(v’q)_\/a = \/ﬂ (3.72)

v=0

Now consider the following eigenvalue problem

Hence

BB"x = ix (3.73)
The matrix BB is symmetric positive definite if B is full rank and therefore it will have M
positive eigenvalues. If BT is full rank, then the inf-sup condition is satisfied with

TBBTq
inf sup f(v,q) = ~——— aBBa = Jmin =B (3.74)
30 va'

where A . is the minimum eigenvalue of BB'

3.8.3 Example

Consider the matrix

S:[A BTJ
B 0
U4 s o 0 (3.75)
A=(2 7 9; B'=|0 o,
3 4 7 0 0
with o, >0, >0
viBT B
VB H ‘*H Ji (376
VER3 VV vV4q \a \f
Now, for arbitrary ¢ = [ql,qz]
sup TBTq \/qTBBT \/0-12‘3112 + 0'22q22
veR3 \/V V\[ \/ qlz +q22 (3 77)

= w where q:qllq2
\j q°+1
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The expression within the radical sign is a symmetric positive function of the variable ‘q” whose
minimum value is o, .

Therefore,

. v'B'q . c’q’ +o,’
inf sup———==min| || —2%* | =0 (3.78)
% vr JVTvya'q V' a I ’

vz0

Hence, the inf-sup condition provides a very practical means of evaluating whether B' has a
null space in this example, o, needs to be positive.
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Chapter 4
Numerical examples

In this thesis, the application of the X-FEM to impose kinematic conditions along interfaces
problems in two-dimensional solid mechanics is explored. During this thesis many computations have
been made. The main computations made during this report are explained below. In the following
section you will see several case description. Mainly it was to study the influence of some parameters.
In this research, various applications of the X-FEM were used and applied to 2D problems. Two 2D
numerical examples are used to illustrate the methods described in previous sections for the imposition
of essential boundary conditions. Let’s see these following cases, numerical examples are given:

» Example 1: Numerical simulation of an elastic plate of dimensions (-1,1) x (-1,1) cut by a
circle has the radius equal to R= 0.4 and then glue the parts back together.

» Example 2: Numerical simulation of an elastic plate of dimensions (-1,1) x (-1,1) with a
circular hole (radius equal to 0.4) cut by a circle has the radius equal to R= 0.7 and then glue
the parts back together.

R=0.7

(b)

Figure 4.1. The unit-square model problem with geometry and loading of two examples: (a) example 1;
(b) example 2 (plate with a hole).

The plate lies in a square domain (-1,1)x(-1,1). The center circle is located at (0,0) and has for
radius a variable R=0.4. The material is metal for which the Young’s modulus is taken equal to 1 and
the poisson coefficient equal to 0.3. The bottom left side is clamped. They are subjected to two types of
loading. Firstly, we apply the loading which represented in Figure 4.1. In the other case, we consider
the problem of a plate with a traction-free circular hole submitted to uniaxial tension.
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Plate with hole in tension:
Suppose that the plate is a homogeneous isotropic elastic body.

where a is the radius of the hole and (r,@) is a polar coordinate system, the origin of which is located
at the center of the hole.

+T
(a) (b) (©)

Figure 4.2. (a) Pressure in a hole; (b) and (c) traction-free circular hole submitted to uniaxial tension.
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Figure 4.3. An elastic plate with a circular hole under uniaxial tension.
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This includes the stresses around a circular hole. The expressions for stress components into
polar coordinates, using the relations

x=rcos(8); y=rsin(6)
O =atan2(y,X); r=+/x+Yy’

There exists an exact solution for the stresses (Timoshenko and Goodier, 1970)

T(, a’) Tcos(20)(3a* 4a’
o, =—|1-— [+ 1
2 r

2 r r
T 20 ¢
o, :%[H?—z]— Cosz( )[3:: +1]

Tsin(20)(3a* 2a’
T o -

O-ll 0-12 0
oc=|0, 0, 0
0 0 oy

0, =0, cos’(6)+o,sin’ (6)—27,sin(6)cos(6)

o, =(0, —0,)sin(8)cos(8)+17, (cos2 (6)—sin’ (0))
05 =01,

0,, =0, sin’ (0)+ o0, cos’ (8)+ 2z, sin(0)cos(0)

O3 :V'(O-n +O—22)

i . P—

.........
........

05k ‘,.,.--""%}ngiual shape

— -3 -2 -1 a i 2 3 4

Figure 4.4. Deformation of the hole under tension.
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In order to investigate the behaviour of the new approach, we computed the L* norm for each
simulation.

The exact energy norm and the error in energy norm are defined in chapter 2.

For instance, calculate analytical the exact energy norm on Lagrange multiplier is shown the
value of 1.482941286

For a radius = 0.7 4
. 2 X sin2ax
Ism axdx :E_ ,
2 ) 0 sin20)"” 2 0 >
e = (rj sin” 006= - J \_/ V
0 2

1/2 : 2z
=(o.7j2 sin29d0) _ 0.7{9—51“29}
0 2 4

1/
0 ] Figure 4.5. Circular hole.
err,, = [0 [ sm26’j

. 0 172 . . 1/2
( @ sin 26’) { sindz  sin 0}
- == =107 7— +
2 4 4 4

. 12 . . 1/2
rf sin ede) (0.4{7z—sm44”+5120D —1.482941286

0

On the below meshes, we show some of the meshes used for the computation on the plate.
These meshes and all the computations have been obtained with the C++ extended finite element
methods tools which developed by Ecole Centrale de Nantes team.

(a) (b)
Figure 4.6. One of the computation with (10 x 10 elements): (a) in example 1; (b) in example 2.

A couple of computations with different meshes have been made. Six different meshes are
usually considered in each type of problems: 5 x 5 (0.400), 10 x 10 (0.200), 20 x 20 (0.100), 40 x 40
(0.050), 80 x 80 (0.025), 160 x 160 (0.0125). Furthermore, we also use the other meshes represented in
tables. A totally unstructured mesh could also have been used. A sample unstructured mesh (10 x 10
elements) is shown in Figure 4.6.
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Moreover, we use the computations with unstructured meshes and structured meshes. The
sample unstructured mesh and structured mesh (30 x 30 elements) is shown in Figure 4.7.

(a) (b)

Figure 4.7. Examples of mesh (30x30 elements) used for the plate: (a) unstructured mesh (2457 dofs);
(b) structured mesh (2183 dofs).

These mesh is obtained by meshing a plate with a hole of radius R=0.4 and by meshing also the
interior of this hole. The computational domain and the unstructured mesh are shown in Figure 4.8.

(a) (b) (c)
Figure 4.8. For unstructured mesh (10x10 elements): (a) refined mesh with the radius equal to 0.5 for

example 1 (1531 dofs); (b) refined mesh with the radius equal to 0.5 for example 2 (1133 dofs); (c)
refined mesh with the radius equal to 0.85 for example 2 (2649 dofs).
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4.1 Example 1

Table 4.1: Unstructured mesh computations on the first example.

