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Abstract

This thesis addresses different aspects of numerical fracture mechanics and spline tech-
nology for analysis.

An energy-based arc-length control for physically non-linear problems is proposed. It
switches between an internal energy-based and a dissipation-based arc-length method.
The arc-length control allows to trace an equilibrium path with multiple snap-through
and / or snap-back phenomena and only requires two parameters.

Phase field models for brittle and cohesive fracture are numerically assessed. The im-
pact of different parameters and boundary conditions on the phase field model for brittle
fracture is investigated. It is demonstrated that I'-convergence is not attained numerically
for the phase field model for brittle fracture and that the phase field model for cohesive
fracture does not pass a two-dimensional patch test when using an unstructured mesh.
The properties of the BEZIER extraction operator for T-splines are exploited for the de-
termination of linear dependencies, partition of unity properties, nesting behaviour and
local refinement. Unstructured T-spline meshes with extraordinary points are modified
such that the blending functions fulfil the partition of unity property and possess a higher
continuity.

BEZIER extraction for POWELL-SABIN B-splines is introduced. Different spline tech-
nologies are compared when solving KIRCHHOFF-LOVE plate theory on a disc with sim-
ply supported and clamped boundary conditions.

POWELL-SABIN B-splines are utilised for smeared and discrete approaches to fracture.
Due to the higher continuity of POWELL-SABIN B-splines, the implicit fourth order gra-
dient damage model for quasi-brittle materials can be solved and stresses can be computed

directly at the crack tip when considering the cohesive zone method.
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1 Introduction

The prediction of crack propagation and failure of materials is one of the big issues
engineering mechanics is currently dealing with. Fracture can be modelled by either
a discrete or a smeared approach utilising the finite element method. In the discrete
approach, the crack is modelled explicitly whereas in the smeared approach, the crack is
distributed over a damage zone with a finite width.

Re-meshing allows the mesh to follow the crack in the discrete approach as demonstrated
by INGRAFFEA, SWENSON and WAWRZYNEK [108, 121] for the theory of linear elastic
fracture mechanics (LEFM). LEFM can be used to describe crack phenomena in brittle
materials such as glass (GRIFFITH [45]), and ductile materials such as steel when
GRIFFITH’s theory is further modified, see IRWIN [53] and OROWAN [81]. GRIFFITH’s
fracture theory is based on energy rather than local stresses. However, LEFM is only
applicable when the plastic region at the crack tip is small. It is not suited to predict
failure in quasi-brittle materials such as concrete and rock which exhibit the formation of
micro-cracks ahead of the crack tip. Therefore, HILLERBORG et al. [50] added cohesive
zones in the vicinity of the crack tip for describing failure in quasi-brittle materials in
a finite element computation. Cohesive zone modelling represents an application of the
approach by BARENBLATT [5] and DUGDALE [38]. Yet, complications arise for discrete
fracture models when describing phenomena like crack branching or modelling curved
cracks in three dimensions.

This has motivated the use of smeared fracture approaches. They do not require
re-meshing which eases their implementation. Smeared approaches represent / ap-
proximate a crack by introducing a damage variable and can be straightforwardly
extended to three dimensions. However, damage approaches yield different solu-
tions upon mesh refinement as discussed by CRISFIELD [26], DE BORST [28] and
KUHL [62]. Thus, non-local damage approaches were developed by BAZANT and
PUJAUDIER-CABOT [8, 87]. Non-local approaches introduce an additional parameter —
the length scale parameter. The implicit gradient damage model for quasi-brittle
materials by PEERLINGS et al. [82] allows for a more effective finite element solution
when introducing non-locality.

Closely related to the implicit gradient damage model is the phase field model for
brittle fracture which also introduces a length scale parameter, see BOURDIN et al. [17],
FRANCFORT & MARIGO [43] and MIEHE et al. [76]. While the implicit gradient damage

model for quasi-brittle materials requires an additional field problem for the non-local
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equivalent strain, the phase field model for brittle fracture introduces an additional field
problem for the damage parameter.

Recently, VERHOOSEL & DE BORST [117] proposed a phase field model for cohesive
fracture. They introduced a second additional auxiliary field in the smeared crack zone
which describes the displacement jump.

However, issues were encountered for the phase field models for brittle and cohesive
fracture by MAY et al. [71] and VIGNOLLET et al. [118]. It was demonstrated by
MAY et al. [71] that I'-convergence is not attained numerically for the phase field model
for brittle fracture and that the phase field model for cohesive fracture does not pass a

two-dimensional patch test for unstructured meshes.

Tracing an equilibrium path for discrete and smeared approaches to fracture often
requires an arc-length method due to the occurrence of snap-through and / or snap-back
phenomena. For these physically non-linear problems, the arc-length methods developed
by RIKS [90] and WEMPNER [123] may fail to converge due to strain localisation in
small zones, see CRISFIELD [26]. To overcome this, DE BORST [28] developed the
indirect displacement method. This method considers only degrees of freedom involved
in the failure zone and therefore requires an a priori knowledge of the expected failure
zone.

The fact that physically non-linear problems can involve a monotonically increasing
dissipation has been exploited by GUTIERREZ [49] and applied to the implicit gradient
damage model for quasi-brittle materials. VERHOOSEL et al. [114] further pursued
and enhanced the idea and applied it to plasticity models and geometrically non-linear
problems with damage.

MAY et al. [73] proposed an arc-length method which switches between controlling the
amount of internal and dissipated energy and hence, is completely energy-based. This
path-following method only requires two parameters for tracing an entire equilibrium
path and is especially useful when the equilibrium path exhibits several snap-through

and / or snap-back phenomena.

B-splines, Non-Uniform Rational B-Splines (NURBS) and T-splines have been exploited
for discrete and smeared approaches to fracture by VERHOOSEL et al. [115,116]. The
concept of using functions that are used in Computer Aided Design (CAD) also for
the analysis was introduced by CIRAK et al. [24] and KAGAN et al. [55], and termed
later isogeometric analysis (IGA) by HUGHES et al. [52]. It is motivated from the time-
consuming mesh generation and geometric inaccuracy present in most of today’s analysis

tools. NURBS and T-splines meet a growing acceptance in the engineering community.
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The technique of BEZIER extraction by BORDEN et al. [13] and SCOTT et al. [94]
contributes considerably to this acceptance as it allows for an implementation that is
identical to that typically used in finite element codes. However, BUFFA et al. [20] raised
the concern that not all T-spline blending functions are linearly independent, which is
a necessary condition to perform the analysis. LI et al. [66] introduced a method to
determine whether the blending functions in a T-spline mesh are linearly independent —
and therefore analysis-suitable — or not. Later, SCOTT et al. [96] developed an algorithm
to refine analysis-suitable T-spline meshes.

While the approach in LI et al. [66] and SCOTT et al. [96] is based on the topology of
the T-spline mesh, MAY et al. [72] demonstrated that the BEZIER extraction operator can
also be used to determine linear dependencies, partition of unity and nesting behaviour
of locally refined meshes. Moreover, the BEZIER extraction operator of unstructured
T-splines with extraordinary points can be modified such that the resulting mesh fulfils the

partition of unity and is C}-continuous around an extraordinary point, cf. MAY et al. [74].

Another spline technology are the POWELL—SABIN [88] B-splines. Quadratic POW-
ELL-SABIN B-splines are based on a linear triangulation and Cj-continuous in
the entire domain. Since they provide basis functions of higher continuity, they
can be applied to problems involving fourth order partial differential equations:
KIRCHHOFF-LOVE [60, 70] plate theory or the implicit fourth order gradient damage
model for quasi-brittle materials. POWELL-SABIN B-splines further allow a direct
computation of stresses at the crack tip for discrete fracture approaches as a result of
their C}-continuity, see also MAY et al. [75]. Since triangles are usually favoured for
discrete approaches due to their re-meshing flexibility, POWELL-SABIN B-splines are

also appealing for these kind of problems.

This thesis comprises different aspects related to numerical fracture mechanics and spline
technology for analysis. Each of the following chapters interacts to some extent with
the other chapters but can mostly be read independently. Chapter 2 introduces a new
arc-length method that utilises the rate of internal and dissipated energy. This chapter is
based on MAY et al. [73]. Chapter 3 is about phase field models for brittle and cohesive
fracture. It addresses the issues observed by MAY et al. [71] and VIGNOLLET et al. [118]:
I"-convergence for the phase field model for brittle fracture and stress oscillations for the
phase field model for cohesive fracture. Chapter 4 shows how the BEZIER extraction
operator for T-splines of arbitrary degree can be used for the determination of linear de-
pendencies, partition of unity property, nesting behaviour and local refinement as demon-

strated in MAY et al. [72]. Furthermore, unstructured T-spline meshes will be discussed




1 Introduction

and it will be explained how the BEZIER extraction operator can be modified in order to
obtain blending functions that fulfil the partition of unity and are C}-continuous around
an extraordinary point, see also MAY et al. [74]. Chapter 5 introduces BEZIER extraction
for POWELL-SABIN B-splines. Also, it compares different spline technologies and points
out their advantages and disadvantages when applied to KIRCHHOFF-LOVE plate theory
on a disc as shown in MAY et al. [74]. Chapter 6 focuses on POWELL—-SABIN B-splines
for smeared and discrete approaches to fracture, cf. MAY et al. [75]. Due to the concerns
experienced in Chapter 3, POWELL-SABIN B-splines will not be utilised for a phase field

approach. Finally, Chapter 7 gives a concise summary of this thesis.




2 Energy-based arc-length control for

physically non-linear problems

This chapter focuses on the energy-based arc-length control for physically non-linear
problems proposed by MAY et al. [73]. It is based on the rate of internal and dissi-
pated energy and allows to trace an equilibrium path with multiple snap-through and / or
snap-back phenomena. After addressing briefly the need for an arc-length method, an arc-
length control which is based on the rate of dissipated and internal energy is introduced.
The dissipation-based arc-length control is derived from the second law of thermodynam-
ics whereas the internal energy-based arc-length control is derived from the time deriva-
tive of the energy density. The method is applied to a plate with an eccentric hole using the
phase field model for brittle fracture and to a perforated beam using interface elements
with decohesion. Index notation is adopted throughout with respect to a CARTESIAN

frame.

2.1 Necessity of an arc-length control

The state of a solid is governed by the equilibrium of external and internal forces

fint (ﬂ) — fext’ (21)

while the external force vector can be represented by a normalised load vector f and the

loading parameter \

Fo =) f (2.2)

As it will be shown next, neither a force nor a displacement control is in general suitable
for following the equilibrium path. During a force control, the loading parameter A is
prescribed, while for a displacement control, the displacement w is prescribed for some
points of the solid. Fig. 2.1 gives a typical force-displacement curve which can occur
during loading.

Up to point A in Fig. 2.1(a) a monotonically increasing force control could be employed,
AL < Ay <. < Mg, (2.3)

whereas up to point B in Fig. 2.1(b) a monotonically increasing displacement control
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Fig. 2.1: (a) The force control is not able to capture the dashed equilibrium path between
the points A and A’ (snap-through). (b) The displacement control is unable to trace the
dashed equilibrium path between the points B and B’ (snap-back).

could be used,
U < Ug < ... < U 2.4)

However, the monotonically increasing force control is not able to capture the snap-
through after the peak load at point A, while the monotonically increasing displacement
control is unable to capture the snap-back at point B.

Therefore, an arc-length control is necessary in order to properly trace the equilibrium
path during loading. An arc-length control adds to Eq. (2.1) an additional constraint equa-
tion ¢ = (u, \), which ensures that the equilibrium path can be followed. By adding the
additional constraint equation, the following system of equations must be solved

IO EPY i )
- [

Assuming that the solution in the &+ 1-th increment and i-th iteration is known for uj,_,

and X , |, Eq. (2.5) can be linearised using a TAYLOR series around uj,;, A}, ; as follows

i i i i o HZH
H(u,\) ~ ﬂ(ﬂkﬂa >‘k+1) + éT(ukH, Ner1) ; =0, (2.6)
A= )‘k+1




2 Energy-based arc-length control for physically non-linear problems

with the tangential stiffness matrix

o fint ( ﬂ) ) )
“ou -7 K -
Kr(u,\) = = I (2.7)
dp(u, \)  Op(u, ) vow
ou O\
The solution for %}, Ajt} in the k+1-th increment in the i+ 1-th iteration in Eq. (2.6),
ﬂ(ﬂz—fp )‘2—:11) = Q, (28)
can be obtained by solving
i+1 i ; - i
1’ _ )\
A k+1 A k+1 ket plu, A) k+1

In order to save computational time for the solution of Eq. (2.9), the inverse of the tan-
gential stiffness matrix Kt can be evaluated utilising the SHERMAN-MORRISON [101]
formula, see Appendix A.1.

2.2 Arc-length control based on the rate of dissipated energy

An arc-length function based on the rate of dissipated energy has been introduced for
damage models by GUTIERREZ [49]. The procedure uses a force control at the begin-
ning of the loading, and when the dissipated energy reaches a certain limit switches to
a dissipation-based arc-length control. The dissipation-based arc-length control is moti-
vated by the fact that during loading the amount of dissipated energy can only increase
monotonically. Therefore, by prescribing the amount of energy which should be dissi-
pated in each loading step, the equilibrium path can be traced.
The first law of thermodynamics gives a statement about the conservation of energy —
energy can neither be destroyed nor created. However, the first law of thermodynamics
does not give a statement about the dissipative nature of a process. The dissipative be-
haviour of a process can be described by the second law of thermodynamics. The second
law of thermodynamics reads in a local form for a constant temperature (see JIRASEK &
BAZANT [54, Chapter 23]),

D = 04;éi; — b >0, (2.10)

where D is the rate of dissipation and ¢/ the energy density that describes the energy

stored in the bulk of the solid per unit volume. It is now assumed that for the constitutive
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behaviour between the stress o;; and the strain ¢;; a damage law of the form
0ij(€ij, d) = 9(d)Cijrem (2.11)

is used with the damage parameter d € [0, 1| (0: undamaged state, 1: fully broken state),

the degradation function g(d), the infinitesimal strain tensor

1
52']' = 5 (’U%j + Uj,i) (212)

and the elasticity tensor equipped with the usual major and minor symmetries
Cijki = Cjirts  Cijrt = Cijies  Cijrr = Chaij- (2.13)

The energy density v reads

1
w<€ij7 d) = 501']‘ (81']‘, d)EZ'j, (214)
while

a?/) 180'1']' 1 aﬁij 1 1
e = 20050+ 3% g0 = 39(DCkney + 59(d)Cignidud;
O0ck 265kl€J QUJ(%M 29( ) Jkl5J+29( )Cijri€r10ir ;i

= g(d)cijklgij = g<d)Cklij5ij = op. (2.15)

There are two ways of expressing the time derivative of the energy density  in Eq. (2.10).