Mesh 5x5 10x10 20x20 40x40 50x50 60x60 70x70 80x80 160x160
energy exact 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64

error absolute exact 0.129892 | 0.076799 | 0.020652 | 0.007106 | 0.005427 | 0.003529 | 0.001986 | 0.001687 | 0.000776
error relative exact 0.068082 | 0.040254 | 0.010825 | 0.003725 | 0.002844 | 0.00185 | 0.001041 | 0.000884 | 0.000407
energy exact on LM 1.01701 1.24049 1.24732 1.25355 1.25729 1.25412 1.25525 1.25516 1.25615

error absolute exact on LM| 0.417561 | 0.194305 | 0.093589 | 0.044254 | 0.039844 | 0.031056 | 0.023019 | 0.021145 | 0.011782
error relative exact on LM | 0.414054 | 0.174457 | 0.083799 | 0.039526 | 0.035534 | 0.027732 | 0.020546 | 0.018874 | 0.010512
Inf-Sup 1.203841 | 0.84819 | 0.670264 | 0.574195 * * * * *

Table 4.2: Structured mesh computations on the first example.

Mesh size 5x5 10x10 20x20 30x30 40x40 80x80 160x160
energy exact 3.64 3.64 3.64 3.64 3.64 3.64 3.64
error absolute exact 0.135507 | 0.074203 | 0.016705 | 0.007541 | 0.004913 | 0.001321 | 0.000573
error relative exact 0.071025 | 0.038893 | 0.008756 | 0.003953 | 0.002575 | 0.000693 | 0.0003
energy exact on LM 1.1064 120974 | 1.24393 | 1.24677 | 1.24962 1.256 1.25588

error absolute exact on LM| 0.463372 | 0.20336 | 0.099764 | 0.066784 | 0.050617 | 0.023894 | 0.012239
error relative exact on LM | 0.440528 | 0.184892 | 0.089449 | 0.059811 | 0.04528 | 0.021321 | 0.010922
Inf-Sup 0.883513 | 0.633505 | 0.539896 | 0.539956 | 0.535193 & &

Table 4.3: Unstructured refined mesh (with radius = 0.5) computations on the first example.

Mesh 5x5 7x7 9x9 10x10 11x11 12x12 13x13 14x14 15x15 20x20 25x25 30x30
energy exact 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64 3.64
error absolute exact 0.025119 | 0.009058 | 0.006048 | 0.005923 | 0.005114 | 0.004625 | 0.003775 | 0.00309 | 0.002399 | 0.00207 | 0.001476 | 0.000946
error relative exact 0.013166 | 0.004747 | 0.00317 | 0.003104 | 0.00268 | 0.002424 | 0.001979 | 0.00162 | 0.001258 | 0.001085 | 0.000774 | 0.000496
energy exact on LM 1.2786 1.25702 1.25648| 1.26358 1.25878 1.25372 1.25664 1.26122 1.25659 1.25726 1.25577 1.25713

error absolute exact on LM | 0.110333 | 0.061094 | 0.047165 | 0.045261 | 0.040933 | 0.038293 | 0.032205 | 0.031895 | 0.029489 | 0.021917 | 0.018099 | 0.013605

error relative exact on LM | 0.097575 | 0.054491 | 0.042077 | 0.040265 | 0.036484 | 0.034199 | 0.028729 | 0.0284 | 0.026307 | 0.019547 | 0.016151 | 0.012134

[nf-Sup 0.430819 | 0.355826 | 0.349526 | 0.330878 | 0.3321 | 0.341292 | 0.317271 | 0.32176 * * * *

Remark: * shown that we are not able to obtain the computation of inf-sup value. That is a
problem because the number of dofs is “high”. The capability of the computer was a limit for those
computation. In those limited computations, it was not possible to use a mesh as fine as we wanted to
obtain inf-sup value.

We test the X-FEM on a problem to establish the rate of convergence of the method. The
convergence of the numerical method is studied by the energy norm and the Lagrange multiplier. The
relative error in the energy norm is computed as the mesh is refined. The relative error in the energy
norm is plotted as a function of the mesh spacing (log-log plot). In theory the plot of the energy in
function of the number of dof. in scale log-log is straight line if there is convergence and the slope of it
(<1) give the rate of convergence.

For measuring the accuracy of the computation, in these figures all of them converge with

mesh refinement. The energy convergence will be used. These computations will verify that we have a
convergence for all test cases.
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Caornparison of the relative error Comparison of the relative error on Larange rultiplier
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Figure 4.9. For the example 1, the comparison between structured and unstructured meshes:

(a) convergence of the energy norm; (b) convergence of the L* error on the Lagrange multiplier.
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Figure 4.10. For the example 1: (a) inf-sup value on the comparison between structured and
unstructured meshes; (b) inf-sup value of the refined mesh.
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Figure 4.11. Error on the Lagrange multipliers for the interface problem (refined mesh at the radius

equal to 0.5).
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In order to investigate the behavior of the new approach, we computed the L’ norm for each
simulation. Results for the non-matching (uniform) meshes case using of the reduced multiplier space:
convergence of the errors and inf-sup parameter.

Fields of stress and displacement are computed by the extended finite element method in square
plate. Figures 4.12 and 4.14 shows a comparison among displacement and stress fields.

DISPLACEMENT
098 '\ 98

DISPLACEMENT
0.987 a7
_ _

(a) (b)

Figure 4.12. For example 1, the comparisons between displacements in: (a) mesh (5x5 elements, 103
dofs); (b) mesh(160x160 elements, 51999 dofs).

Please note the gap (jump in the displacements) in a rough mesh and a fine mesh. In the other
comparison, make both mesh visible and we’ll have what looks like on the appear mesh again. No
improvement is obtained in the coarse mesh. However, the result is good for the fined mesh.
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DISPLACEMENT
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(a) (b)

Figure 4.13. Zoom on the interface of example 1 for mesh: (a) (10x10 elements, 341 dofs);
(b) (160x160 elements, 51999 dofs).
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As the study relative to the displacement fields leads to good conclusions, we now focus on
stresses within the plate.

STRESS STRESS
0.809 0.888 0.966 0.823 0.895 0967
| - | ]
(a) (b)

Figure 4.14. Comparison of stress in the mesh (40x40 elements): (a) unstructured mesh (4225 dofs);
(b) structured mesh (3661 dofs).

ERROR_COMNTRIBUTION_EXACT ERRCOR_CONTRIBUTION_EXACT
8.05e-008 000234 0.00468 1.38e-010 0.000167 0.000334
| . | N |
(a) (b)

Figure 4.15. Comparison of the mesh (20x20 elements): (a) structured mesh (1029 dofs);
(b) unstructured mesh with the refined mesh in the radius equal to 0.5 (5717 dofs).
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And for computing error,

ERROR_CONTRIBUTION_EXACT ERROR_CONTRIBUTION_EXACT
6.91e-010 0.000608 0.00122 1.29e-013 4 79e-005 9.59¢-005
| ] N B |
(a) (b)

Figure 4.16. The error computations are carried out for different values of mesh: (a) mesh of 40x40
elements (4225 dofs); (b) mesh of 160x160 elements (51999 dofs).
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4.2 Example 2

Table 4.4: Unstructured mesh computations on the second example.

Mesh 5x5 10x10 20x20 25x25 30x30 35x35 40x40 50x50 80x80 160x160
energy exact 4.529890 | 4.062010 | 4.032410 | 4.029740 | 4.026630 | 4.026170 | 4.025730 | 4.024650 | 4.023090 | 4.022620
error absolute exact 0.834429 | 0.328234 | 0.212376 | 0.163092 | 0.126669 | 0.113101 | 0.101604 | 0.085112 | 0.053672 | 0.025131
error relative exact 0.392054 | 0.162859 | 0.105760 | 0.081245 | 0.063125 | 0.056366 | 0.050639 | 0.042426 | 0.026759 | 0.012530
energy exact on LM 1.451080 | 1.461360 | 1.480620 | 1.479230 | 1.476740 | 1.476130 | 1.477590 | 1.475510 | 1.477540 | 1.475550
error absolute exact on LM | 0.530019 | 0.179287 | 0.103852 | 0.078560 | 0.063427 | 0.053488 | 0.045613 | 0.036837 | 0.021957 | 0.010921
error relative exact on LM | 0.439992 | 0.148310 | 0.085348 | 0.064593 | 0.052194 | 0.044024 | 0.037524 | 0.030326 | 0.018063 | 0.008990
Inf-Sup 1.067191 | 0.691359 | 0.650401 | 0.625104 | 0.667652 | 0.683250 | 0.728837 * * *

Table 4.5: Structured mesh computations on the second example.

Mesh 5x5 10x10 20x20 30x30 35x35 40x40

energy exact 4.492590 | 4.082770 | 4.036700 | 4.028810 | 4.027060 | 4.026090
error absolute exact 0.767359 | 0.379316 | 0.223537 | 0.160995 | 0.145170 | 0.126327
error relative exact 0.362034 | 0.187726 | 0.111259 | 0.080209 | 0.072341 | 0.062958
energy exact on LM 1.367060 | 1.536730 | 1.495210 | 1.484430 | 1.471700 | 1.479790
error absolute exact on LM | 0.546072 | 0.296083 | 0.125341 | 0.069991 | 0.063593 | 0.056134
error relative exact on LM | 0.467042 | 0.238844 | 0.102504 | 0.057446 | 0.052420 | 0.046145
Inf-Sup 0.691551 | 0.621886 | 0.587801 | 0.546792 | 0.531919 | 0.554174

Table 4.6: Unstructured refined mesh (with radius = 0.5) computations on the second example.

Mesh 5x5 10x10 15x15 20x20 25x25 30x30
energy exact 4.036110 | 4.025520 | 4.023750 | 4.023280 | 4.022920 | 4.022810
error absolute exact 0.308659 | 0.148416 | 0.099044 | 0.074615 | 0.060733 | 0.050027
error relative exact 0.153638 | 0.073973 | 0.049376 | 0.037199 | 0.030280 | 0.024942
energy exact on LM 1.462390 | 1.490250 | 1.480360 | 1.480510 | 1.477460 | 1.477000
error absolute exact on LM | 0.199182 | 0.100781 | 0.073558 | 0.046938 | 0.039499 | 0.031136
error relative exact on LM | 0.164709 | 0.082556 | 0.060457 | 0.038576 | 0.032496 | 0.025620
Inf-Sup 0.530101 | 0.490511 | 0.511335 * * *

Table 4.7: Unstructured refined mesh (with radius = 0.85) computations on the second example.

Mesh 3x3 5x5 6x6 8x8 9x9 10x10 11x11 12x12 14x14 15x15 20x20
energy exact 4.055570 | 4.033510 | 4.029880 | 4.028180 | 4.025700 | 4.024840 | 4.024610 | 4.024470 | 4.024180 | 4.023800 | 4.023120
error absolute exact 0.341845 | 0.217638 | 0.178971 | 0.149987 | 0.127157 | 0.110835 | 0.104786 | 0.099668 | 0.087163 | 0.077969 | 0.058261
error relative exact 0.169748 | 0.108366 | 0.089153 | 0.074731 | 0.063375 | 0.055246 | 0.052232 | 0.049682 | 0.043450 | 0.038869 | 0.029047
energy exact on LM 1.518900 | 1.474600 | 1.481080 | 1.472280 | 1.477390 | 1.475340 | 1.476100 | 1.476800 | 1.478030 | 1.475990 | 1.476870
error absolute exact on LM | 0.207665 | 0.104269 | 0.086510 | 0.057385 | 0.054747 | 0.047841 | 0.044738 | 0.040658 | 0.030778 | 0.028799 | 0.022523
error relative exact on LM | 0.168500 | 0.085866 | 0.071085 | 0.047293 | 0.045042 | 0.039387 | 0.036823 | 0.033457 | 0.025316 | 0.023705 | 0.018533
Inf-Sup 0.399471 | 0.354536 | 0.365466 | 0.334062 | 0.341433 | 0.344741 | 0.329230 e e * *

The results in this section are presented for a plate with a hole of 0.4 of radius. The inf-sup
parameter (numerical inf-sup test) is given as well as the convergence of the errors. The upper of the
four figures are the energy error, the following two figures are the error on the Lagrange multipliers
and the last two bottom figures is the inf-sup value.

Rate of convergence in energy for the plate with a hole problem. This slopes obtained in figures
proved that the code do converge in energy.
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Figure 4.17. Error evolution for non-matching meshes.

Fig 4.17 shows a convergence of the path with mesh refinement. Also the path has smaller oscillations
with mesh refinement. This is due to the convergence for fined meshes.
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Figure 4.18. Convergence of the relative error: (a) without refined mesh; (b)with circular refined mesh.

In Figure 4.18 this is clearly shown, it seems that for refined meshes the rate of convergence

becomes more stable.
The relative error norms on the Lagrange multipliers are shown.
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Figure 4.19. Error on the Lagrange multipliers for the interface problem: (a) unstructured and
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log (h)

(a)

log (relative error on Larange multiplier)

10°

Comparison of the relative error on Larange multiplier

.................... | —@— Refined mesh with R=0.5
; —H— Refined mesh with R=0.85

log (h)

(b)

structured meshes; (b) refined mesh at the radius equal to 0.5 and 0.85.
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Inf-sup & Inf-sup

s tweee ) —€—Unstuctured mesh
? seipeoeof —B—Structured mesh

log {Inf-sup value)
=
log {Inf-sup value)

! ! i) 1

i | \Ulaukh) " lng (h)
(a) (b)
Figure 4.20. Numerical computed inf-sup value: (a) without refined radius; (b) refine with the radius
equal to 0.85.

In Figure 4.19, the convergence rates are indicated on the plots. In Figure 4.20, the inf-sup
conditions do not tend to zero if the mesh-size tends to zero.

These computation have been made with (20x20 elements).

STRESS
0 116 233 0.0483 1.41 277
—_—  — [ I
(a) (b)

Figure 4.21. Mesh (20x20 elements, 9231 dofs): (a) the displacement field; (b) stress field in the body.
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Figure 4.22. Mesh (20x20 elements, 9231 dofs): (a) error; (b) vectors of Lagrange multipliers.

STRESS STRESS

0.154 1.58 3.01 0.185 153 2.88
- —— I -
(a) (b)

Figure 4.23. For example 2, in the mesh (10x10 elements) the comparison between stresses in: (a) the
refined mesh with the radius equal to 0.5 (1133 dofs); (b) the refined mesh with the radius equal to
0.85 (2649 dofs).
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The deformation obtained for this reference solution is represented on Figure 4.24.

DISPLACEMENT
1.13

DISPLACEMENT
116 232

(a) (b)

Figure 4.24. The displacement field in the plate with: (a) a mesh (10x10 elements, 417 dofs) display as
continuous map; (b) a mesh (40x40 elements, 2623 dofs) display as vector field.