The first option is to use the chain rule with Eq. (2.15)

- Oy o ) o .
— i+ —d = 0,6 + —d, 2.16
V= et T gt = Tt T gy (2.16)
which yields for Eq. (2.10)
. oY
D=——2d>0. 2.17
od  — .17)
The second option is to apply the product rule
-1, 1 .
Y= 5% + 57> (2.18)
which results for Eq. (2.10) in
-1 . 1.
D= Eaijgij — 50’1‘]‘8”‘ Z 0. (219)
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Assuming that there are no discontinuities in the solid, the global forms of Eq. (2.17) and
Eq. (2.19) can be written as

. ) 1 1 o -

EP = / DAV = / —0éi; — =0igi; AV = [ ——=ddV, (2.20)

o ~ 2 J=1) 2 J=1] o ad

where £P is the rate of dissipated energy. It can be observed from Eq. (2.20) that P
directly follows from the evolution of the damage variable d. The dissipated energy £
increases monotonically since ED >0 follows from d >0 and g—z <01in Eq. (2.20).

The second integral in Eq. (2.20) can be expressed in matrix-vector format with

e=Bu, (2.21)

Jloe

Eq. (2.1) and Eq. (2.2) as

o (u) — su f(u) = %Qki — %Mf (2.22)

Replacing EP in Eq. (2.22) with the rate of the path parameter 77 yields
Lover 5. 7\3 =D
5()@ —Au' ) f -7 =0. (2.23)

Any time discretisation scheme would result in

(Mt — Menup) f — AP =0, (2.24)

N | —

see Appendix A.2.2. The time discretisation of the last term in Eq. (2.20) is in general
not equal to Eq. (2.24), although the second and the third integral in Eq. (2.20) are equal
from a continuity perspective. Eq. (2.24) can now be used as the constraint equation in
Eq. (2.5) in the following form

P, \) = = (N - ) f - AP, (2.25)

N | —

The parameter A7 in Eq. (2.25) can be interpreted as the prescribed step size for each
increment — it prescribes the amount of energy which needs to be dissipated in one incre-

ment.
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2.3 Arc-length control based on the rate of internal energy

Next, a new arc-length function will be introduced for the regime when the rate of dis-
sipated energy £ due to the evolution of the damage variable d is very small, e. g., at
the onset of loading. Assuming that there are no discontinuities in the solid, and using
Egs. (2.1), (2.2) and (2.21), Eq. (2.18) can be written in the global form to yield the rate

of the internal energy ¢ in matrix-vector format

al f™(w) + () = % (@™ +u"A) F. 226)

Replacing U with the path parameter 7V in Eq. (2.19) and applying the midpoint rule (see
Appendix A.2.1) results in

(Aerrui — Muf) f — ATV =0, (2.27)

(NN

which can now be used as a constraint equation in Eq. (2.5) as follows
1 .
o (w\) = 5 (' = Ny ) £ - ATV (2.28)

The parameter A7V in Eq. (2.28) can be interpreted as the prescribed step size for an
increment — it prescribes the amount of internal energy which needs to be introduced into
the system in one increment.

In the first iteration (¢ = 1) of the first increment (k=1)

i=1
1 1

U
o7 (u, ) :—Ul i (2.29)

O

i=1
pu— 1 T 1

k=1

and Eq. (2.7) would result with u} =wu, =0 in a singular matrix. Hence, in the first incre-

ment k=1 the following arc-length expression is used

Aot (N)
O\

o1 (A) =X — Arf,

=1, (2.30)
k=1
which is equivalent to a force control. After the first increment, the solution for w, and
A1 is known. From the solution for w, and )\, the rate of the internal energy for the first
increment A7V can be evaluated using Eq. (2.28),

Al =2 (M — oud) f = g{j. (2.31)

10
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ATV from Eq. (2.31) can then be utilised in the following increments as the prescribed
step size. No adaptive step size scheme will be used for A7V,

Next to A7{, a ratio a needs to be defined. This parameter specifies when the arc-length
control has to switch from internal energy-based arc-length control to dissipation-based

arc-length control and is defined as

a=—. (2.32)

When the force-displacement curve exhibits a more brittle behaviour — i. e. little damage
occurs before the maximum peak force — a smaller value must be assigned to the para-
meter a. The simulation cannot switch to the dissipation-based arc-length control and will
not find an equilibrium at a snap-through / snap-back when the parameter a is too large. If
a is taken too small the simulation switches too early to the dissipation-based arc-length
control. In order to determine a, one can start a simulation assuming a large a. Then, a

value can be assigned to a that is smaller than the term {7 - from the last increment where

A AU
an equilibrium could be found. The algorithm is summarised in Algorithm 2.1.

s

prescribed ATP =aATY
fromD — F;

ATV <0
fromE — F

prescribed ATV = A7V
from C — D

prescribed Ar{" ATV > AU

prescribed
ATY =ATY
after G

ATlF R

: U
gives A7y

0

Fig. 2.2: Path following technique using an arc-length control which is based on the rate
of internal energy U and the rate of dissipated energy EP. Switch from rate of internal
energy-based arc-length control Y to dissipation-based arc-length control ¢ at point D;
switch from dissipation-based arc-length control ¢” to internal energy-based arc-length
control ¥ at point G.
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2 Energy-based arc-length control for physically non-linear problems

k=0;
InternalEnergyArclength=1;
Prescribe A7{" and ratio a;
while k < k. do
k=k+1;i=0;error =1,
while error > errorm.x do

1=14+1;

if £k =1 then

| oF = — Al
else

if InternalEnergyArclength = 1 then
) T ~
‘ V=3 ()‘?cﬂﬂ;cﬂ - Akﬂg) f— A
else
. T . ~
‘ o’ =3 ()‘kg}c+1 - )‘}c—kl@z) f—Aar?,
end

end

// Solve for u; "} and A} using Eq. (2.9) and evaluate the error

1+1 +1
error = error(ug 1, A );

end

/I Define the arc-length function for the next increment

if k =1 then

Ar{ = 3huf f;

ATY = AT,

else

if InternalEnergyArclength = 1 then

ATP = 5 (Mrufyy — Aepauf) £

if AP > aA7l then
// use now arc-length based on rate of dissipated energy
InternalEnergyArclength = 0;
InternalEnergyNegative = 0;
ATP = aAT;

end

else

A% =5 (Mepaugyy — M) £

if A7V < 0 and InternalEnergyNegative = 0 then

‘ InternalEnergyNegative = 1;

else if A7V > A7V and InternalEnergyNegative = 1 then
/I use now arc-length based on rate of internal energy
InternalEnergyArclength = 1;
ATV = ATV,

end

end
end

end

Algorithm 2.1: Algorithm for the loading process for the arc-length control based
on the rate of internal energy U and the rate of the dissipated energy EP.

A simulation starts with a prescribed step size A7 for the force, which gives after conver-
gence the step size Ar{ for the rate of internal energy at point C, cf. Fig. 2.2. A7V is then

used as the prescribed step size for the arc-length control ¢V based on the rate of internal

12




2 Energy-based arc-length control for physically non-linear problems

energy from point C to D, A7V =A7V. If, at the end of an increment, the incremental
dissipated energy times the ratio factor a is larger than the prescribed increment for the
internal energy, AT >aA7Y =aA7Y (point D in Fig. 2.2), the loading process switches
from internal energy-based (V) to dissipation-based () arc-length control with a pre-
scribed step size ATP =aA7V. The increment in the internal energy becomes negative,
ATY <0, between point E and F in Fig. 2.2. When the incremental internal energy ArY
becomes again larger than A7/ (point G in Fig. 2.2), the loading process switches back
to an internal energy-based arc-length control ¢V with a prescribed step size A7Y = A7V,

The arc-length method requires two parameters: A7{ and a.

2.4 Numerical examples

In this section, two numerical examples are considered which exhibit multiple

snap-through and / or snap-back phenomena.

2.4.1 Phase field model for brittle fracture

Consider the phase field problem for brittle fracture governed by the equations

iji =0, (2.33)
Ge 9 99,,
ﬂ[d — 40°d ] E)_dH =0 (2.34)
and subject to the boundary conditions
OijNj = hz on th, U; = Z_LZ' on (9QU, dﬂ-ni =0 on 89, (235)

with the decomposition of the boundary 0f2 into the parts 92, and 92, (92, N 9, =0,
o0y, U 08, =012), the prescribed surface traction h, prescribed displacement « and nor-
mal vector i on the boundary, see also Chapter 3 for more details. The stress tensor is

computed via
0i; = 9(d)Cijricn, (2.36)

with the degradation function
g(d) = (1 —d)>. (2.37)

In Eq. (2.34), ¢ denotes the length scale parameter, G, the critical energy release rate and
‘H the history field
H = max 1, (2.38)

13



2 Energy-based arc-length control for physically non-linear problems

which was introduced by MIEHE et al. [76] in order to ensure irreversibility of the phase

field variable d. The energy density v for the damaged solid is computed with

¢ = g(d)y®, (2.39)

where 9¢! corresponds to the energy density of the undamaged solid

’lb 5)\81611 ;3; + u&?el el = 2)\&'1‘1‘6]']' -+ /LEZ']'&TZ']', (240)

with the LAME constants A and p. Energy is dissipated upon creating a new crack surface

arca

= / G.dA, (2.41)
Q
which becomes due to the smearing
~ [ Gavav. 242)
Q
with the crack surface density function
Ve = (d2 + 40%d;d;) . (2.43)

40

Recalling Eq. (2.20) gives for the rate of dissipated energy

gn / ——ddV / G AV, (2.44)
Q

1. e. the energy which is dissipated in the bulk is equal to the energy dissipated upon
propagation of the smeared crack surface.

The phase field problem for brittle fracture is applied to the plate with an eccentric
hole in Fig. 2.3 which has been considered with different dimensions in LORENTZ
& BADEL [69]. The mesh consists of 9494 linear quads which gives the mesh
size¢ h~0.01 mm. Plane strain is assumed. The material parameters are taken as:
YOUNG’s modulus =210 MPa, POISSON’s ratio »=0.3, critical energy release rate
G.=2.7-1073 N/mm, and the length scale parameter is set to £/=0.02 mm. The two pa-
rameters for the arc-length control are A7/ =0.2 N and a =0.25. The force-displacement

curve and the development of the phase field variable d are depicted in Figs. 2.4 and 2.5.

14



2 Energy-based arc-length control for physically non-linear problems

Fig. 2.3: Plate under tension with an eccentric hole, dimensions in mm.

08 T T T T T T T T T T T T T
(a)
0.6 .
Z = A
£
04f i
3 ) (©)
S i (b) i}
0.2 |- .
()
| | | | | . . I
00 1 2 4 ) 6 7

Displacement u in 1073 mm

Fig. 2.4: Force-displacement curve for the plate under tension with an eccentric hole for
a mesh size h~0.01 mm and a length scale parameter {=0.02 mm. Circles denote the
switch from internal energy to dissipation-based arc-length control, the triangle denotes
the switch from dissipation-based to internal energy-based arc-length control. Squares
correspond to the phase field distributions for d in Fig. 2.5.
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=075
— : —_— — éO.S
025
(@) (b) (© (d)

Fig. 2.5: Propagation of the phase field variable d for the plate with an eccentric hole
under tension; plots correspond to the squares in Fig. 2.4.

2.4.2 Perforated beam with interface elements

As a second numerical example, the perforated beam shown in Fig. 2.6(a) is considered,
see also VERHOOSEL et al. [114].

tn( [[uﬂﬂ)

— 0.375 Interface elements 1 A tue T- -
~ <09
~
3 / 2
3
DOOOOO0OOC
S Ky
S ; |
Af
1 !l B
x

(a) (b)

Fig. 2.6: (a) Set-up for the perforated beam, dimensions in mm. (b) Bi-linear cohesive
law for the interface elements. The shaded grey area is equivalent to the critical energy
release rate G..

The stress equilibrium
O-ij,i =0 (245)

is subject to the boundary conditions
OijNj = hl on th, U; = U; on 8Qu (246)

The boundary O is decomposed into the parts 0, and 09, (99, NON, =0,
o0, U0, =010); h is the prescribed surface traction, u the prescribed displacement

and n the normal vector on the boundary. The bulk is assumed to be linearly elastic, i. e.
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2 Energy-based arc-length control for physically non-linear problems

no damage law is used
0ij = Cijricn- (2.47)

Along the interface I'; the cohesive traction ¢ is imposed, see also Section 6.2 for more
details. The cohesive traction ¢ corresponds to the global coordinate system and is ob-
tained by transforming the cohesive traction ¢, of the local coordinate system. ¢, consists
of two components: one for the normal (Z,,) and one for the shear direction (%,). In the nor-
mal direction, the bi-linear cohesive law ¢, ([u,]) of Fig. 2.6(b) with the ultimate traction
tut =1 MPa, critical energy release rate G.=2.5- 1073 N/mm and penetration stiffness
k,=10* MPa/mm is applied to the interface elements. [u,] denotes the jump in the nor-
mal direction. In the shear direction, ¢, is set to zero. Due to the elastic bulk, energy is
dissipated only in the interface elements. The increment of dissipated energy A7 can be
derived by geometric considerations, see also Fig. 2.7(a)

AT =A—B —~C—D == (tup[un]rsr — tugsr[un]r) - (2.48)

N | —

tngt1
k+1

(a) (b)

Fig. 2.7: (a) The increment of dissipated energy A7” (shaded grey area) can be derived
from geometric considerations. (b) Both options for increment £+ 1 could follow incre-
ment k since they both yield a positive increment of dissipated energy A" in Eq. (2.48).

Eq. (2.48) does not have a unique solution for increment k+1, see also Fig. 2.7(b). Still,
no problems were encountered for the numerical simulation, i. e. no undesired unloading
occurred.

The material parameters are taken as: YOUNG’s modulus £ =100 MPa, POISSON’s ratio
v=0.3 with a plane strain assumption. 15354 linear triangular elements are used and

along the interface a two-point NEWTON—COTES integration scheme is utilised in order
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2 Energy-based arc-length control for physically non-linear problems

to avoid stress oscillations along the interface, see SCHELLEKENS & DE BORST [91], and
further VIGNOLLET et al. [119] for a discussion on the integration of interface elements in
an isogeometric context. The two parameters for the arc-length control are A" =0.025 N

and a=0.1. The resulting force-displacement curve is given in Fig. 2.8.

0.08 o

0.10

T

0.06 [ |

0.04

Force F'in N

0.02

| | | | |
0 0.05 0.10 0.15 0.20 0.25 0.30

Displacement « in mm

Fig. 2.8: Force-displacement curve for the perforated beam; circles denote the switch
from internal energy to dissipation-based arc-length control, triangles denote the switch
from dissipation to internal energy-based arc-length control.
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3 Fracture models using phase field

The next section explains how a crack can be smeared by introducing a phase field vari-

able. Afterwards, the phase field models for brittle and cohesive fracture are studied.

3.1 Phase field expression of the crack

The basic idea of phase field models for fracture is to approximate a discrete crack I' by a

smeared crack I',. The exponential function

d(x) = exp (—%) : (3.1)

where ¢ denotes the length scale parameter, can be utilised for the approximated crack

surface in the one-dimensional case, see Fig. 3.1.

d(z) A d(z)
1 1

0 T 0 T
(a) (b)

Fig. 3.1: (a) Sharp crack with d=1 at x =0 and d =0 otherwise, (b) smeared crack mod-
elled with the length scale parameter /.

The phase field variable d describes the phase field and varies between zero and one,
d € [0, 1]. Herein, d=0 characterises the unbroken state of the material far away from the
crack while d=1 represents the fully broken material inside the crack. The differential
equation

d—40d ., =0 (3.2)
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3 Fracture models using phase field

subject to the boundary conditions

d(0) = 1, (3.3)
d(+00) =0 (3.4)

has the solution in Eq. (3.1) for the one-dimensional case. This can be demonstrated by
applying to Eq. (3.2) the ansatz d = e~ Il (which already satisfies the boundary condition
Eq. (3.4)), solving for A\ and subsequently using for the resulting problem Eq. (3.3) to
determine the constant parameter.

The discrete crack surface I' can now be expressed by the functional / potential I

1
= / dA = / — (d* +40%d ) AV =T, (3.5)
r 4 ’
e

with the crack surface density function ~y,, see MIEHE et al. [77] for more details. Eq. (3.5)
is for the one-dimensional case an equality and not an approximation. From Eq. (3.5) it
can be observed that the crack surface I' — a discontinuity — has been smeared over the
whole domain to yield the smeared crack surface I';.

Minimising the crack potential I', (see also REDDY [89, Chapter 4] for an extensive

overview of minimising functionals)

_ ey, O

oTe= 32" a4,

§dy =0 (3.6)

yields the differential equation in Eq. (3.2) and the boundary condition Eq. (3.4). In the
subsequent sections, the boundary condition Eq. (3.3) will be enforced in the case of the
phase field model for brittle fracture by a driving force and in the case of the phase field
model for cohesive fracture by prescribing d=1 at nodes.
In the multi-dimensional case, the crack surface density function v, can be extended as
follows

Yo = ﬁ (d* +40d;d;) . 3.7

In Eq. (3.7), index notation is adopted with respect to a CARTESIAN frame.

3.2 Phase field model for brittle fracture

FRANCFORT & MARIGO [43] suggested to model fracture by a variational approach
which minimises the energy of the bulk and the energy of the surface associated to the

crack. The variational approach in FRANCFORT & MARIGO [43] was motivated by the
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work of MUMFORD & SHAH [78] who introduced a potential for image segmentation.
AMBROSIO & TORTORELLI [2] approximated the MUMFORD-SHAH potential by ellip-
tic functionals using a control variable which ranges between zero and one. This idea of
introducing an additional scalar field — also called phase field since it varies between the
phases zero and one — was then adapted to fracture mechanics by BOURDIN et al. [17].
An auxiliary field (phase field) was introduced which smears the fracture energy over the
volume of the solid.

The model by BOURDIN et al. [17] has been commonly adopted by others, for in-
stance AMOR et al. [3], BORDEN et al. [14], KUHN & MULLER [63], LANCIONI &
ROYER-CARFAGNI [65] and MIEHE et al. [77], to name just a few, with slight modifi-
cations of the length scale parameter ¢ and the convention whether d=0 or d=1 defines
the fully broken state. Recently, BORDEN ef al. [16] proposed a higher order phase field
model for brittle fracture exploiting the higher continuity of splines.

An important assumption in the phase field model for brittle fracture is that the smeared
potential 1I, with the smeared crack surface I', I'-converges to the discrete potential II
with the discrete crack surface I' for a vanishing length scale parameter ¢. Notice that
[T, — II for £ — 0 implies that I'y — I" for / — 0. CHAMBOLLE [22] proved that this
is the case for continuous media. BELLETTINI & COSCIA [11] considered the discretised
version Il of II, and showed that IT;j I'-converges to II for ¢ — 0 under the condi-
tion that h < ¢, h denoting the mesh size. Nevertheless, the mathematical consideration
in BELLETTINI & COSCIA [11] has been done for image segmentation and not for the
phase field approach to brittle fracture. It will be demonstrated in this section that in the
context of the phase field model for brittle fracture, ["-convergence is not attained numer-
ically, i. e. I, , does not I'-converge to II for £ — 0 and h </, see also MAY et al. [71].
After introducing the continuum formulation and I'-convergence for the phase field model
for brittle fracture in the next section, the finite element formulation will be derived. Then,
the impact of different factors and parameters will be examined by means of some numer-

ical examples.

3.2.1 Continuum formulation

In the following, the model by BOURDIN et al. [17] is briefly outlined. The potential for

a solid with a discrete crack reads

H:/wel dv+/gch, (3.8)
Q r

where the first term denotes the elastic energy in the bulk and the second term the fracture

energy which is created / dissipated upon crack propagation. The elastic energy density
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1*! can be expressed by HOOKE’s law

1 1
el el el el _el

as a function of the infinitesimal strain tensor

1
i =5 (wij + uji), (3.10)

with A and p the LAME constants. In Eq. (3.10), u; denotes the displacement. Notice
that gfjl» = ¢;; in Eq. (3.9). G, denotes the critical energy release rate in Eq. (3.8), i. e.
the amount of energy needed to create a unit area of fracture surface. Using Eqgs. (3.5)

and (3.7), the fracture energy necessary to create a diffusive crack can be expressed by

/gch:/gcwdv. (3.11)
T Q

Plugging the smeared fracture energy Eq. (3.11) into Eq. (3.8) requires the introduction
of a link between the elastic energy density 9! and the phase field variable d. This link
is inspired by damage models where a degradation function g(d) reduces the stiffness of
the bulk of the solid. Due to the smearing, the elastic energy density ! associated to
the undamaged solid needs to be replaced by the energy density ) which corresponds to
the damaged solid. It is split into two parts — a damaged part 1/ on which a degradation

function g(d) acts, and an intact part 1!
(e, d) = g(d)v(e55) + ' (eij)- (3.12)

This split is motivated by the observation that the tensile strain components contribute to
the damage process that results in fracture, while the compression strain components do
not. Various splits of the energy density ¢) have been investigated by AMOR et al. [3].
The degradation function g(d) in Eq. (3.12) has to fulfil the following properties

* g(0)=1 since for d=0 no damage occurs;

¢ g(1)=0 since for d=1 the damaged part 1) has to vanish;

¢'(0) #0 since the damage has to be initiated at the onset;
* ¢'(1)=0 since the energy must converge to a finite value for the fully broken state.

For the degradation function g(d), use has often been made of the quadratic function

g(d) = (1 —d)> (3.13)
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BORDEN [15] has introduced a cubic degradation function,
g(d) =s((1=d)® = (1 —d)*) +3(1 — d)* — 2(1 — d)?, (3.14)

with the additional parameter s. Eq. (3.14) results in force-displacement curves which
better reflect the behaviour of brittle materials, as less damage occurs before reaching the
peak load, see also Section 3.2.3.

Notice that the crack in Eq. (3.11) has been smeared on purely mathematical grounds,
whereas the introduction of the degradation function g(d) in Eq. (3.12) is inspired by a
phenomenological concept that is commonly used in damage mechanics.

Substituting Egs. (3.11), (3.12) and (3.13) into Eq. (3.8) yields the potential IT, for a solid

with a smeared crack
e = / (1= dpe +97) v + / GeyedV. (3.15)
Q Q

I'-convergence (with ¢4 =1 and v)! =0) is then defined such that the potential II, with
the smeared crack I'y in Eq. (3.15) converges to the potential II with the discrete crack I'
in Eq. (3.8) when ¢ — 0, i. e.

M, = (/(1—d>2¢eldV+/gcwdv)\ :/wldw/gch:H.
0 9 £—0 0 r

3.16
According to CHAMBOLLE [22], the potential oo
o(ud) = [ (L=dP 40w aV + [ Ga@av, G

with the stabilisation parameter 7, I"-converges for » — 0 and ¢ — 0 (n < /¢) to
I(u) = /le(u) dV + /Fgc dA (3.18)

if the global minimisers wu, of II, converge to the global minimisers u of II. Furthermore,
the I'-convergence result of BELLETTINT & COSCIA [11] reads in the mechanical context:

the discretised version Il ;, of II, with

Iy p(wen, dp) = /

((1 — dh)2 + T])'(ﬁel(Ug’h) dV + / gﬂ/e(dh) dVv (319)
Q Q

[-converges to Il forn — 0, ¢ — 0 and h — 0 (n <K ¢, h< (). In the numerical examples
in Section 3.2.3, n=0 similar to BORDEN et al. [14].
According to BOURDIN et al. [19], a correction factor must be applied to the critical
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energy release rate G, when it is compared with the critical energy release rate of the

C,h - ] ? (3] .

i. e. the critical energy release rate G, is amplified by a factor 1+4%. Hence, when in-
vestigating I'-convergence in Section 3.2.3, the smeared crack I'y; in Eq. (3.5) needs
to be compared with (14%) T when the correction factor is taken into account, see
also BORDEN et al. [16] where this correction has been considered in numerical stud-
ies of I'-convergence for second and fourth-order phase field models. In that study,
['-convergence was obtained numerically for a prescribed displacement field. This is
different from MAY et al. [71] where the entire displacement field was not prescribed.

In practical computations, the restriction h < ¢ can be difficult to fulfil, especially
since the length scale parameter ¢ already needs to be small in order to resolve the
crack properly. In numerical simulations the weaker condition A <! is usually adopted:
AMOR et al. [3], BOURDIN [18], BOURDIN et al. [19], BORDEN et al. [14, 16],
DEL PIERO et al. [31], KUHN & MULLER [63], MIEHE et al. [76].

For a given equilibrium configuration the variation of the potential II, with the smeared

crack I'; in Eq. (3.15) is required to be zero

_om,
N (981']‘

II 11
Q(;d + Q(Sd,i —0. (3.21)

ot ad ad ;

552']'

Since 011, =0 must hold for any de;;, dd and dd ;, this leads to the following system of

equations
G = 0, (322)
g—z(d —40%d ;) + %H =0 (3.23)
subject to the boundary conditions
oiyn; = h; on0Qy, w; = U; on 0y, d;,n; =0 on o, (3.24)

with 9, N 9Q, =0, 90, U 0Q, =09, the prescribed surface traction h, the prescribed
displacement « and the normal vector 2 on the boundary. The stress tensor o;; in
Eq. (3.22) is defined as

oy ot Oy
% = 8% N g(d> 851‘]‘ + a&j.

(3.25)
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The formulation by MIEHE et al. [76] has been applied to Eq. (3.23). H describes the
history field
H = max 9, (3.26)

which ensures irreversibility since cracks can only grow (d>0). Alternatively, in KUHN
& MULLER [63], irreversibility has been enforced by setting d=1 when d approaches
one. The term S—ZH in Eq. (3.23) can be interpreted as the driving force which drives the
damage evolution and ensures that d — 1 for ¢ — co.

Multiplying the strong forms of Eqs. (3.22) and (3.23) by a test function du; and dd,
integrating over the domain €2 and applying integration by parts results with GAUSS’

theorem in the weak forms

/ 5ui7]’0i]’ dV = / (5u1hl dA,
Q oQy,

G 9g (3.27)
22 (5dd + 40%5d ;d ;) + dd==H AV = 0.
| (0dd + 480d id ) + S5
3.2.2 Finite element formulation
Discretising the domain (2 into E' elements,
E
o=Jo, (3.28)
e=1
and approximating the field variables and their derivatives,
u® = Nyu, ou®=N,ou, e =B,u, & =B,u, (3.29)
= Nid, 6d°=Njod. d=Bid. od;=B,id. (3.:30)

with

2, 2065, 3.31)
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and

Ny 0 Nog 0
P 2“: 0 Nl,g 0 N272 P I

U

_[Nl 0 Np 0

- 0O Ny 0 N,
Nia Nig Nog Noy ... (3.32)
N11 N21
NT:[Nl N2 :|, Ed: ’ ’
= o N1,2 N2,2

results in the following matrix-vector equation for Eq. (3.27)

du” / B! (¢9C'+ C"B,udV —du" / NI hdA =0, (3.33)
Q T
£ (d, ) fo
sd” / Y (NNT +4°BIB,) d+ N2 H av = o, (3.34)
fit(d, u)

where gd corresponds to the damaged part of the elasticity matrix, and g to the intact
part of the elasticity matrix. Eft (d,u) is the internal force vector corresponding to the
mechanical field problem and fd“t (d,w) is the internal force vector related to the phase
field. Egs. (3.33) and (3.34) are required to hold for any du and dd. Setting h = 0 and
taking into account nodal forces yields for Eq. (3.33)

A

fot(d,u) — Af =

f=

) (3.35)

with f a normalised external force vector, and A a loading parameter. In order to trace the
equilibrium path, the arc-length control method from Chapter 2 is utilised. Denoting the
arc-length function by ¢, the following system of equations must be solved

F(d, w)

d (3.36)
o(u, )

o 1o 1o

Linearisation of Eq. (3.36) yields the solution at iteration ¢+ 1 in the increment k+1

i+1 7

d d ; o d,w)

ul  =lul K| fMduw) - A (3.37)
k+1

A k+1 A k+1 p(u, ) k+1
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with the tangential stiffness matrix

_aiidnt(C_l, y) aiidnt(C_i, E) -
od ou -
int int
K (du,\) = of, dw of (dw) ¥ (3.38)
o od ou =
| ou oN |

3.2.3 Numerical examples

This section studies the performance of the phase field model for brittle fracture using
a one-dimensional bar, see also MAY et al. [71] and VIGNOLLET et al. [118]. The fol-
lowing factors are considered: mesh convergence study, varying length scale parameter ¢,
different degradation function ¢g(d) and monolithic vs. staggered approach. Then, it will
be demonstrated that I'-convergence is not attained numerically for the one-dimensional
bar. Subsequently, the impact of different boundary conditions on the phase field model
for brittle fracture is addressed. Only linear interpolation functions for displacement and

phase field will be considered in this section.

3.2.3.1 One-dimensional bar with reduced thickness in the middle under tension

Consider the one-dimensional bar depicted in Fig. 3.2.

:
% x /

Fig. 3.2: Bar with a reduced thickness in the middle subject to the load A f applied to the
right edge.

ey
Wt~

The bar has a reduced cross-section in the middle and the load A f is applied to the right
edge. The parameters are £ =10 MPa for the YOUNG’s modulus, G.=0.1 N/mm for the
critical energy release rate, L =1 mm for the length of the bar, A=1 mm? and /= 2—L0
for the length scale parameter. The quadratic degradation function g(d)=(1 — d)? acts
directly on the YOUNG’s modulus E since ¢9 = E and ' =0.
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Mesh size

The force-displacement curves for different mesh sizes h are depicted in Fig. 3.3. The
parameters for the arc-length control in Chapter 2 are A7 =0.1 N and a=1. Here and
in the following, circles denote the arc-length control based on the rate of internal energy

while triangles denote the arc-length control based on the rate of dissipated energy.