In the numerical computations, it is shown that the stability issue should be clarified and
properly analyzed. All these results came from computations with X-FEM. The error in energy norm,
the error on the Lagrange multipliers and the inf-sup are used to evaluate the resulting algorithm. We
described the error as a function of the mesh size. We prove energy type in 2 space dimensions, and
present some numerical examples. For two cases all computations have been made to compare the
results. In this study, the results obtained for the test case seems logical.
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Chapter 5
Conclusions

The aim of this thesis is to present a general overview on the existing techniques to enforce
essential boundary conditions in X-FEM. From the general to the particular, the application of the
X-FEM to model the kinematic condition in two-dimensional solid mechanics is explored. It is shown
that, the Lagrange multiplier method is one of the most popular, because of its straightforward
implementation and applicability to a large variety of problems. However, attention must be paid to the
choice of the interpolation space for the Lagrange multiplier. The discretization of the Lagrange
multiplier must be accurate enough in order to obtain an acceptable solution, but it can lead to singular
matrices if the interpolation space does not verify the Ladygenskaya-BabuSka-Brezzi stability
condition. Thus, the stability issue should be clarified and properly analyzed.

A simple 2D linear elasticity problem shows the major difficulties in the practical choice of the
interpolation of the multiplier in particular situations. Particular examples are used to analyze and
compare their performance in different situations. The computational time and costs incurred in the
implementation and execution of any numerical method is a critical component in the evaluation of its
feasibility, usability, and potential for applications. The numerical results demonstrated the capabilities,
versatility, accuracy, and robustness of the numerical method.
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Appendix A

Calculation for the theory to illustrate the choice of
the Lagrange Multiplier space

To prove the theory [29], | am in the middle of all of these computations myself. In fact, it can
be easily done by hand.

ul u2 A
r )\ 3 2
A 4, 4 1
2 3 !
u3 u4 \
3 4
- 1 >
Element Node 1 Node 2 Node 3
1 1 3 4
2 4 2 1
4 2 1
1 3 4
Kll K12 K13 1 4
K¢ = Ky Ky, Kyl 3 2
K Ky Kg] g1
The basic FEM given
2 a’+b* -b* -a? 2 -1 -1
Kezz—lb b0 :% 11 0
a
1 3 —a? 0 a? -1 0 1
1 b? —b? 0 1 -1 0
K‘*=2—1b —b? a’+b? -a? =% -1 2 -
a
2 3 0 -a?  a? 0 -1 1
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Assemble the K matrix

K111 + K323 K322 Kllz K113 + K321 2 -1 -10
KZ KZ O Kp |_1j-1 2 0 -1
KL, 0 K, K, | 2/-1 0 2 -1

K;l + K123 K122 Kéz Kés + Klzl 0 -1 -1 2

Find the coefficient «, £ of the K matrix

> Coefficient o

e2
Aﬂl_—exe:?
e
Q, 1 1
i AA:EX1><1:E
a= %1 =g’

» Coefficient g

1 e(2-e)
t A, =Ee><(1+(1 e)) >
eI = A —11 1—1
R
,B:A':Z =e(2-e)

A
Multiplies the coefficient «, £ to the stiffness matrix

aKlll"'ﬂKszs IBKZ aKllz O‘Klls"'ﬂKszl
BK, pK, 0 K
aKj, 0 akK;, aKs,

aky + K BKY aKy,  aKg+ K

e?xl+e(2-e)x1 e(2-e)x(-1) e*x(-1) e*x0+e(2-e)x0
_1 e( e)x( 1) e(2-e)x2 0 e(2-e)x(-1)
2 ( 1) 0 e?x2 ezx(—l)

e ><O+e(2 e)x0 e(2-e)x(-1) e*x(-1) e*xl+e(2-e)x1

2e e’ -2 —¢° 0
_1|e°-2e 4e-2¢* 0 e*-2e
T2 —¢? 0 2e° g’

0 e?-2 —e° 2
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» Find the B matrix

Nodal intergral

v

s With ) :1’ O, =@, = 0 1

lzﬁol:(l-e)xex%:e

jﬂq¢1=(l—e)xex%+%(1_e)2
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[T |

ev2 V2 . N,
J.%(pl =0

J‘A‘MDZ =0 e

lﬂe% = (1—8)><(1—e)% = (1—26)

0:0 With ¢4 :1, §01 :¢2 :O

J‘2'1¢74 =0

e

J./12¢74 :ex(l—e)x1+exexlz
r 2 2

2
a_eV2
a 1 I_f—e

2 V2 3 “4

o,
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J‘Zl(”?, =e><e><—:§
Jlﬂz% =0
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2 - _ _
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(7) i 0 —(]__e)2 0

(7) —(1—e)2 u,—e(l-eju, =0
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Replaced to the formula of A, 4,, 4, in the previous calculation:

2 2—-e
(1-e)
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1 |e*-2e
= u, +2F
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1 —

(1—e)2 -
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U,

2(2e5 —6e* + 46 +2e) (—2e5 +66* —3e° —4¢? +2e)

(—2¢°+6e* —3e°—4e” + 2¢) ° ' (e*- 2e)2 =2

(—2e5+6e4 —3e° —4¢? +2e)2 —(2e5—6e“+4e3+2e)2 o 2(2e5—6e4+4e3+2e)
(e*- 2e)2 x(—2€° +6e* —3e° —4e” + 2e) A (—2¢° +6e* —3e° —4e” + 2¢)
(—2e“ +66% —3¢? —4e+2) (2e4 —66% +4e% + 2)
2F, — 2F, (A.15)
(4e3 —12¢° +7e+4) (4e3 —12¢° +7e+4)

u, =

Thus,
(2e4 —6e% +4e% + 2) (—2e4 +66%—3e2—de+ 2) (2e“ —66% +4e% + 2)

(—2e4 +66%—3e2 —4de+ 2) (4e3 —12¢? +7e+4) 2R~ (4e3 —12¢% + 7e+4)

2

u =-

2e(e—2)2
— F A.16
(—2e4 +6e’—3e?—4de+ 2) ? (A.16)

Consequently,
e&-3+3  (1-¢)
A= (¢* - 2e) E (¢* - 2e) "
_(e?-3e+3)(2e* —6e” +4e” +2)+ (1-e)’ (—2¢* + 66’ ~ 3¢’ — e+ 2)
A=o (e” —2¢)(4e° ~12¢* + 7e + 4)

2F +
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2 43 2 2 (a2 _ 2 _ 3_19a2

(¢* —3e+3)(2e* —6e” +4e” +2) —(e* —3e+3)(e—2)(e” — 2¢)(4e’ - 12¢ +7e+4)2F2
(e2 —2e)(4e3 —12¢? +7e+4)(—2e4 +6e°—3e2—4de+ 2)

(1-e)" (28" —6€ +4e” +2)(—2e" + 66’ —3e* — de + 2)

(e2 —2e)(4e3 ~12¢? +7e+4)(—2e4 +6e°—3e?—4de+ 2)

+

2

A= +1,
e’ —3e+3)(2e* —6e® + 4 +2)+(1-e)’ || (2e* —6e® + 4% + 2)— (e - 2)°
o (1-¢) c-2r])
b e(e—2)(4e’~12¢” + e +4) '
(2e3 —9¢% +14e —8)
RE 3 2 F
e(4e ~12e +7e+4)

Il

| _(e—2)(—2e4+663—3e2—4e+2)(2e4—5e3—e2+9e—4)2F
* e(e-2)(4e° 126" + Te+4)(-2e" +66° ~ 3’ —de+2)
(2¢°-9¢” +14e-8)

2+e(4e3—12e2+7e+4) 2

I2
(2e3 —9g? +14e—8) (2e3 —9e? +14e —8)
F+F+ 3 5 F,
e(4e ~12¢ +7e+4)

) (2¢°-9¢* +14e-8) 1
A=(Rr FZ)_(4e3—12e2 +Te+4)e

A=h- e(4e’ —12¢% +Te +4)

(Fl - Fz) (A.17)

Replaced uy, uzto 4,
—e* +3e%—4e° +2¢ et —2e%+2e
) 2 u, — 5 2 u,
(e —2e) (e —2e)

j?:_

- +3e?-4e+2 el—2e%+2
A== > u, — —U, (A.18)
e(e—2) e(e-2)

The coefficient of F;
(2e6 —15e° + 42¢* —52¢° + 24e2)
2F

e(e-2)"(4e°~12¢° + 7e+4)
4e° —30e* +84¢e® —104e* + 48e
(e-2)"(4e®—12¢° + 7e+4)
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The coefficient of F»

Then

As a consequence,

(e—2)°[(4e’ ~12¢" + e+ 4) (2" ~Be+4)]

1~

(e-2)"(4e®~12¢° + 7e+4)
(2¢*-5e+4)
(4°—12¢* +7e+4)

F

(4¢®-10e” + 2e +8)(e - 2)° e(—2¢" +6e° —3e” —4e+2)

e(e-2) (20" +66°~3¢? —de+2)(4¢° ~12¢7 + Te +4)

) [(4e3 ~12¢” +7e +4) + (267 —5e+4)]

(4°—12¢* + e +4) i

(2¢*-5e+4)

=R (4e°-12e* +7e+4) °
B (2¢*-5e+4)
_(F1+FZ)_(4e3—12e2+7e+4)( =)
_ (2e°-9e*+14e-8) 1
A= _(4e3—12e2+7e+4)€[':]
/12:/13
B (2e2—5e+4)
%= _(4e3—12e2+7e+4)[F]

+ Wesetd, = (1—e)ﬂ1 +e/,, the system of equations (A.1) returns:

(1) 2 e’ —2e
(2)| e?—2e  4e-2¢?
(3)] -¢€? 0
(4 o e’ -2e
() (e-1) 0
(6)] —e(1-e) —(1-e)’

—e° 0 | (e-1) -e(l-e)
0 e*-2e | 0 -(1- e)2
2¢’ —e’ | —e? 0
—e? 2e | —e(l-e) —e
—e* —e(l-e) | 0 0
0 e | 0 0

(A.19)
(A.20)
fu ] [-2F ]
u, —2F,
Uy 0
x|u,|=| O (A.21)
A 0
4] L O]
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Take the first line of the B matrix
—e(l—@)ﬂl—(l_e)lz"'o%
=—e(1-e)Z-(1-¢)[(1-¢) 4 +e%,]
=[-e(1-e)-(1-¢)' |4 —e(1-€) 4
A =4+(1-e)4, —ee—e(l-e)=—e
A=A +el, |

(5) (e-1)u,—e’u,—e(l-e)u, =0

(6) —e(l-e)u,—(1-e)’u,—eu, =0

U, —eu, (A.22)
—e(l—e){ﬁu3 —eu‘i—(l—e)2 u,—eu, =0

e’u, +e’(1-e)u, —(1-e)’u, —eu, =0

e’u, +e(—e’ +e-1)u, —(1-€) u, =0

el e(-e*+e-1)
uzz(l_e)2u3+ (1—e)2 u, (A.23)
(3) —e’u,+2e’u,—e’u,—e’4 =0
—(ee—_zl)u3+eu4+2u3—u4—/11=0
—_ez(:_zle)_zu3+(e—1)u4—/11:0
U, =— (<), , (=) A (A.24)

(—e2 +2e—2) ¢ (—e2 +2e—2)

(2) (e2 —Ze)ul +(4e—2e2)u2 +(e2 —Ze)u4 —(1-e)" 4, =—2F,

o2 26l & U _eu li(4e_2e2) & 4 +6(—e2+e—1)
( 2 ){( _1) 3 4} (4 2 )[(1—6)2 3 (1—6)2

(—e*+e'+2¢%)  (e°—e' -3¢’ +3e’ - 2e) ,
—— U, + - u,—(1-e)" 4, =-2F,
(1-e) (1-e)

u, |+(e” - 2e)u, - (1-e)’ 4, =-2F,
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oF, (-e°+e'+2¢’)  (e°—e'-3e’+3e’ —2e)
j?: 7T 4 U; + 2 U,
(1-e) (1-e) (1-e)
. 2F, _(—e5+e4+2e3) (e-1)’ . +(—e5+e4+2e3) (e-1) .
(1-e) (1-e)  (-e°+2e-2) " (1-e)' (-e*+2e-2)
(es—e4—3e3+3e2—2e)
u
(1—6)4 4
5_g? 2 _4e* +126° ~10€? +4
. 2F, . (e e e) 21+( e +12e e’ + e)u4 (A25)

(1-e) (1_9)3(_92+2e—2) (1—6)4(—ez+2e—2)
(4) (82 - 26)u2 —e’u, +2eu, —e(1-e) 4, —el,; =0
Replaced u,,u,, 4, into (4)

3 e(-e*+e-1)

(-2 oo

(l—e)2 (l—e)z
| 2F, N (65—64—263) +(4e4+12e310e2+4e)u]e
[(1e>2 o (e e (w2 ) T

u4]e2u3 +2eu, —e(1-e) 4 -

N B R e S +e<—e2+e—1)u}_
( 2){(1e){ (—e*+2e-2) ° (—e2+2e—2)/11} (1-e) °

) (e—l)2 (e-1)
- [(—e2 +2e-2) et (—e* +2e-2) /11]+2eu4 ~elt-e)A-

oF (e°—e*—2¢°) (—4e* +12¢° ~10¢” + 4e)
- RV 3 A+ 2 u, |€=
(1-e) (1-e)’(-€*+2e-2) (1-e)'(-€*+2e-2)

2eF, (—2¢°+8e°—14e* +17€’—9¢’ + 2¢) . (2¢° - 8¢* +15e" — 20e° +13¢” - 4e) .
(1-e)’ (1-e)’(-e*+2e-2) (1-e)' (-’ +2e-2) )

(1-e)(—2¢° +8e° —14e* +17€* - 9e” + 2e) 2e(1-e)’ (-€*+2e-2)F,

U, =— +
) (2¢° -8¢° +15e* — 20 +13¢” — 4e) (2¢° -8¢® +15e* — 20 +13¢” - 4e)

(A.26)

Replaced us to A,

- 2F, , (e53—e“—2e3)
(1-e)° (1-e) (—e2+2e—2)

A+
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+

(—4e* +12¢° -10e” +4e)| (1-e)(—2¢° +8e° —14e” +17€’ - 9e” + 2e)
(1-e)' (e’ +2e-2) (2¢° —8¢° +15e* — 20e° +13¢” — 4e)

2e(1—e)2(—e2+2e—2) F, ]

(2e6 —8e® +15e* — 206 +13e? — 4e)

4e® — 24¢° +54e* —60e® + 34e” —8e
(1-e) (2¢ —8e° +15¢" —20¢° +13¢° —de) ©
(26" —18e' + 75¢° ~191e® + 327¢” —389¢° +320e° —174e* + 56¢° —8¢” )
(1-e)’(—e”+2e—2)(2¢° —8e°® +15e* — 20e® +13¢° — 4e)

A =

(A.27)