—— 75 Elements, h = 0.0133 mm
— 150 Elements, h = 0.0067 mm
—— 300 Elements, h = 0.0033 mm

0.6 |- -

Force F'in N

0.2 - .

| |

00 | | | | | | | | h
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Displacement u in mm

Fig. 3.3: Force-displacement curves for different mesh sizes h with /=0.05 mm,
Arf'=0.1Nand a=1.

Length scale parameter ¢

The impact of a varying length scale parameter ¢ on the force-displacement curve is shown
in Fig. 3.4 for a constant mesh of 150 elements, 4 =0.0067 mm. The rule of thumb ¢>h
is respected in order to accurately approximate the crack topology MIEHE et al. [77]. The
parameters for the arc-length control are A7/ =0.1 N and a=1.

A decreasing length scale parameter ¢ results in a higher peak force. Furthermore, a
smaller length scale parameter ¢ results in a more pronounced snap-back behaviour. BOR-
DEN et al. [14] mentioned that the length scale parameter ¢ may be interpreted as a mate-
rial parameter since it influences the critical stress. This makes it difficult to decide how
¢ should be treated for the phase field model for brittle fracture. On the one hand, the
length scale parameter ¢ has been originally introduced in Section 3.1 as a mathematical
approximation of the crack, but on the other hand, numerical experiments show that it

should be treated as a material parameter.
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Fig. 3.4: Force-displacement curves for different length scale parameters ¢ and a con-
stant mesh consisting of 150 elements, mesh size is h=0.0067 mm; arc-length control
parameters are A7{'=0.1 Nand a=1.

Degradation function ¢(d)

It appears from Figs. 3.3 and 3.4 that the phase field model for brittle fracture does not
exhibit brittle behaviour. It can be observed that the force-displacement curves depart
early from linearly elastic behaviour since at the onset of loading, the driving force term
%H in Eq. (3.23) starts to grow. Hence, the phase field variable d and the degradation
function g(d) start to grow as well and reduce the stiffness of the bar. Therefore, the cubic
degradation function in Eq. (3.14) was proposed by BORDEN [15]. Its impact is studied
next. The force-displacement curves for the quadratic and cubic degradation function g(d)
are shown in Fig. 3.5 for a constant length scale parameter /=0.05 mm and a constant
mesh size of 150 elements, so that the mesh size is £ =0.0067 mm.

The arc-length parameters are A7{"=0.1 N, a =1 for the quadratic case and A7 =0.1 N,
a=0.5 for the cubic case. It can be observed that the additional parameter s influences the
behaviour of the force-displacement curve. Furthermore, the cubic degradation function
results in a more linear behaviour at the onset of loading, and the snap-back behaviour is

more pI'Ol’lOLlIlCCd.

Monolithic vs. staggered approach

As a next step, the importance of a monolithic solver is investigated. In MIEHE et al. [77]
a staggered approach has been used. The staggered approach solves the system of equa-
tions in Egs. (3.33) and (3.34) in an alternate scheme. It does not invoke an iteration loop

between both field problems in each increment. Instead, in each increment two steps are
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—— Quadratic —— Cubic s = 1-10°
— Cubics=1-10"' — Cubics =1-10"2
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Fig. 3.5: Comparison of the quadratic and the cubic degradation function g(d) for differ-
ent parameters s, a constant mesh size of 150 elements, mesh size is h=0.0067 mm and
a constant length scale parameter /=(0.05 mm; parameters for the arc-length control are
ATlF =0.1 N, a=1 for the quadratic case and A7"=0.1 N, a=0.5 for the cubic case.

performed. In a first step, the state of the displacement field u; is frozen and Eq. (3.34)
is solved for the phase field d. In the second step, the state of d is frozen and Eq. (3.33)
is solved for the displacement field u;. Fig. 3.6 shows that the staggered approach is not
able to capture the snap-back behaviour.

The staggered approach is robust in the sense that a solution is always obtained, but this
solution does not necessarily represent an equilibrium state — a converged equilibrium
solution can be obtained only with a monolithic scheme, or a staggered scheme with an

iteration loop in each increment between both field problems.

I'-convergence
Next, ['-convergence will be checked numerically by examining the numerical final crack
surface I'y;, of the one-dimensional bar. For the simulation, I'; can be obtained by

calculating the discretised version of Eq. (3.5),

1
Ly = /Q w7 +40dy,%) dV, (3.39)

when max d;, > 0.99. The error I' is defined as follows

_ P =T

I'g r

(3.40)
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—— Monolithic with arc-length ~ =—— Staggered A = 1- 1072 mm

— Staggered A = 1- 1073 mm — Staggered Az = 1-10~* mm
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Fig. 3.6: Comparison of the staggered and monolithic approach for the length scale
parameter /=0.05 mm and a constant mesh consisting of 150 elements, mesh size is
h=0.0067 mm; for the monolithic approach, the arc-length parameters are A7{ =0.1 N
and a=1.

When the correction factor in BOURDIN et al. [19] is taken into account, the error I'g is

computed with
P (1 AT
G+ 2T

The theoretical final crack surface for the bar in Fig. 3.2 is I'= A /2, which is equal to the

I'g (3.41)

cross section of the segment in the centre of the bar.

Fig. 3.7 gives the convergence study of the final crack surface I'y;, when using the
quadratic degradation function g(d) in Eq. (3.13) for different values of the length scale
parameter ¢. Three different mesh sizes h have been used.

Fig. 3.7 shows that all results for I';;, give a poor approximation of the theoretical final
crack surface I' since Eq. (3.40) yields for the error I'y >0.1. Below a certain value of
the ratio ¢/h, a further decrease of the ratio £/h results in an increase of the error I'g.
Fig. 3.8 shows that this also holds when the correction factor in Eq. (3.41) proposed by
BOURDIN et al. [19] is taken into account.

The minimum in Figs. 3.7 and 3.8 occurs for the same values of the internal length scale
(¢=0.05 mm). Also, it seems that there is a range for ¢/h for each discretisation for which
I'y becomes minimal. Surprisingly, the error I'g does not decrease for a fixed length scale

parameter ¢ upon mesh refinement.
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Fig. 3.7: Convergence study for the final crack surface I';;, for a one-dimensional bar.
The squares correspond to £=0.05 mm.
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Fig. 3.8: Convergence study for the final crack surface I';;, for a one-dimensional bar
taking into account the correction factor in Eq. (3.41) proposed by BOURDIN et al. [19].
The squares correspond to £=0.05 mm.

Fig. 3.9 shows the evolution of the phase field variable d during the loading process for

the mesh with 600 elements.

The distribution seems to reasonably match the theoretical profile when d =1 is prescribed
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Fig. 3.9: Evolution of the phase field variable d at various stages in the loading process
(dashed black). The solid black curve represents the distribution for d when d=1 is
prescribed in the centre of the bar. The mesh size is h=1.67 - 10~2 mm for 600 elements
and the length scale parameter is ¢ = 0.00625 mm.

in the centre of the bar. However, the phase field variable d is larger than the optimal
profile along the entire length of the bar.

The considered convergence study in Figs. 3.7 and 3.8 for the numerical final crack length
'y, indicates that I'; , does not converge to the discrete crack surface I' for ¢ — 0. Hence,
it can be concluded that for phase field model for brittle fracture I'-convergence is not
attained,

ep|, , #I since Typl,_, #T. (3.42)

In view of the results for the one-dimensional bar in this section, the phase field vari-
able d should rather be interpreted as a damage variable than a variable that represents a
smeared crack since ['-convergence does not manifest numerically. Moreover, the degra-
dation function g(d) is motivated from damage mechanics and the differential equation
in Eq. (3.23) should be seen as an equation which describes the evolution of the damage

variable d.

3.2.3.2 Impact of the boundary conditions

Next, it will be demonstrated that the phase field model for brittle fracture can give dif-
ferent results depending on how the boundary conditions are imposed. Consider the plate
in Fig. 3.10 subject to a shear load. Notice that a shear load is obtained only under the
assumption of small deformations.

The bottom edge is fixed in the z-direction. All edges are fixed in the y-direction

— also the notch in order to prevent penetration. The material parameters are:
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Fig. 3.10: Plate under shear (for small deformations), dimensions in mm; the initial notch
is modelled as a discrete crack.

YOUNG’s modulus £=210 MPa, POISSON’s ratio » =0.3 and critical energy release rate
G.=2.7-1073 N/mm. Plane strain is assumed. The arc-length parameters for the path
following technique in Chapter 2 are A7{"=0.1 N and ¢=0.1. In order to account for
damage only in tension, the strain tensor € will be decomposed into a positive and nega-
tive part as by MIEHE et al. [76],

e=¢e" +e, (3.43)

with

+ _ pt
e =P,

ijki €kl €y = P;kﬁkl, (3.44)

iJ g

where P;;kl and P, are two projection tensors. Due to the decomposition, ¥4 contains
contributions that stem from the positive / tensile strains

1
Pl = 5 Aetel + petel (3.45)

¥ 13°

and ¢! contains those from the negative / compressive strains
i L, - =
Y= 5)\51'1'5]']' + pe ;€5 (3.46)

The notch is first modelled in a discrete sense, by applying the boundary conditions shown
in Fig. 3.10. The load A f is applied at the top edge in the positive z-direction. The length
scale parameter is taken as /=0.01 mm and the mesh size ~=0.01 mm for a mesh with
100x 100 elements. The force-displacement curve and the evolution of the phase field

variable d are depicted in Fig. 3.11 and Fig. 3.12, respectively.
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Fig. 3.11: Force-displacement curve for the plate under shear (assuming small deforma-
tions) when the initial notch is modelled as a discrete crack; the mesh consists of 100x 100
elements, so that the mesh size is h=0.01 mm; the length scale parameter is /=0.01 mm.
Squares correspond to the phase field distributions for d in Fig. 3.12.
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Fig. 3.12: Propagation of the variable d for the plate under shear (assuming small defor-
mations) when the initial notch is modelled as a discrete crack; plots correspond to the
squares in Fig. 3.11.

Next, the initial notch is introduced by prescribing d=1, cf. Fig. 3.13.

With this boundary condition, the force-displacement curve in Fig. 3.14 is obtained. The
corresponding patterns for the propagation of the phase field variable d are depicted in
Fig. 3.15, and are very different from those in Fig. 3.12 since the crack propagates along
the left top edge.

The boundary condition d =1 penalises only the positive / tensile part of the strain tensor
e since in Eq. (3.45) ¢ =1(ef}). Assuming 1) =1 and ¢)'=0 in the left part of the
plate yields different results, see the resulting force-displacement curve and the crack path
in Figs. 3.16 and 3.17 which are in better agreement with the results for the discrete notch.

However, a secondary crack starts to propagate at a certain stage in the loading process.
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Fig. 3.13: Plate under shear (for small deformations), dimensions in mm; the initial notch
is modelled with d=1.
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Fig. 3.14: Force-displacement curve for the plate under shear (assuming small deforma-
tions) when the initial notch modelled with d =1; the mesh consists of 100x 100 elements,
so that the mesh size is h=0.01 mm; the length scale parameter is /=0.01 mm. Squares
correspond to the phase field distributions for d in Fig. 3.15.

Moreover, it is not clear where 1 =1 and 1! =0 should be prescribed since the crack is
smeared and also extends into the right part of the plate.

A further calculation was carried out by prescribing d =0 along the top left edge as sug-
gested by AMOR et al. [3]. The resulting force-displacement curve and crack path are
again different from the case where the notch is modelled in a discrete sense, see Figs. 3.18
and 3.19.

As in the previous case, a secondary crack emerges. Apparently, the phase field model for
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Fig. 3.15: Propagation of the variable d for the plate under shear (assuming small defor-
mations) when the initial notch is modelled with d=1; plots correspond to the squares in
Fig. 3.14.
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Fig. 3.16: Force-displacement curve for the plate under shear (assuming small deforma-
tions) when for the left half of the plate 1) =1 is set. The mesh consists of 100x 100
elements, so that the mesh size is h=0.01 mm; the length scale parameter is taken as
¢=0.01 mm. Squares correspond to the phase field distributions for d in Fig. 3.17.

brittle fracture is sensitive to the applied boundary conditions.

3.3 Phase field model for cohesive fracture

A phase field model for cohesive fracture was introduced by VERHOOSEL & DE
BORST [117]. Apart from the phase field variable d, the introduction of a smeared jump
v; 1s necessary. Furthermore, the model requires an appropriate choice of the degree of
the basis functions, i. e. linear for phase field d and smeared jump v;, and cubic for dis-

placement field u;. Nevertheless, in the two-dimensional case, stress oscillations were
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Fig. 3.17: Propagation of the variable d for the plate under shear (assuming small defor-
mations); plots correspond to the squares in Fig. 3.16.

[ T T T T T T T T
1.5 (a) .
Z 1.0} i
E (b)
3
S
S
=
0.5 | o .
0 I | I | I | I | I
8 ) 10 15 20 25

Displacement « in 10~ mm

Fig. 3.18: Force-displacement curve for the plate under shear (assuming small deforma-
tions) when for the top left edge of the plate d=0 is prescribed. The mesh consists of
100x100 elements, so that the mesh size is h=0.01 mm; the length scale parameter is
¢=0.01 mm. Squares correspond to the phase field distributions for d in Fig. 3.19.
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Fig. 3.19: Propagation of the variable d for the plate under shear (assuming small defor-
mations). The plots correspond to the squares in Fig. 3.18.
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observed for unstructured meshes by VIGNOLLET et al. [118]. This issues was then fur-
ther pursued in MAY et al. [71] utilising a two-dimensional patch test for an unstructured
mesh.

In this section, the model and its limitations are considered. After introducing the con-
tinuum formulation and deriving the finite element formulation, numerical examples are
studied.

3.3.1 Continuum formulation

The following equation needs to be solved for the phase field problem
d—40*d; =0 (3.47)
subject to the boundary conditions
d=1 onl, d,n; =0 on L. (3.48)

This is different from the phase field model for brittle fracture in Section 3.2 where
the partial differential equations for mechanical and phase field problem are linked, see
Egs. (3.22) and (3.23). Here, the phase field model for cohesive fracture is linked to the
mechanical field problem via a set of nodes on the discrete crack surface I" for which d=1
is prescribed. Prescribing d =1 at GAUSS points leads to d > 1 at the nodes as observed
by VIGNOLLET et al. [118].

In the following, the link between mechanical and phase field problem for the cohesive
case will be derived.

While for brittle fracture models the critical energy release rate G, is instantly dissipated,
for cohesive models the energy release rate G is released gradually and governed by the

function

G = G([wl)- (3.49)

The energy release rate G depends on the crack opening in the local coordinate system
[u,] at the interface and is equal to the critical energy release rate G, at full crack opening,
cf. Fig. 3.20(a).

The energy release rate G in Eq. (3.49) depends on the local crack opening in the normal
and shear direction. In Fig. 3.20(a), it is assumed that G depends only on the crack open-
ing in the normal direction, i. e. only mode I is considered.