(1) 2eu, +(e*—2e)u, —e’u, +(e-1) 4 —e(1-e) 4, =—2F

Replaced by u; u; and us
(e5—2e3) (e7—2e6—e5+6e4—6e3+e2) (—2e3+4e2—4e+2)

(1-e)’ o (1-e)’(-e*+2e-2) a (—e* +2e-2)

A —6(1—6)13 =—2F,

Replaced by uzand 4,
(2¢°-6e'+5¢°—3¢?)  (-2e°+8e’—12¢°+14e’ —8e+2)  2¢F
3 U, + 2 21 - = 1
(1-e)’(—e*+2e-2) (1-e)’(-€*+2e-2) (1-e)

Replaced by uy4
(—e* +3e° —4e” + 2¢)(1—e)(—4e® +16e’ — 26¢° + 24¢” — 8e) .
A= (4e° —16e* + 28e° ~32¢ +17e—4)(—e* +3¢° —4e” + 2¢)(1-¢)
(—e* +3e° —4e” + 2¢)(1—e)(—4e° +16e’ —30e® + 40e” — 26 +8)

(4e® —16e* +28¢* —32¢ +17e—4)(—e" + 3¢ — e’ + 2¢)(1-e)

B (4e5 —16€* + 286° — 32¢? +17e—4)—(2e3 —8¢? +9e—4) .
A= (4e° —16¢* + 28¢* —32¢ +17e—4) 2
(4e5 —166* + 286° — 32¢? +17e—4)+(2e3 —8¢? +9e—4) -

(4e5 —16e* +28e% —32e2 +17e —4) !

+

(2¢°-8e” +9e-4)

=F+F+
SR (4e®—16e* + 28> —32¢° +17e -4

) (R-F,) (A.28)
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Calculate 4,
From the equation (A.27)
(4e® — 24e° +54e* —60e’ + 34e” —8e)
" o) (22— 1150 208 1138 o) ©
(2¢" —18e' + 75¢” ~191e® + 327¢ —389¢° + 320e° —174e* +56¢° —8e” )
(1-e)’(—€*+2e—2)(2€° —8e® +15e* — 20¢° +13¢ — de)
(1-e)’(4e® —16¢” +18e-8)e
(1-e)’ (2¢° -8e* +15¢° —20¢” +13e - 4)e
(1-e)’(-e+2e-2)(2¢° —8e* +13¢° ~12¢” + de)e
(1-e)’(—€” +2e-2)(2¢° - 8e* +15¢° — 20" +13e - 4)e
(4¢®-16¢” +18e-8)

Ay =

F,+

= F, +
& (2¢°—8e* +15¢° 20’ +13e—4) °
(2¢° —8e* +13¢° ~12¢” + 4e) (2¢°-8e” +9e-4)
s 4 3 2 FR+F+ 5 4 3 2 (Fl_FZ)
(2¢° —8e* +15¢° — 20¢” +13e - 4) (4¢° —16¢* + 28¢° —32¢ +17e - 4)
(4e° —16e* + 26¢° — 24e” + 8e) (4¢° ~16e* +30e® - 40¢” + 26e - 8)

= F+ F
(4e5 —16e* +28e% —32e? +17e —4) ' (4e5 —16e* +28¢% — 32¢? +17e—4) ?
(4¢® —16¢* + 28¢” —32¢” +17e - 4) FiF) (2¢°-8e” +9e—4)F,—(2¢° 8¢’ +9e-4)F,
+ —
(4e5 —16e* + 28 —32e? +17e— 4) o2 (4e5 —16e* + 28 —32¢? +17e—4)

(2¢°-8e* +9e-4)
(4¢® —16e* + 28¢° —32¢” +17e - 4)

A=(FR+F,)- (R-F) (A.29)

With 2, = (1-e) 4, +e4,

(2¢°-8e* +9e-4) 7]
4e° —16e" + 28¢° —32¢” +17e—4)
A =(1-e) A +ed, (A.30)
2e® —8e? +9e—4
F (2¢°-8e” +9e-4) F]
(4¢® —16¢* + 28¢° —32¢” +17e—4)

A=F+
(
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Appendix B
Algorithm to design the Lagrange Multiplier space

This appendix will provide additional details concerning the use of three algorithms.

B.1 Description of the Moés algorithm (algol)

The algorithm introduced by Moés [29] is presented in the problem of how to impose Dirichlet
conditions on an interface in the context of X-FEM. It shows that the technique of Lagrange multipliers
to impose Dirichlet conditions must be used carefully, because the inf-sup condition is not always
respected. The paper is restricted to the 2D case, but the algorithm presented is easily generalizable to
3D case. The first phase is a phase of selection of nodes, in which selected nodes are those “important”
for the approximation of the Lagrange multipliers. The other nodes are excessive and lead to the
oscillations of the Lagrange multipliers. Once the nodes “important” selected, relationships of equality
and linear combinations are placed between the Lagrange multipliers, to narrow the space of
multipliers. Thus, the Lagrange multipliers of the edge from a same selected node are equal, and if a
Lagrange multiplier is on an edge whose two end nodes are selected, then it is linked to the two
Lagrange connected closest.

More formally, E and N are the sets containing all the edges and all nodes of the mesh. The two
ends of an edge e € E are noted (vl(e),v2 (e)) e N?. First, it begins with an initialization step (iteration

k =0 of the algorithm). It determinesS_, the set of edges that are cut by the interface. The interface is
represented by the normal level set Isn, an edge e<E is cut by the interface if and only if
Isn(v, (e))-Isn(v,(e))<0. Note that if the interface coincides with the node v, (e)or node v, (e), the

edge e is belong toS?:
2 ={ecE, Isn(v,(e))-Isn(v,(e))<0} (B.1)
Consider N, the set of nodes connected by the elements S?:
Ne:{neN, JeeS; n=v/(e) or n:vz(e)} (B.2)

Consider S° the set of nodes selected in the iteration k =0 (initialization). These nodes are
those that coincide with the interface (this set can be empty):

S, ={neN,, Isn(n)=0} (B.3)

After this initialization phase, the algorithm iterates of k =1, nmax_iter .
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At each iteration, we perform the following steps:

» Updated all set of edges: it removes those that are connected to a node selected in previous
iteration

Sy =St \{eesi™, v(e)eSi™ or v,(e)eSi (B.4)

» Calculated the score of these nodes: for each node in N, we calculate a score composed of

2 numbers: the first is the number of edges in S¥ connected, and the second is the absolute value of the
normal level set in that node. This score sc_nois a matrix with two columns that are lines represent

the node.

s¢_no“(n,1)=number of edge connect at node n
vne N, (B.5)

sc_no*(n,2)=[isn(n)|

> Calculated the score of these edges: for each edge in S!, we calculate a score composed of

2 numbers: the first digit corresponds to the absolute value of the difference of the 1% digit of the score
of 2 nodes end and the second is a relationship between the values of the 2" digit of 2 nodes ends (ie. a
ratio of values Isn. This scoresc _ar is a matrix with two columns that are the lines represent the

edge.

veeS,, Vje{l2}, sj:sc_nok(vj(e),l), Ij:sc_nok(vj(e),z)

sc_ar‘(e1)=[s, —s,|

L

if s >s

l,+1, s (B.6)
sc_ar(e,2)= Iliilz if s <s,

min(1,,1,)

|— 1 =S,

l+|2

> Finding the "better edge" b, : the edge where the 1 digit of your score is greatest. In case of

equality between 2 edges, which is that the 2" digit of this score is greatest.
> Finding the "better node"b, : this is the end node whose 1* digit of your score is greatest. In

the case of equality, the node that 2" digit of the score is the smallest (the node closest to the interface).
The node b, is the single node selected in this iteration:
Sy ={b,} (B.7)
The algorithm stops if during an iteration the whole set S becomes empty. The final set of
selected nodes will be:

w=[]Js, (B.8)

k
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After this selection phase of the nodes, the algorithm constructs the space of Lagrange
multipliers, which size is equal to that W . Thus, the multipliers space is:

S, ={A',i e {1 setting (W)}} (B.9)

All the edges e have a common edge i W given Lagrange multipliers A, equal among them:
VeeS, VieW, A4 =1 if v(e)=i @ v,(e)=i (B.10)
where the symbol @ refers to the “or exclusive”.