The crack mouth opening [u,] in the local coordinate system is obtained by a transfor-
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Fig. 3.20: (a) Energy release rate G([u,]) and (b) normal traction ¢,,([u,]) in the cohesive
zone for the one-dimensional case. The shaded grey area is equivalent to the critical
energy release rate G..

mation of the global crack mouth opening [u] as follows

[wil = Q[ul, (3.50)

with the orthogonal rotation matrix 9, see also Section 6.2 for more details. The global

traction t in the cohesive zone is evaluated with the transformation
t=Q"t, (3.51)

where t, is the cohesive traction in the local coordinate system. Both, ¢, and [u,], consist

of a normal and a shear component

t, = [t"] s ] = [Hu”ﬂ] : (3.52)

[[USH

The local traction ¢, in the cohesive zone is computed via

tai([uas]) = %, (353)

see Fig. 3.20(b).
In the phase field model for cohesive fracture, the crack is again smeared over the solid

by employing Eqgs. (3.5) and (3.7)

/F G([ug]) dA = / G ([ag])e V. (3.54)

40



3 Fracture models using phase field

The smearing in Eq. (3.54) must not affect the term G([u,]) in the direction normal to the

crack since

/ BdA = / BryedV (3.55)
T Q

must hold for any quantity 5. The energy release rate G([u,]) and the local crack mouth
opening [u,] exist in the discrete case only at the crack surface I'. In the smeared case,
G([u,]) and Ju,] exist in the entire volume 2 while the value G([u,]) itself must not
change and has to remain constant in the direction normal to the crack. This can be
achieved by replacing the local discrete crack mouth opening [u,] with an auxiliary field
— the smeared local crack mouth opening v, which exists in the entire volume €2 — and
enforcing each component of the auxiliary field to remain constant in the direction normal

to the crack n,,

v, Ova;

a_ﬂd =4 ,;Nd; = (Udi)d‘ Ng; = a—%ndj =0. (3.56)
The smeared local crack mouth opening v, is obtained from the smeared global crack

mouth opening v from the transformation (cf. Eq. (3.50))

v, = Qu. (3.57)

v, being constant in the direction normal to the crack implies that G(v,) is constant as

well. The final expression for Eq. (3.54) reads

/Q([[gd]])dA = / G(vy)7edV  subjectto 224 = Q. (3.58)
r Q -

For the brittle case (see Section 3.2), G, is dissipated instantly and does not depend on
the crack mouth opening [u,]. Therefore, no auxiliary field v, can be introduced for the
phase field model for brittle fracture.

The phase field model for cohesive fracture assumes a split of the strain tensor into an

elastic component and a component that accounts for damage
_ el d
Hence, the elastic energy density is now expressed as

1
W = 1p = 5 AESIES: + pesies. (3.60)

=g

Notice the differences between the phase field model for brittle and cohesive fracture.
For the phase field model for brittle fracture, 1/ 1) and z—:fjl- =¢;; (Egs. (3.9) and (3.12)),
whereas for the phase field model for cohesive fracture )* =1 and 5?} #¢;; (Egs. (3.59)
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and (3.60)). The stress tensor o;; is computed with

o wel awel a&.kl _ awel a(gzll + 62[) _ awel ‘: a¢el
* 8561 85kl 885} 85kl 88'5]1- 85kl 8€,~j ’

v

(3.61)

or alternatively

Oij = z‘jkl(e?kl — 821) = Cijkléfilp (3.62)

The tensor 5 that accounts for damage can be derived from thermodynamical consider-
ations. The second law of thermodynamics gives (see JIRASEK & BAZANT [54, Chap-
ter 23])

aw -e -e .
el %1- = O—i]’(gi;‘ +5? ) — ame = ows > 0. (3.63)

ij

: . : -el -d
D =oyei — ¥ = 0y5(€5; +€55) —

The dissipation D for the smeared form in Eq. (3.58) can be evaluated explicitly in the
local coordinate system with

. d L0V ag(vdj) . e ;
D= 5 (u(dG(var)) _g(?dd+ Tovs T 7 0d

d + wtdzvdl (364)

The first term in Eq. (3.64) corresponds to the energy that is dissipated when advancing the
cohesive zone by d. Assuming that the smeared local jump vg; is initially zero in the newly
created cohesive zone, the first term does not contribute to dissipation of energy since
G(0)=0, Fig. 3.20(a). The second term in Eq. (3.64) represents the energy dissipation as
the result of further crack opening by v4;. Under these assumptions, the dissipation D in
Eq. (3.64) reads with the global quantities ¢ and v exploiting Eqgs. (3.51) and (3.57)

D = yitavy = 7(Qt) Qo = t' Q" Qo =yt v = it ;0. (3.65)
Equating Eq. (3.65) and Eq. (3.63),
YetiV; = oijyesym(ving;) = Uz‘jé?j’ (3.66)
yields the contribution of the strain tensor 5% accounting for damage
é‘?j = Yesym(ving;). (3.67)

It has been taken into account in Eq. (3.66) that the traction ¢; in the smeared crack zone

'y is also distributed over the solid and therefore ¢; =o;;nq;. The potential of the phase
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field model for cohesive fracture now reads

2

a“avi av, (3.68)

I, = el ) ~ || 2 )
0 /Q¢ —|—g(U1)"}/g+ 9 a$jndj

where the last term has been introduced in order to enforce the smeared jump v to re-
main constant in the direction normal to the crack, cf. Eq. (3.56). Eq. (3.68) is written in
terms of the global smeared jump v. The local smeared jump v, can be evaluated util-
ising Eq. (3.57). Furthermore, v being constant in the normal direction implies that v, is
constant in the normal direction. The term 7, in Eq. (3.68) is computed from the solution
of the phase field in Eq. (3.47).

Minimising 11, yields

5Hg = @(5&']’ + @61}1 -+ 8H£ 5(81}1 ndj)
8eij 8vi o (av% ng ) ;

el el . .
= %581']' + aiévl —+ Ye ag(vﬂ)dvi + aHZ (S(avz ndj) = O, (369)
(%ij 81)7; 81)1' o (g%nd]> 0 j

and the following equations result

Oiji = 0 in Q, (370)
[t:(v;) ] Gl inT (3.71)
i(Vj) — 0ijng;| = a=——=—nag;n .
e J jlidj ax]axk dj'tdk l
subject to the boundary conditions
_ v
0Ny = h, on th, U; = Uy on 6Qu, Ng; = 0 on 81“4, (372)

dz;

while I'; denotes the domain where the phase field variable d is larger than a small toler-
ance that truncates the support of the smeared crack. h is the prescribed surface traction,
u the prescribed displacement and n the normal vector on the boundary. The boundary
09 is decomposed into the parts 92, and 9, with 9Q; N I, =0, IQy, U 90, =00.
Multiplying the strong forms of Eqgs. (3.47), (3.70) and (3.71) by a test function dd, du;
and dv;, integrating over the domain €2 and Iy, applying integration by parts and GAUSS’
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3 Fracture models using phase field

theorem results in the following weak forms
/ §dd + 40°6d ;d ; AV = 0,
Q

Q oQp

81}1- a’Ui
[‘e 'W((Sviti - 5Ui0'z‘jndj> + &a—%nja—%nk dV =0.

3.3.2 Finite element formulation
Discretisation of the domain €2 into E elements,
0= U Q°, (3.74)

and approximation of the phase field d, displacement field u; and smeared global jump

field v; and their derivatives,

d°=Njd, 0d°=Njod, d=Bud, id;=Bd, (3.75)
u’ =Nyu, 6u’=N,0u, & =B,u, 0c°=B,lu, (3.76)
v’ =Ny, v°=N,0v, [sym(v®n,) =B, (3.77)
[sym(év ® ny)]° = Budw, B—ﬂﬂ =G, {55—2] = G,0v, (3.78)
with
us 6U,e 5?1 68?1
ug ous
2e¢, 205,
& = dfl’ S — 5df1’ o = vf’ 5ot = 51)?’
’ d ’ odS v§ o
V1M1 | dv1ngy
[sym(v ® ny)l® = VoM . [sym(v @ ny)) = 0VaNay ;
V1Mdg + V2N | 0V Mgy + 0Vangy

[ ov r _ [U1,1nd1 + U1,2nd2- {63_2} ¢ [5111,17%[1 + 57}1,27%12]

U2,1Md1 + U2 2N on, 0v2 1M1 + 0V2 oMo

(3.79)
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and

Nii 0 Noy 0
) Eu: 0 NLQ 0 NQ’Q R N
Nia Nig Nao Naj

N11 N21
NT—[Nl N2 :|, Ed: ’ 7 )
e o Nis Nao
ng1 N 0 g1 V. 0
N 0 Ny, 0 ... A i
N, = , B, = 0 nd2N1 0 7’Ld2N2 ol
— 0 Ny 0 N, -

NgoN1 ng N1 ngalNo ngyNo

[

~|ma1N11 4+ naaNi 2 0 ng1N21 + ngaNa o 0 .
! 0 ng1N1,1 + ngaN1 2 0 ng1N21 +ngaNa 2 .
(3.80)

results in the following matrix-vector equation for Eq. (3.73)

5d” /Q (N,NT +4°BTB,) ddV =0, (3.81)
£ (d)
ou” /Q B! (CB.u—%CB,v)dV —iu’ /Q NyhdA =0, (3.82)
\ E?t?y, u) £
5T /Q B! (CB,u— %CB.w) + Nt + oG/ GodV =0,  (3.83)
) f it (1, ) i

with the elasticity matrix C. After solving Eq. (3.81) for arbitrary od, 7, can be computed
for Egs. (3.82) and (3.83). In the numerical cases studies of Section 3.3.3 it is sufficient
to perform a single loading step under displacement control. Hence, no arc-length control
is required. Considering that the system of Eqgs. (3.82) and (3.83) must hold for any du

and Jv, and that the external forces vanish, h =0, yields
int
H(v,u) = Fv (. u)] —0. (3.84)
v, U

Linearisation of Eq. (3.84) yields the solution for iteration ¢+ 1

i+1 i ) fint( ) ‘
v N O e R Y AN N
et e

[

|
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3 Fracture models using phase field

with the tangential stiffness matrix

of M (v, u) If™ (v, u)

K (v,u)=| v Ou . (3.86)
B Of (v, ) Of ™ (v,u)
v ou

3.3.3 Numerical examples

This section shows that an appropriate selection of the polynomial degree of the basis
functions for displacement, smeared jump and phase field removes stress oscillations in
the one-dimensional case. It will also be demonstrated that stress oscillations still occur
for a two-dimensional unstructured mesh. Two possible causes for the stress oscillations

are given.

3.3.3.1 One-dimensional bar

Consider the one-dimensional bar with an elastic interface in Fig. 3.21.

G([un]) = 5k[un]®

[

Fig. 3.21: Bar with an elastic interface G =k[u,]=3kv? in the centre; with Eq. (3.53)
the cohesive traction becomes ¢,, = k[u,] = kv,.

Nlle
Nlle

First, the bar is modelled with one-dimensional elements. The YOUNG’s modulus is
FE =10 MPa, the stiffness of the interface k=10 MPa/mm, the length L =1 mm and the
length scale parameter =L /10. The penalty parameter is taken as =1 MPa. d=1 is
prescribed at the elastic interface, i. e. at the node in the centre of the bar. The bar consists
of ten elements, i. e. five elements in each segment, so that the mesh size is A=0.1 mm.
The prescribed displacement at the right edge is %, =0.1 mm.

Application of linear basis functions for the displacement u,, the smeared jump v, and
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3 Fracture models using phase field

the phase field d results in stress oscillations, Fig. 3.22(a), as was also observed by VER-
HOOSEL & DE BORST [117].

0.10 T T T T T 0.10 Ty T T T T
0.08 oo8f 2+ * -+ = = = & = x |

0.06

04z in MPa
04 in MPa

0.04 004 = & = & & == aa

0.02

0.02( % & ® w® m W owowow

0 0

| & | 0w | = | w 0w = | & | = = | & | 0w | = | w | = | = | & | = =
o 01 02 03 04 05 06 07 08 09 1.0 o 01 02 03 04 05 06 07 08 09 10

= in mm = in mm

(a) (b)

Fig. 3.22: Stress distribution along the bar in Fig. 3.21 for (a) linear basis functions for u,,
vz, d and (b) cubic basis functions for u, and linear basis functions for v,, d; the dashed
lines mark element boundaries.

In one dimension, Eq. (3.59) can be rewritten using Eq. (3.5) as follows

du du 1
1 d x x 2 27 2
oy = Eqp — Egp = — YUy, = — — —(d° +40°d .7 )v,. 3.87
Since v, is enforced to be constant, the strain €4, that accounts for damage has a quadratic
distribution when linear basis functions are used for d. Therefore, the total strain <., must
have a quadratic distribution as well. This can be achieved when cubic basis functions are

used for the displacement u,. Fig. 3.22(b) shows that this is a successful remedy.

3.3.3.2 One-dimensional bar in a two-dimensional setting

Keeping the interpolation of the displacement of the third order while those for the
phase field and the crack opening remain linear, the bar is now reconsidered in a
two-dimensional setting with a POISSON’s ratio =0 and by prescribing that all shear
components of the smeared jump are zero, vs =v, =0, see Fig. 3.23.

A structured mesh with 10x10 elements is used. The width is c=1mm and d=1 is
prescribed at all nodes for which x =L /2. The other parameters are the same as in the
purely one-dimensional case. Along the line ¥ =0.51 mm the same results are obtained
for the stress distribution o, as in case of the purely one-dimensional study, see Fig. 3.24.
No stress oscillations are observed.

As a next step, some nodes are slightly displaced, cf. Fig. 3.25(a). Now, stress oscillations
result along the line y =0.51 mm, see Fig. 3.25(b).

This is in agreement with the results obtained in VIGNOLLET et al. [118], where the use of
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Yy
> \ >
jb C > uaf
>
P > >z
L L
< 2 > 3 2 >

Fig. 3.23: Bar from Fig. 3.21 in a two-dimensional setting with =0 and all v, =v, =0.

. Nodes
Element boundaries
—— Line y=0.51 mm
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Fig. 3.24: For the structured mesh in (a) no stress oscillations are observed along the line
y=0.51 mm in (b). Dashed lines correspond to element boundaries.

unstructured meshes for a peel test also resulted in stress oscillations. The present simula-
tion can be considered as a patch test since a homogeneous stress state should be obtained
when prescribing a uniform traction or displacement at the boundary, irrespective of the
mesh lay-out. Unfortunately, this is not obtained for the present three-field formulation of

the phase field model for cohesive fracture.

3.3.3.3 Causes for the stress oscillations

Next, two possible causes are given for the stress oscillations.

Contradiction in the continuum formulation
Consider the total strain ¢,, from Eq. (3.59) in a one-dimensional format

el

d
= gi«lz + 5395 === + YUz, (3.88)
dx

du,
Exx =
dzx
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Fig. 3.25: For the unstructured mesh in (a) stress oscillations can be observed along the
line y=0.51 mm in (b). Dashed lines mark element boundaries.