Edges with both ends in W have Lagrange multipliers which are linear combinations of
multipliers closest. In the original version of the algorithm presented in 2D, a Lagrange multiplier on
that edge is a linear combination of Lagrange multipliers and following the previous interface. In 3D,
this concept of “precedent” and “after” no longer exists because the concept of “path” along the
interface is lost. To define a general linear relationship (in 2D/3D), we use the concept of distance, and
each end of the edge on the research Lagrange multiplier nearest covered by an edge connected to e .

B.2 Description of the modified algorithm (algo2)

The algorithm is based on the work of Geniaut, Massin, Moés [49]. Based on similar ideas, a
new algorithm was proposed, which seeks to focus on linear relations to relations of equality between
Lagrange multipliers. Thus, in the new version, we consider all edges on which the normal zero level
set at least one point. Those edges connecting these points on both sides of the interface (or any points
on the interface). The algorithm seeks the minimum subset of edges to connect all the ends of edges.
Then, groups of connected edges are extracted. Relations are imposed as follows:

» Multipliers on the edges of each group are imposed equal,
» The multipliers on the remaining edges are linear combinations of other multipliers.

In more formally, let E and N are the sets containing all the edges and all nodes of the mesh.
The two ends of an edge e < E are noted (v, (e),v,(e))e N?. It first determines S,, the set of edges

that were severely cut by the interface. The interface is represented by the normal level set Isn, an edge
e e E is severely cut by the interface if and only if Isn(v, (e))-Isn(v, (e)) < 0. Note that if the interface

coincides with the node v, (e)or node v, (e), the edge e isnotin S,:
S, = {e eE, Isn(v,(e))-Isn(v,(e))< O} (B.11)

Considered N, the set of nodes connected by the elements S, . It separates N, into two parts:
nodes “below” and “above” the crack, as the sign of Isn:

N,={neN, JeeS, n=v/(e) or n=v,(e)}

N§={neNe, Isn(n)>0} and N;:{neNe, |sn(n)<o} (B.12)
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The search algorithm S, the minimum subset of S, that connects the nodes in N_ and the
nodes in N, . Each node in N, must be connected to at least one node in N, and each node in N_
must be connected to at least one node N, . The edgesin S, are called “critical edges”, because if one

of these edges disappears, at least one node in N, is an orphan. This set of critical edges is not

necessarily unique. In the presence of selection, the most vital edge short is preferred. As it will be
shown, this amounts to minimize the approximation PO. For research of all S, we chose an algorithm
based on the concepts of scores of nodes and edges, a concept that is found in the algol. The algorithm
will remove one to all non-essential edges, until there is no more edges as vital. More precisely, we
associate a score to each node, which corresponds to the number of edges connected to that node. At
each edge, we associate a score, which is the minimum scores on both ends nodes. Let e the edge with
the highest score (with the same score, the longest edge is preferred). If the score ofe is equal 1, then
all the edges are still vital edges. S, is determined and the algorithm stops. If the score of e is strictly

greater than 1, the edge e is an edge non-vital and symbolically removed from the list of edges S, . The

algorithm starts again with a new calculation of the score of the nodes, and so on until there is no more
edges as vital.

It is important to note that S, consists of some edges disconnected, and some certain edges
connected between them. These groups of edges are connected vital extracts the S, . In this group, all
the group vital edges connected by

i
cve

edges are connected with a single node (see Figure B.2.1). Let G
the node i. So G, is defined by:

cve

G, ={eeS,, i=v(e) or i=v,(e)} (B.13)

cve

All multipliers carried by edges in the same group are imposed equal. The other multipliers are
carried by non-critical edges. These multipliers are not essential for the approximation of the contact
pressure. They are imposed thus as linear combinations of multipliers on edges vital. These linear
combinations are determined by the following procedure. Let 4,, e S,\S,, the Lagrange multiplier

given by a non-vital edge e. For each end of the edge e, we search the closest (in terms of physical
distance, not the distance between centre nodes) A, increased by an edge connected to e:

fori=12 find k =argmin {dist(4,4 ),k e GL"} (B.14)
k

The linear relationship is imposed between 4,, 1, and 4, :

dist(2,, 4, ) dist(4,, 4, )
= — A+ —
dlst(/le,/ikl)+d|st(/1€,/1kz) ' dlst(le,ﬂkl)+d|st(/1e,ikz)

A, (B.15)

e
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To illustrate this algorithm, consider the 2D case in Figure B.2.1. These edges cut by the
interface are:

S,={1-8;2-8;2-9;2-10;3-10;3-11;4-12;5-12;6-12;7-12;7-13} (B.16)

The set of critical edges (drawn as a solid line in Figure B.2.1) and non-critical edges (in dashed
line) are as follows:

S.=1{1-8;2-9;2-10;3-11;4-12;5-12;6-12;7-13}
(B.17)

S,\S,, ={2-8;3-10;7-12}

It may be noted that the edge {210} or the edge {3—10} may be chosen either as vital edge.

But as mentioned before, the shortest edge is preferred, therefore {2—-10} € S,, and not {3—10} . Two
groups of connected critical edges can be removed (they are circled in dotted lines in Figure B.2.1):

GZ,={2-9;2-10} and G2 ={4-12;5-12;6-12) (B.18)

For each group, the Lagrange multipliers are imposed equal:

de=Ay and A=A, =4, (B.19)
For each non-critical edge {28}, {3—10} and {7—12}, and a linear relationship between the
multiplier is imposed:

_BC 4, +AB ., _EF-A+4DE-A KA +N-A

//i'B ’ E J
AB+BC DE + EF 1J+JK

(B.20)

In view of relations imposed on the Lagrange multipliers, one can determine the degree of
approximation of contact pressures along the interface. For pieces of interface where the multipliers are
equal, the approximation is P0O. And the pieces of the interface where multipliers are linear
combinations, the approximation is P1. The Figure B.2.1 compares resulting approximations between
the two algorithms.

Aluot: I P1 'PU. Pl I PO : Pl PO I Pl I

Pl PO Pl Pl PO Pl
Algo2: — — : | : :

Figure B.2.1. Example of edges cut by an interface and approximation results.
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¢ Select the essential edges: these are the minimum set of edges connecting the nodes from one
side to the other.

Attach a Lagrange multiplier to each essential edge.

If a set of edges emanate from the same node, they share the same Lagrange multiplier.

For the non essential edges, the Lagrange multiplier is obtained by linear combination.