0 >

Fig. 3.26: Non-constant jump 0, (z).

with the elastic displacement u¢.. Integrating Eq. (3.88) with a constant smeared jump in

the normal direction, %L; =0, yields

Uy () = us () + v, /m Ye(Z) dZ . (3.89)
@x‘(,m) ’

The integral in Eq. (3.89) can be interpreted as a smeared HEAVISIDE step function H

which is used in partition of unity approaches

Uy (2) = u () + Hu,(2). (3.90)

49



3 Fracture models using phase field

It has been derived in Eq. (3.58) that the smeared jump field v, needs to be constant in
the direction normal to the crack in order to have a constant G(v,) in the normal crack
direction. However, when the second term v, in Eq. (3.89) is interpreted as the jump for
the smeared model, it is observed that this term is not constant in the normal direction to
the crack, see also Fig. 3.26. Hence, there are two different interpretations for the smeared
jump in the phase field model for cohesive fracture, v, and v,.. Both interpretations cannot
hold simultaneously, and the phase field model for cohesive fracture seems to embody a

contradiction.

Different polynomial orders

Another explanation for the oscillations may be the different orders of polynomials for
the following terms. The distribution for the stress

Opw = Fe (3.91)

rr

is quadratic when cubic basis functions are used for the displacement field u; and linear
basis functions for the smeared global jump v; and the phase field d in Eq. (3.87). Since

the cohesive traction ¢,, in the normal direction is constant,
tn = kfu,)] = kv, (3.92)

due to a constant v,,, it may be that the different orders of approximation for ¢,, (constant)

and for o, (quadratic) in Eq. (3.71) contribute to stress oscillations.
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NURBS are commonly used in CAD. Since NURBS have a tensor product structure,
refinement occurs globally. Furthermore, modelling watertight surfaces using NURBS
can be difficult, if not impossible for certain cases. Also, several NURBS-patches join
only with C%-continuity. T-splines, which can be seen as a generalisation of NURBS,
were introduced by SEDERBERG et al. [99, 100] and do not suffer from the limitations
that are inherent in NURBS. Local refinement is now possible and watertight surfaces can
be created. Moreover, T-splines allow for the reduction of superfluous control points and a
T-spline consists of a single patch. Use of T-spline blending functions as basis functions in
a finite element context has been proposed by BAZILEVS et al. [9] and DORFEL et al. [36].
SEDERBERG et al. [100] used the term blending instead of basis function since it was not
clear at that point whether T-spline blending functions are always linearly independent.
Later, BUFFA et al. [20] demonstrated that the T-spline blending functions can be linearly
dependent.

Using the BEZIER extraction procedure introduced by SCOTT er al. [94], each blending
function can be defined in a normalised fashion by a linear combination of BERNSTEIN
polynomials. It was demonstrated by WANG et al. [120] that, if the BEZIER extraction
operator over all elements for all anchors (i. e. the global BEZIER extraction operator) is
linearly independent then the blending functions for all anchors are linearly independent
as well. The BEZIER extraction operator further allows to check the partition of unity and
to refine T-splines locally, see MAY et al. [72].

Before discussing T-splines, the next section addresses the different definitions of the term
continuity in design and analysis. Afterwards, a brief overview on the construction of the
BEZIER extraction operator for T-splines is given. Subsequently, linear independence
and the partition of unity property of T-spline meshes are examined utilising the BEZIER
extraction operator. Then, a refinement method is proposed for T-spline meshes by adding
anchors while the BEZIER extraction operator is used for the determination of the nesting
behaviour between two T-spline meshes. The capabilities of the method are demonstrated
for T-spline meshes of an even and of an odd polynomial degree. Thereafter, hierarchical
refinement for standard, semi-standard and non-standard T-spline meshes is introduced.
Further, unstructured T-spline meshes of quadratic and cubic degree will be considered.
It will be demonstrated how the BEZIER extraction operator can be modified in order to
obtain T-spline meshes that fulfil the partition of unity and are C}-continuous around an

extraordinary point. Finally, analysis-suitable T-splines are discussed.
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4.1 Continuity for design and analysis

In this section, the term continuity is elaborated from a design and from an analysis per-

spective.

4.1.1 Parametric continuity C

Consider the two curve segments S, (¢1) and S, (¢2) depending on the parametric coordi-

nates ¢; and ¢,
Si(t)=Q1—-t)P,+t Py, 0<t <1,

Sy(t2) = (1 —t2) Py + 2Py 0 <1ty <1, @b
with the coordinates of the control points in the physical domain = (z,y)
P, = (1= 1), Py,= (27 2)’ P, = (37 3)- (4.2)
Both curves S (t1) and Sy(t2) are plotted in Fig. 4.1(a).
| =% Curve S, (1) = Curve S, (t2) | |9 Curve 8, (1) A Curve 8,(72)

(a) (b)

Fig. 4.1: Parametric curves in physical domain = =(z,y), (a) S1(¢1) and Sy(t») are para-
metric C'-continuous at P,; (b) S;(t;) and Sy(t,) are geometric G'-continuous at their
joint P,. The triangles mark isoparametric distances of At; = Aty =At; =Aty,=0.1.

Evaluating the first derivative with respect to the parametric coordinate yields for both

curves

98, (t1)

oty

_ 05,(ts)
t1=1 8t2

= (1,1). (4.3)

to=0
Both curves have the same first derivative at their joint; the parametric continuity of the
first derivative in Eq. (4.3) will be denoted as C'.

52



4 T-splines

4.1.2 Geometric continuity G

As a next example, consider the two curve segments S, (£,) and S, (f,) depending on the

parametric coordinates ¢, and ¢, with

S,(t)=(1—-t)P,+tP, 0<t <1,
o ~ ~ o1 (4.4)
Sy(t2) = (1= 202)Py +26,P5 0 <tz < o
The first derivative with respect to the parametric coordinate reads for both curves
08, (t 08, (t
=28t 950 gy 4.5)
oty t1=1 Ot t2=0

Hence, both curves are not C!-continuous. However, Fig. 4.1(b) reveals that both curves
still have a continuous geometry in the physical domain x. In order to account for this,
the term geometric continuity was introduced by BARSKY & DEROSE [6,7]. If two curve
segments satisfy the condition

98, (t)

oty

, (4.6)

C
51:1 atQ

with a scalar ¢ > 0, then they are called geometric continuous with respect to the first
derivative. This continuity is denoted with G'. The step from Eq. (4.4) to Eq. (4.1) —
replacing ¢, with %2 — is called reparameterisation. PETERS [84] pointed out that the
definitions for parametric and geometric continuity in Eqgs. (4.3) and (4.6) may not be

clear for overlapping control points.

4.1.3 Continuity Cp for analysis

Now, the term continuity is considered from an analysis perspective. Eq. (4.1) is

equivalent to the parameterisation
S(t) = Ni(t) Py + Na(t) Py + N3(t) P, 4.7

with 0 <? <2 and the LAGRANGIAN basis functions (see Fig. 4.2)

1—¢t for0<t<1 t for0 <t <1
0 forl <t <2

Nl(t):{ - Nalt) = 29t forl<t<2’
o 4.8)

Ns(t) =

0 for0<t<1
t—1 for1<t<?2
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‘ — N (t) == No(t) == Na(t) ‘

0.8 |- .

0.4 a

0.2 .

0

0 02 04 06 038 1 1.2 14 16 18 2
t

Fig. 4.2: C{ -continuous linear LAGRANGIAN basis functions.

The LAGRANGIAN basis functions in Eq. (4.8) have a continuity of C{. In order to dis-
tinguish between the parametric continuity C of the curve and the continuity C4 of the
basis functions, the subscript A (for analysis) was added. It follows that the continuity
which is required for analysis needs to be distinguished from the parametric or geometric

continuity which is interesting from a designer’s point of view.

4.1.4 Geometric continuous basis functions

GROISSER & PETERS [46] showed that G*-continuous basis functions are C [’i—continuous.
This will be illustrated for the case (G', C}) in one dimension. Consider the four basis

functions /V;

By
Ny 1 0 0 0 0 0f |Bs
Nof |01 5300 Bg, 49)
Ny 0031 5 10| |Bs
Ny 000 00 1| [Bs
_B6_
with
Bl(fl) = i(l - 51)2 34(52) = %6(2 - 52>2
By(&)=3(1-¢) p—-1<& <1, Bi(&)=t(4-&) —-2<6&<2
Bs(&) = 1(1+ &) Bs(&) = 15(2+ &)°
(4.10)

The matrix in Eq. (4.9) contains the BEZIER coefficients for the knot vector

=={0,0,0, %, 1,1,1}. The following physical coordinate P,=x; corresponds to each
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basis function
P=0 P=1 P»=2 P =3 (4.11)

The derivatives N; ¢, and [V, ¢, with respect to the parameter coordinates §; and &, are

plotted in Fig. 4.3(a) over the physical domain z for all four basis functions.

= (N1, Nigy) == (Na¢,, Najg,) = Ny == Ny
— (N3,6,, N3¢,) (Nag,, Nag,) —_— N3 Ny
1 1
05| 05| |
0 N 0 \
—05] —05] .
71 Il Il Il Il Il Il Il Il Il Il Il 71 Il Il Il Il Il Il Il Il Il Il
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
T T
(@) (b)

Fig. 4.3: (a) The derivatives (Nog,, Naog,) and (N3¢, N3¢,) are discontinuous while
(b) the derivatives Ny, and N3, are continuous: G !_continuous basis functions are also
C-continuous.

It can be observed that (Na¢,, Nag,) and (N3¢, N3 ¢,) are discontinuous. However, since

the G!-continuity condition

ON;

ON;
2
96

&1=1 N 852

(4.12)

Eo=—2

holds for all four basis function, they have to be Cj-continuous: Fig. 4.3(b) shows
the derivatives [V; , of all four basis functions with respect to the physical coordinate
x. All four derivatives N; , are now continuous. Thus, the four basis function /V; are
C-continuous. The property that G!-continuous basis functions are C} -continuous is es-
pecially useful for connecting surfaces at an extraordinary point such that the basis func-
tions possess the required C} -continuity (see Section 4.7).

In sum, basis functions that fulfil a G'-constraint are C}%—continuous and the geometry is
G'-continuous for any set of control points. If the basis functions are only C-continuous
the geometry can still be G!-continuous by an appropriate choice of the location of the
coordinates in the physical domain. Such a (¢ L Cg)—construction can also be used for
solving fourth order partial differential equations when a rigid link between neighbour-
ing control points along the C$ -continuity is introduced, see the bending strip method by
KIENDL et al. [58]. This rigid link transfers the G!-continuity from the coordinates to the

displacement degrees of freedom.
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4.2 Defining T-splines

This section provides a brief overview of T-splines. For a more elaborate demonstration
of T-splines in a finite element environment reference is made to BAZILEVS et al. [9].
Index notation is adopted throughout with respect to a CARTESIAN frame.

4.2.1 Definition of the domains

In Fig. 4.4, the physical domain (x;), the parent domain (&), the index domain (uy),
the parameter domain (§;'), and the sub-parameter domain (§,) are shown for T-splines.
Each element e can be mapped from the physical domain z, onto the parent domain
& € [—1, 1], where GAUSSIAN integration can be carried out. The sub-parameter domain

&¢ 1s obtained when only the unique values of the parameter domain & are considered.

[ ] Anchors =
—— Continuity reduction lines &
— Edges A

] Elements

[] Element corners
—— Element boundaries

T [ ] Anchors >

Index domain Element in parent domain

[ ] Anchors
—— Continuity reduction lines

[ Element corners
—— Element boundaries

— Edges =

| | Elements Physical domain [T == £1
1
! i, = H]
2
3
% -

- 1
1 s [ £ H1
3
0
0 L B —> ¢
0 3 1
Parameter domain Sub-parameter domain

Fig. 4.4: Illustration of the physical domain (x;), the parent domain (&), the index do-
main (u,), the parameter domain (£}'), and the sub-parameter domain (&,) for a quadratic
T-spline mesh.
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4.2.2 Definition of the local knot vector

The index domain in Fig. 4.4 represents a tiling of a region in R? while all edges of each
rectangle have a positive integer value. T-spline meshes of odd and of even polynomial
order have to be treated differently when defining the local knot vectors from the para-
meter domain. The local knot vectors are necessary for defining the blending functions,
see Section 4.2.3.

For a T-spline mesh of even degree p, in both directions, a so-called anchor — to which
a single multivariate blending function is attached — is placed in the centre of each rect-
angle, see the quadratic T-spline mesh in Fig. 4.5(a). A local knot vector for a T-spline
mesh of even degree is obtained from the parameter domain by — starting at the anchor —
marching horizontally (both left and right) and vertically (both up and down), until a
number of py/2+1 edges are crossed in all four directions, thus giving a vector length
of p;+2. Every time an edge is crossed, the corresponding parameter value is added to
the local knot vector. If fewer than p,/2+1 edges are crossed, and there are no more
edges left to be crossed, the parameter value that has been added last is repeated until
pe/2+1 parameter values are added in this direction. For the blue anchor A sitting at
(3.5,5.5) in the index domain in Fig. 4.5(a), the local knot vectors are =9 = {0, %, 1,1}
and 25 ={3, 2,1, 1}, respectively.

For a T-spline mesh of odd degree p, in both directions, anchors are located at the vertices
of the rectangles, see the cubic T-spline mesh in Fig. 4.5(b). In order to obtain the local
knot vector of an anchor, the parameter &/ at the vertex is added to the local knot vectors
for each direction. Afterwards, marching (starting at the location of the anchor) horizon-
tally to the right and left, and vertically up and down, until (p,+1)/2 edges have been
crossed in all four directions, yields again a local knot vector of length p,+2. If there
are no more edges to be crossed, then the value of the last added parameter is repeated
until (py+1)/2 values are added in this direction to the local knot vector. Consider, for
instance, the blue anchor B sitting at (2,2) in the index domain for the cubic T-spline

mesh in Fig. 4.5(b). The local knot vectors are ZF ={0,0,0, 1,1} and =5 ={0,0,0, 5, 2}.

4.2.3 Construction of the blending functions

Consider a T-spline mesh with n anchors. Each anchor 7 is equipped with a single mul-
tivariate blending function N*. Each multivariate blending function N is defined in the

sub-parameter domain &, as follows

d
N'(&) =[] Vi) (4.13)

(=1
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Fig. 4.5: Determination of the local knot vectors for a T-spline mesh of (a) even
(quadratic, py=2) and (b) odd (cubic, p,=3) degree: every time an edge is crossed in
all four directions, the corresponding parameter Value is added to the local knot vector.
(a) The local knot vectors for the blue anchor A are = ={¢7, &3, ¢, €71 =10, 3,1,1} and
22=1{6,8,¢5,61={3,2,1,1}, (b) The local knot vectors for the blue anchor B are

2 ={&,&,61,¢,61=10,0,0,1,1} and Z8 = {3, &5, €3, 63,651 = {0, 0, 0,?1),;2),}

with the univariate blending functions N for each anchor i and the dimension d. The

univariate blending function N} of order p, for anchor i is given by

Nj(&) = Nj 1, (&), (4.14)

where the N} ap, (With a=1 the single blending function for anchor i is obtained) can be

defined with the local knot vector =, ={&} |, &} 5, ..., &, o} of anchor i for p,=0 with

Lifg, <& <&apn

0 otherwise

N} o(&e) = (4.15)

For p, > 1 they are given by the COX - DE BOOR [25,27] recursion formula

§ §Z a ) gé a - §€ i
NZ a,pp (gf) ﬁ]\fé a,p571<£f> + 57, +pé+l_ 51 N@ a+1,p471(££)' (416)
{ a+py la £ a+pe+1 l a+1

Herein, only cases will be considered with an equal polynomial order p, in the & -direction

and the &»-direction.

4.2.4 Element definition

The red anchor A with index coordinates (3.5,5.5) for the quadratic T-spline mesh in
Fig. 4.6(a) has the local knot vectors Z0 ={£2. &3 &1, €0} and =0 ={&3,65, €5, €2}, An-
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chor A has a non-zero blending function in the green parameter domain [£7, 7] x [€3, £]].
Within this domain, the net of red dashed lines depicted in Fig. 4.6(a) is obtained upon
drawing all the values contained in the local knot vectors =7*. Along those lines, the
blending function of anchor A has a reduced continuity, which is indicated by a multi-
plicity larger than zero in the local knot vectors. If one of these lines is not already an
edge, this line is added to the T-spline mesh, see Fig. 4.6(b). The added line is called a
continuity reduction line. For T-splines, elements are defined by the union of all edges
and continuity reduction lines with non-zero parametric area in the parameter space &/,

see also Fig. 4.5(a).

[ Anchors
[ ] Anchors ___ Continuity reduction
Support of anchor A line of anchor A
& U — Edges 33 u2 — Edges
1 7 1 7
ofeofefoe o|]o|oloe
1 6 A m— 1 6 A
5 [ [ J [ J [ ] 5 [ J [ ] [ J [ J
2 5 3 5
L ° ° > R I d
’ : ° . ! s
i 3 3 3
[ J [ [ J [ J [ [ J
0 2 0 2
[ [ ] o [ [ ] o
0 1 0 1
1 2 3 4 5 Uy 1 2 3 4 5 Uy
0 0 3 1 1 & 0 0 3 1 1 13

(a) (b)

Fig. 4.6: Continuity reduction lines: consider the red anchor A with index coordinates
(3.5,5.5). (a) This anchor has a support (non-zero blending functions) in the green
shaded domain [¢7, £7] X [£3, £7]. Drawing all the values contained in the local knot vec-
tors 20 ={&2, &3 &1, €2} and 25 ={€3,£5, €5, €1} gives the net of dashed red lines. (b) If
a red dashed line in (a) is not already an edge then it is added to the T-spline mesh.

4.3 BEZIER extraction for T-splines

For details on the BEZIER extraction method for T-splines, reference is made to
SCOTT et al. [94]. Here, a succinct summary on the calculation of the BEZIER extraction
operator is given and the method is illustrated by means of an example.

Suppose that the domain is divided into e=1. .. F elements. Then, the blending function
N? of anchor i over element e can be written as a linear combination of the BERNSTEIN

polynomials
Ni(¢) = C.' B.(&). @.17)
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where the (p,+1)? bivariate BERNSTEIN polynomials B, for element e in the

two-dimensional case are expressed as follows

Blle(gl)B%e(€2)

B.(§) = | BT &)B (&) | - (4.18)

| BYH (&) BEH (&) |

The bivariate BERNSTEIN polynomials B, are equal for each element e in the parent
domain &;. A univariate blending function N, ;. of anchor i over element e can be expressed

in terms of the univariate BERNSTEIN basis By, with

Bl}e(gf)
N;.(&) = |Cil ... OZ?“] 2 , (4.19)
By (&)

where C}% are the coefficients for anchor ¢ and element e corresponding to By,. The
a=1...p¢+1 univariate BERNSTEIN polynomials B} of order p, are defined over the
interval & € [—1, 1] by

Bi(E) = 5, <@p_£ 1) (1= &y D+ gy (4.20)

The univariate BERNSTEIN polynomials By, are equal in the parent domain &, for each
element e in each direction. In Eq. (4.17), Q’; is the BEZIER extraction operator of anchor

¢ with support over element e
i1 vil
CreCse

Cl=| opticit |. (4.21)

ipe+1 ~ipe+1
_Ole 026 i

In order to illustrate the notation, consider again the anchor A at (3.5,5.5) in Fig. 4.5(a).

The local knot vectors are Z¢ ={0, 5,1,1} and 23 ={3, 2, 1, 1} for the & -direction and
the &-direction, respectively. Next, the BEZIER extraction operator over the element b

in Fig. 4.5(a) with range [3, 4] x [4, 5] in the index domain is evaluated for anchor A. The

12

range for the element b is (&, 1] x [€3, €3] in the parameter domain and [3,1] x [3, 3

| in
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the sub-parameter domain. In Fig. 4.7, the blending functions N;* are shown for each

direction in the sub-parameter domain &,. The part of the blending functions N;* which

12
373

i. e. V;}, —has been plotted with a solid black line. Expressing the blending functions N},

has a support over element b with range [3, 1] x[3, 2] in the sub-parameter domain &, —

of anchor A with support over element b for each direction & in terms of the BERNSTEIN

basis By, of element b, gives for the BEZIER extraction operator in each direction

Fo1 Fo1
Blb Blb
A _ Al A2 A3 2 |1 2
3 3
_Bl b _Bl bl
F o1 F o1
B2b BQb
A __ Al A2 A3 2 _ 1 2
3 3
_BZb_ _BZb_
— Bl,(6) — B}y (6) — Bl (€) — N @) == N&) | [ Bly(e) — B3y(@) — Biy(@) — N\ (&) === Ni(&) |
1 ‘ ‘ 1
0.8 : 081 .
0.6 . 0.6 . .
04} ‘." . 04} ““ g
0.2 0.2 “.‘—
QLmm=” ) ] 0 ) 2 d
&1 &2
(@) (b)

Fig. 4.7: Illustration of the blending functions N}* for anchor A and the BERNSTEIN
polynomials By, for element b in Fig. 4.5(a) over the sub-parameter domain in (a) the
& -direction and (b) the &;>-direction.

Now, using Eq. (4.21) and combining the unidirectional BEZIER extraction operators de-
fined in Egs. (4.22) and (4.23), the BEZIER extraction operator QbA for the anchor A with

support over element b, see Fig. 4.5(a), reads

T
Lol . (4.24)

1
4 2

C=10 00000

If, for an anchor 7, this procedure is applied to all elements F, then the BEZIER extraction
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operator for anchor ¢ is obtained
Ci
c'=|:1. (4.25)
Cy
The BEZIER extraction operator for all n anchors is then given by

c'’

c=|:|. (4.26)
=

C is called global BEZIER extraction operator. Hence, the vector with all n blending

functions
N'(§)
N =| : (4.27)
N™(§)
can be written as
N(§) =CB(§). (4.28)

where B is the vector which contains the elemental BERNSTEIN polynomials B,

B, (§)
B =| : |. (4.29)

B(€)

A single blending function N* can be expressed as
i il
N'(§) =C" B(§). (4.30)
The blending functions IV, with support in element e are determined by

N (§) =C.B.(§), (4.31)

with the elemental BEZIER extraction operator C..

4.4 Classification of T-splines

In this section, T-spline meshes are classified according to the linear dependencies exhib-

ited by their blending functions. The partition of unity property is also investigated. The
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classification methods in this section can be applied to T-spline meshes of arbitrary de-
gree, T-spline meshes with extraordinary points and three-dimensional T-spline meshes:

only the BEZIER extraction operator is required.

4.4.1 Classification of T-splines according to the type of linear

dependence

In the following, the BEZIER extraction operator is used to gather meshes into three cate-

gories based on the type of linear dependence of their blending functions:
* globally linearly independent,
* locally linearly independent with a non-square matrix Ce,

* locally linearly independent with a square matrix C..

4.4.1.1 Global linear independence

A T-spline mesh with n anchors has globally linearly independent blending functions if

and only if the solution for

D a'N'(€) =0 (4.32)
=1

is o'=0 for i=1...n. Recall, that each blending function N* of anchor i can be ex-

pressed using the BEZIER extraction operator. Substituting Eq. (4.30) into Eq. (4.32)

leads to .
S aiCT B(g) = 0. (4.33)
i=1
Since the BERNSTEIN polynomials in B are linearly independent, Eq. (4.33) can be re-
placed by .
S aict =0, (4.34)
i=1
which is equivalent to
al 0
c ol =] (4.35)
a 0

Thus, using Eq. (4.26), Eq. (4.35) can be rewritten as

C'a=0. (4.36)
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Since a T-spline mesh has globally linearly independent blending functions N* when the
only solution for Eq. (4.36) is o =0 fori=1...n, it follows directly from rank inspection
of the global BEZIER extraction operator C in Eq. (4.36) whether the blending functions
N of a T-spline mesh are globally linearly independent, cf. WANG et al. [120]. If the
global BEZIER extraction operator C has full row rank, then the rank of C is equal to the
number of anchors n and consequently, the blending functions N°* are globally linearly

independent. In sum, the condition for global linear independence is
rank(C) = n. (4.37)

The size of the global BEZIER extraction operator is
size(C) =nx [ E-[[pe+1). (4.38)

If a T-spline mesh is globally linearly dependent, GAUSSIAN elimination can transform
Eq. (4.36) into a characteristic shape — the row echelon form — and the dependencies

between anchors can be detected from the transformed system, see Fig. 4.8.

[ ] Anchors [ ] Anchors
—— Continuity reduction lines —— Continuity reduction lines
— Edges u — Edges
& u2 [ | Elements & w [ | Elements
1 9
1 7 1 s [ 2K [ ] ojojojojo
1 6 17 eole ojojoejojeo
1 [ ]
3 9 1 6]e ETFF—f—o—
1y 15 D s
2 ? ojJojo;o
1
1 5 4 [ ]
2 3 FEN 3 O ®
0 2 0 2 ojojojo [ ] (A K]
0 1 0 1 ojojeojo [ ] [ A K
“ 2 3 4 5 6 7 8 9 10 w
i 00 0 % % 3 5 1 1 1 &

(a) Globally linearly dependent cubic T-spline (b) Globally linearly dependent quartic T-spline

mesh from BUFFA et al. [20], transforming mesh, transforming Eq. (4.36) into row ech-
Eq. (4.36) into row echelon form yields the fol- elon form yields the following linear depen-
lowing linear dependencies between the anchors dencies between the anchors D, E and F:
A,Band C: —3N%(§) + 3NB(§) + NC(&) = 0. —3NP(£) + 2NE(€) + NF(¢) = 0.

Fig. 4.8: Globally linearly dependent T-spline meshes (a) of cubic and (b) of quartic
polynomial degree.

A T-spline mesh with globally linearly dependent blending functions cannot be used for
analysis since in a finite element context, this results in a system of equations that cannot

be solved.
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4.4.1.2 Local linear independence
Repeating the procedure of the previous section at the elemental level, the condition for
local linear independence is

rank(C.) =n, fore=1...F, (4.39)

with the elemental BEZIER extraction operator C. and the number of anchors n. with

support in element e. When Eq. (4.39) holds, the size of Ce is

size(C.) = 1, X (Hpg—i—l) (4.40)

4.4.1.3 Local linear independence with a square matrix C,

A subset of locally linearly independent T-spline meshes (i. e. when Eq. (4.39) holds) can

be defined when the following additional property is valid for each element e

d
rank(Ce) = [[pe+1=n. fore=1...E. (4.41)
/=1

When Eq. (4.41) holds, the size of ge is

d
51ze (Hpg + 1) X (H D + 1) . (4.42)
(=1

Eq. (4.41) implies Eq. (4.39). Also, Eq. (4.39) implies Eq. (4.37) — local linear indepen-
dence inherently results in global linear independence.
If a T-spline mesh is locally linearly dependent, then the non-zero coefficients o, are

obtained analogously to the global case by transforming
gzge =0 (4.43)

into row echelon form. In Fig. 4.9, examples are given for a locally linearly dependent
T-spline mesh, a T-spline mesh for which Eq. (4.39) holds and a T-spline mesh for which
Eq. (4.41) holds.

4.4.2 Partition of unity property for T-splines

This section addresses the partition of unity property of the blending functions N and

of the rational blending functions R’, respectively. It will be elaborated how T-spline
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A
N

O O al AN BW —

(a) Locally linearly dependent T-spline mesh, ten
anchors (blue) have a support in element b (dashed
green); transforming Eq. (4.43) into row echelon
form yields the dependencies in element b be-
tween anchors G and H: 6NY(¢) — NH(¢) = 0.

o Anchors
—— Continuity reduction lines
— Edges
[ | Elements
[ J
[ J

o
Ne

O O wiE W W =

AN
N

S O A= RN AW =
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1

element c.
o Anchors
—— Continuity reduction lines
— Edges
[ ] Elements

[ } Anchors
—— Continuity reduction lines
— Edges

[ | Elements

&

(c) Locally linearly independent T-spline mesh;
d
rank(C.)=[] pe+1fore=1...E.
o =1

Fig. 4.9: Local dependencies in a quadratic T-spline mesh.

u
1

(b) Locally linearly independent T-spline mesh;
rank(C.) =n, for element c; in element ¢ (dashed
green) are only eight anchors (blue) with a sup-
port and therefore C,. is not a square matrix for

meshes can be classified as standard, semi-standard and non-standard using the BEZIER

extraction operator. It will also be shown that an affine transformation exists only when

the partition of unity property is satisfied. However, the patch test is not automatically

satisfied if an affine transformation exists, see the example utilising POWELL-SABIN B-

splines in Section 5.2.3.
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4.4.2.1 Partition of unity property of the rational blending functions R’

The multivariate rational T-spline blending function for an anchor 7 can be constructed as

Rz(g) w’ (4.44)

> wINI(§)

Jj=1 -

with the weight w* associated to anchor 7. In view of Eq. (4.44), the rational blending
functions R’ always form a partition of unity (all R’ sum to one).

4.4.2.2 Partition of unity property of the blending functions N*

SEDERBERG et al. [100] classified T-spline meshes according to the partition of unity
property of the blending functions N?,

> BN(E) =1, (4.45)
=1

into
e Standard T-spline meshes: all 3° = 1,
« Semi-standard T-spline meshes: some 3% # 1,
* Non-standard T-spline meshes: no solution for 3.
Only for standard T-spline meshes the blending functions N? and the rational blending
functions R’ satisfy the partition of unity property.
4.4.2.3 Partition of unity property of the blending functions N* using the BEZIER
extraction operator

Next, it will be shown how the global BEZIER extraction operator can be used to deter-
mine the partition of unity property of the blending functions N*. Rewriting Eq. (4.45)
using Eq. (4.30) yields

S pcB(g) =1. (4.46)
=1

Substituting Eqgs. (4.25) and (4.29) into Eq. (4.46) and elaboration gives

N J/ N J/

NV NV
T
Tk

T
1

=2
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The BERNSTEIN polynomials B, in Eq. (4.47) form a partition of unity if and only if

7, =1 for each element e. This statement can be expressed in a matrix-vector format as

B'CI+...+p"CY 1
: =1:]> (4.48)
BiCp+...+pCy| |1
which is equivalent to
51
ct ... cCc' || =1 (4.49)
/BTL
Exploiting the global BEZIER extraction operator C in Eq. (4.26) yields
c'p=1. (4.50)

The row echelon form of Eq. (4.50) then provides the means to assess whether a T-spline
mesh is standard, semi-standard or non-standard.