L)

*
0.0

3

%

*
0.0

Remarks on relations imposed by the algorithm 1 or 2 for the multipliers of
contact

It is the linear relationship between the Lagrange multipliers of contact 4, 4, and A;:

A =ak+(1-a)k (B.21)

The relationship focuses on the pressure and not on the vector contact pressure. In case of a
curved structure the relationship is on the vector of pressure type:

An, =ain, +(1-a)An, (B.22)
Is not possible because the vector n, is not an unknown.

B.3 Algorithm to define the mesh on the interface

The algorithm was introduced by Béchet, N. Moés, B. Wohlmuth 2008 [8]. The interface T is
cutting through edges of the two-dimensional mesh T, defining a graph. The vertices of this graph are

vertices of the mesh T, which are located exactly on I' or are intersection nodes of an open edge of the
mesh T, and I". Once all the vertices of the graph have been marked, we connect the vertices based on

the following rule: two vertices are connected in the graph if both of them result from the intersection
of an open edge with T" and the associated two edges share an endpoint. We note that vertices being
vertices of the original mesh are always isolated vertices. In Figure B.3.1, T" is indicated by a dashed
line. On the left, the mesh is aligned with the interface, and the graph is a set of isolated vertices. On
the right, the interface crosses elements but the vertices are not connected because they do not lie on
edges sharing common nodes. The situation is different in Figure B.3.2 here vertices of the graph are
connected.

Figure B.3.1. A mesh conforming toI" (left) and not conforming (right). Below each case is the vertex
graph as well as the selected vital vertices (squared).
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The naive approach for building the Lagrange multiplier space is to set one independent

multiplier on each vertex of the graph. We know that this does not pass the numerical inf-sup test (Ji
and Dolbow 2004 [15]).

We thus choose to select a subset of the vertices in the graph to define independent Lagrange

multipliers. We call them vital vertices. They are selected based on the following rules

(i) Anisolated vertex is always vital.

(i) A vital vertex is not allowed to be connected to any other vital vertex.

(iii) A non vital vertex must be connected to at least one vital vertex.

The squared vertices in Figure B.3.1 and B.3.2 are vital. Note that for a given graph, the choice

of vital vertices is not unique, see Figure B.3.2.

Figure B.3.2. Two different situations of a non-adapted mesh. Below each case is the vertex graph as

well as possible vital vertices.

The algorithm for the selection of the vital vertices that is used in the implementation closely

follows the rules defined above. It can handle 3D problems with surface boundary conditions as well.

Algorithm in 2D and 3D used to define the vital vertices.

0.

1.

3. Sort the set n,

Define an empty set of vital vertices called vital and an empty set of regular (non vital) vertices
called non_vital.

The vertices on the interface that are also vertices of the mesh are introduced in the vital set.
The rest of the vertices on the interface, denoted V, emanate from cut edges. For each such

vertex v, eV , we denote by v, [k] ; k=0, 1., the end-points of the cutting edge.

For every vertex v, eV on the interface, count the number of intersections of the interface by
the edges incident to v, [k]. This defines the set n,[v,].

[v,] (low number of intersections first).

int

Loop: Pick up the first item of n, [v;] and the corresponding v, .

5. Check that for the every node v, [k] , hone of its incident edges are intersecting the interface at

an already vital vertex. If this condition is fulfilled, mark v, as vital and also mark every vertex
that is the intersection of the interface from an edge incident to v, [k] as non_vital. If the
condition does not hold, simply mark v, as non_vital.
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6. Remove v; from n, [v;].

If n, [v;] is not empty, go to 4.

8. The set called vital contains the vital vertices. The set called non_vital contains the other
vertices.

REMARK B.3.1 Roughly speaking criteria (iii) makes the set of vital vertices as large as possible to
get a good best approximation property for the discrete Lagrange multiplier space, and criteria (ii)
makes the dimension of L" as small as necessary to satisfy a uniform inf-sup condition. Criteria (i)
guarantees that in the case of an aligned interface, the one-dimensional mesh is inherited from the two-
dimensional mesh.

B.4 Definition of a stable Lagrange multiplier space

The details on this matter may be found in Béchet, Moés and Wohlmuth [8]. For each vital
vertex p eV, , we define the associated basis function x € L" as a linear combination of some nodal

hat functions ¢,, g € R, restricted to I". The definition of the coefficients is based on some preliminary
observations and remarks. We note that the number of vertices in B, such that ¢, |.is not equal to zero

is of order h™. Introducing the subset P!, see Figure B.4.1, by
R’ ={peR.;:4, |- not identical zero},

itis trivial tosee that > aoéy =D . @y |, and thus we set

Figure B.4.1. Set of vertices in g, .

In a next step, we define for each vital vertex qeV, a P, € B . We recall that each vital vertex
qisin R or is the intersection point of an open edge e, of the mesh T, .In the first case, we set P, := {q}

and in the second case, we define P, := { Pe» pj} , Where p, p?are the two endpoints of e,. In addition,
we set

QL :=R"\U,, P, =P"\P’

qeVy
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and observe that Q] might be the empty set. Due to criteria (iii), each qe Q] is connected by at least
one closed edge €, cutting the interface with an element in P", see also Figure B.4.2. The number of
such edges e, i.e., one endpoint is g, the other endpoint g, is in P" and g,MNT is not empty, is denoted
by n,. Because all P ,peV,, are pairwise disjoint, there exists a unique p €V, such that g, € P,,and

: : r
we put ginto Q,ie, U, Q,=Q,.

Figure B.4.2. The set of vertices in g, (left) and in Q| (right) are marked with empty squares, the
vertices in V, are marked with filled circles.

In the example of the right picture in Figure B.4.3, n, =1 or n, =2 .\We note that Q jcan be
empty and that Q ;N Q, does not have to be empty for p,q eV", see the right picture in Figure B.4.3.

Figure B.4.3. Sets of vertices from the left to the right g, , ¢y, Qand Q,.

In terms of these subsets, we define now the values of the coefficients ., peV,,qe PR/
1 qeP,
) 1
Apg = n_p' qeQ,
0, otherwise

Then g, has a local support and can be written as

1
Hy = Z ¢q + Z N ¢q
qePy 9eQp g
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Figure B.4.4 shows which nodes q e g, contributes to the definition of Ly PEV,

DVINT
N
NE UL

N/

Figure B.4.4. Nodes in g are marked with a square, nodes in Q ;with a diamond.

LEMMA B.4.1 The set {,up} forms a positive partition of unity with local supportson I, i.e.,

peVv,

Z/up:l

pevy,

REMARK B.4.2 Lemma B.4.1 yields that the Lagrange multiplier space L" reproduces constants and
thus the best approximation property gives an O(h)term in the a priori analysis.

LEMMA B.4.3 There exist constants independent of the mesh-size such that for all elements e € &,

ch, <h <Ch, TeT,

where h, is the length of e, and h, is the diameter of the element T, and T, T, is the set of all
elements T such that the intersection with e is not empty.

THEOREM B.4.4 There exists a constant independent of the mesh-size such that for all z" < L"

h h
Sup MZCH#hH 1
2

h L1
car V| Ty
1,0

REMARK B.4.5 Both algorithms, the one to construct the vital vertices and the one to define the basis
functions of L"are not restricted to the two-dimensional setting. They can easily be generalized to the
three-dimensional case. Using the alternative approach of using standard hat functions for the Lagrange
multiplier on the mesh ¢, would require in 3D to construct a mesh of the interface from the vital
vertices, that satisfies some regularity requirements (e.g. using a Delaunay approach). By using for the
definition of the Lagrange multiplier shape functions defined on the background mesh this can be
avoided.
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