Figs. 4.10 and 4.11 show a set of T-spline meshes of quadratic and cubic degree and
their classification of linear dependence and of the partition of unity property according
to the previous definitions using the BEZIER extraction operator. As can be observed
from Figs. 4.10 and 4.11, changing the knot intervals gives a different classification for
the T-spline mesh — (a), (¢), (e) are standard T-spline meshes whereas (b), (d) and (f) are

non-standard or semi-standard T-spline meshes.

4.4.2.4 Affine transformation requires partition of unity

Any T-spline surface T in the physical domain (x,) can be expressed by the mapping from

the sub-parameter (£,) domain as follows
T(¢) =) R(EP, 4.51)

where P'= (2%, x3)" are the control points associated to anchor i. Applying a transfor-

mation to the control points P’ of the form
PL.=AP +b, (4.52)

with the transformation matrix A, the displacement vector b, and the control points P

after transformation, results in an affine transformation since the rational blending func-
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(a) Standard,  rank(C.)= ][] pe+1 for (b) Non-standard, rank(C) =n.
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e=1...FE.
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(c¢) Standard, rank(C.) =[] pe+1  for (d) Non-standard, rank(C,.) =n, fore=1... E.
7 =1
e=1...FE.
[ ] Anchors [ ] Anchors
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(e) Standard, rank(C.)= [[ pe+1  for (f) Semi-standard, rank(C) =n.
o =1
e=1...FE.

Fig. 4.10: Classification of quadratic T-spline meshes according to the level of linear
independence and the partition of unity property. (a), (c) and (e) are standard T-spline
meshes, changing the knot intervals results in non-standard or semi-standard T-spline
meshes.
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(a) Standard, rank(C.)= [] pe+1 for (b) Non-standard, rank(C) =n.
7 =1
e=1...FE.
o Anchors [ ] Anchors
—— Continuity reduction lines —— Continuity reduction lines
— Edges — Edges
&y uz | Elements &y uz | M Elements
1 7 1 7
1 6 1 6
2 5 3 5
54 A
: 3 i 3
0 2 0 2
0 1 0 1
1 2 3 4 Uy Uy
0 0 1 1 1 & &t
d
(¢) Standard, rank(C.)= [] pe+1 for (d) Non-standard, rank(C.) =n, fore=1... E.
- =1
e=1...FE.
[ ] Anchors [ ] Anchors
—— Continuity reduction lines —— Continuity reduction lines
— Edges — Edges
&y uz | W Elements &y uz | W Elements
1 7 1 7
1 6 1 6
2 5 3 5
54 A
503 P
0 2 0 2
0 1 0 1
1 2 3 4 5 uy 3 4 5 Uy
0 0 1 1 1 & 0 0 1 1 1 3
d
(e) Standard, rank(C.)=[[ pe+1  for (f) Semi-standard, rank(C) =n.
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Fig. 4.11: Classification of cubic T-spline meshes according to the level of linear inde-
pendence and the partition of unity property. (a), (c) and (e) are standard T-spline meshes,
changing the knot intervals results in non-standard or semi-standard T-spline meshes.
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tions R in Eq. (4.51) form a partition of unity.

However, defining the T-spline in Eq. (4.51) with the blending functions N°* instead of the
rational blending functions R’ yields an affine transformation only for standard T-spline
meshes. For semi-standard and non-standard T-spline meshes, the blending functions N°
do not possess the partition of unity property, see also Fig. 4.12 with a rigid body motion

applied to the control points of the anchors.

- ) o 4 e 9 - ¢ o 1 ° >
° Control points — * ° Control points = °
—— Element boundaries b —— Element boundaries .
[ ] d r q e 4
\ g \ 4 4 [ ] \\ [ ) [ ] \ \ g [ ] [ ] [ ] 4
q [ ] q [ ] [ ] \ g A [ ] [ ) [ ] q " g \ g
q Transformed q Transformed
- > physical mesh - b physical mesh
q 4 q
q o e 9 ¢ o o 4
Initial Initial
physical mesh physical mesh
(a) Rational blending functions R". (b) Blending functions N*.

Fig. 4.12: Applying a rigid body motion to the control points of the anchors results in an
affine transformation when the partition of unity property is fulfilled. (a) An affine trans-
formation for the semi-standard T-spline mesh in Fig. 4.11(f) is obtained for the rational
blending functions R’; (b) using the blending functions N* instead of R’ in Eq. (4.51)
gives no affine transformation — the element boundaries are different — since the N* do
not form a partition of unity for semi-standard meshes.

4.5 Local refinement of T-splines by adding anchors

It will be demonstrated in this section how standard, semi-standard and non-standard
T-spline meshes of even and odd polynomial degree can be refined locally by adding an-
chors using information from the BEZIER extraction operator. This refinement procedure
is applicable only to partition of meshes without extraordinary points. The local refine-
ment algorithm ensures that C. is a square matrix for each element. This then also allows
for hierarchical refinement, see Section 4.6.

A requirement for the refinement algorithm is that the initial and the refined T-spline mesh
are nested — this condition will be defined in the following section, together with a method
to fulfil it using the BEZIER extraction operator. Also, it will be shown how the location
of the control points in the refined T-spline mesh can be obtained. Afterwards, the algo-
rithm for the local refinement of T-splines will be explained by means of some examples:
after demonstrating the refinement of standard T-splines (Section 4.5.4, Appendix B.1.1),
it will be shown that also non-standard T-spline meshes can be refined locally by adding

anchors (Appendix B.1.2).
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Standard T-spline meshes do not necessarily have a square matrix C. for each element
and global partition of unity does not imply local linear independence — this is not cor-
rectly addressed by MAY et al. [72]. For instance, unstructured T-spline meshes with
extraordinary points (see Section 4.7) can be standard and locally linearly dependent.
Furthermore, unstructured T-spline meshes that are standard can have a BEZIER extrac-
tion operator that is not a square matrix for elements in the one-ring neighbourhood of an

extraordinary point.

4.5.1 Computation of the refinement matrix and nesting behaviour

A refinement matrix M of size nXnp gives the relation between the blending functions
Ny of a refined mesh with ny anchors and the blending functions IV of an initial mesh
which has n anchors

N(&) =M Nx(§). (4.53)

Expressing the blending functions on both sides using the BERNSTEIN polynomials,
Eq. (4.28), results in
C Bg(§) =M CrBr(§), (4.54)

while the blending functions IV on the initial mesh must be defined in terms of the
elements of the refined mesh with the BERNSTEIN polynomials B . The linear inde-
pendence of the BERNSTEIN polynomials B in Eq. (4.54) gives

[[@
1=

Cr. (4.55)

The coefficients of a row of the refinement matrix M can be evaluated as follows. Ex-
panding Eq. (4.55) using Eq. (4.26) yields

T T T
(oh M Cr
: = : : . (4.56)
QnT MnT QZRT
Applying the transpose to both sides results in
[oLN oLl S fo/ Ao N 1.7 NN ¥ I (4.57)

) ) T , )
which allows to determine the rows M"* for i=1...n of the refinement matrix M by

transforming the system

C'=Cr'M! fori=1...n (4.58)
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into a row echelon form. In the case that there is no solution for M’ of anchor 7 in
Eq. (4.58), the initial and the refined T-spline mesh are not nested, which means that it is
not possible to represent all blending functions IV of the initial T-spline mesh as a linear
combination of the blending functions IN j of the refined T-spline mesh. One can resolve
this as will be explained in Section 4.5.4 (quadratic case, p;=2) and Appendix B.1.1
(cubic case, py=3).
When nestedness is ensured and the initial mesh is standard, the refined T-spline mesh
can be only a standard or semi-standard T-spline mesh: knowing that the initial T-spline
mesh is standard and satisfies the partition of unity property in Eq. (4.45) (with all 3=1)
and using the rows M i" of the refinement matrix M from Eq. (4.58) results in
n n nR
1= "FN(€) =Y M NLE) = BLNL(E), (4.59)
i=1 j=1

i=1

where the coefficients 3y are computed from
Br=M'B. (4.60)

From Eq. (4.60), it can be concluded that there always exists a solution for the coeffi-
cients g r When nestedness is ensured (M exists) and when the initial mesh is standard.

Therefore, the refined T-spline mesh can be only a standard or semi-standard T-spline.

4.5.2 Determination of the coordinates for the anchors in the refined

T-spline mesh

In this section, it is assumed that the initial and the refined T-spline mesh are nested. It
will be demonstrated how the coordinates and weights of the anchors in a refined T-spline
mesh can be determined. The weighted (non-rational) surface of Eq. (4.51) reads (see
PIEGL & TILLER [86, Chapter 4])

T,&) =) NP, (4.61)
=1

with the weighted control points

P = (w'zt, wiah, w')’. (4.62)

w
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The refined and the initial weighted curves — T', , and T',, respectively — are required to

represent the same geometry

—wR (5) w (é) .
Inserting Eq. (4.61) into the left- and right-hand side of Eq. (4.63) yields

> MHORL = 3N
Using the BEZIER extraction operator subsequently gives
ng
> PLCh "Byt Z P C" B, (¢),
j=1
or, since the BERNSTEIN polynomials B are linearly independent,
> P.pCh =) P,C".
j=1 i=1

Elaborating Eq. (4.66) results in

T

Cch

Fra A N R T A

nRT nT
folf Cc

or in the global form

T T
gR EwR g gw’

with the matrices ’ .
P.r P,
—wR - : —w

nr T nT
P P

—w

Plugging Eq. (4.55) into Eq. (4.68) leads to

c’p =c ™'p

—R —wR —R — =—w’

Hence, the weighted control points E'w R for the refined mesh follow from

P =M'P .

:u}R pr— —w

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)

(4.69)

(4.70)

4.71)
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4.5.3 The algorithm for local refinement of standard T-splines

The local refinement algorithm (see also Algorithm 4.1) for standard T-splines proceeds
as follows: after inserting new anchors into the T-spline mesh (refining), it is checked
whether each element has a BEZIER extraction operator C, that is a square matrix. If this
is not the case, Eq. (4.43) is transformed into row echelon form, and linear dependencies
can be detected and removed. Once the BEZIER extraction operator is a square matrix in
each element, each row of the refinement matrix M in Eq. (4.58) is evaluated. Should
the blending functions of some anchors of the initial mesh not be nested in the refined
mesh, the mesh needs to be modified accordingly. Finally, when nestedness is satisfied,
Eq. (4.50) is assessed whether 3=1 holds. If not, then the refined mesh is semi-standard
according to Eq. (4.60) and anchors are added to the mesh within the support of anchors
for which 3¢ # 1. Otherwise, the initial and the refined mesh are nested standard T-spline

meshes.

/ Start with a standard T-spline mesh

// Number of refinement steps: [NV

fort=1: Ndo

RefinementSuccessful = 0;

while RefinementSuccessful = 0 do

/I Check whether BEZIER extraction operator is a square matrix in each element:

d d
if size(C.) # Hpg—|—1> X (Hm—Fl) fore=1...FE then
// add additi(l;nalll anchors by iésﬁeoting the BEZIER extraction operator in Eq. (4.43):
// (a) ensure that C, is a square matrix
/1 (b) remove linear dependencies
else
/I Check with Eq. (4.58) whether the initial and the refined mesh are nested:
if Refinement matriz M cannot be computed then
// add additional anchors by assessing the BEZIER extraction operators of the initial
and the refined mesh: localise, which anchors are not nested in Eq. (4.58)
else
/I Check whether T-spline mesh is standard by assessing Eq. (4.50):
if 3 # 1 then
// mesh is semi-standard according to Eq. (4.60)

‘ // add anchors to the mesh within the support of the anchors i for which 3¢ # 1
else
/I Compute the weighted control points P, , of the refined mesh using
Eq. (4.71)
RefinementSuccessful = 1;

end

end
end

end
end

Algorithm 4.1: Local refinement algorithm based on the insertion of new anchors
for standard T-spline meshes.
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4.5.4 Local refinement of standard T-splines of even degree by adding

anchors

This section explains how standard T-spline meshes of even degree can be refined using
the BEZIER extraction operator. In order to be able to implement the methods described
in the following, the local knot vectors for each anchor are required in the index (uy)
and sub-parameter (§,) domain — it is not sufficient to have only access to the BEZIER

extraction operator.

4.5.4.1 Example 1: Ensuring that C. is a square matrix and nestedness

Initial refinement
Consider the quadratic standard T-spline mesh in the index domain and the physical do-

main in Fig. 4.13.

¢ Anchors [ J Anchors
—— Continuity reduction lines ] Element comers
ey s : ElF;: i%ee;ts —— Element boundaries
*——@
1 7
1 6
Z 5
i 4
3 3
0 2
0 1

(b)

Fig. 4.13: Initial quadratic standard T-spline mesh in (a) the index domain and (b) the
physical domain.

It is refined by insertion of an anchor which results in the rectangle [¢7, £1] x [€3, €3] being

split vertically, see Fig. 4.14(a).

Ensuring that C. is a square matrix

The resulting mesh is locally linearly independent but non-standard, and C. is not a square
matrix for all elements: for element b (bounded by a dashed green line), rank(C.) =n.,
as there are only eight anchors (blue) with a support, n. =8, see Fig. 4.14(b). Hence,
additional anchors need to be inserted in order to obtain a square matrix C.. Each local
knot vector of the blue anchors with support in element b in Fig. 4.14(b) contains the
sub-parameter values of the boundaries of element b — [0, 1] x 1, 2] in the &;-direction and
the &,-direction, respectively, except for the anchors A and B in Fig. 4.15(a). The local

knot vectors of the anchors A and B in the &;-direction do not contain the sub-parameter
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[ ] Anchors [ ] Anchors
—— Continuity reduction lines —— Continuity reduction lines
— Edges — Edges
& uz | Elements & uz | Elements
1 7 1
o
1 6 1 Py
1 1
3 4 3
1 1
3 3 3
0 2 0
0 1 0

1

(a)

Fig. 4.14: (a) Refined quadratic non-standard T-spline mesh of Fig. 4.13(a) in the index
domain. (b) The T-spline mesh is locally linearly independent — but as only eight anchors
(blue) have a support in element b (dashed green line), C. is not a square matrix for
element b. o

value & = % Therefore, rectangle ¢ needs to be split. This results in the standard T-spline
mesh in Fig. 4.15(b).

[ ) Anchors o Anchors
—— Continuity reduction lines —— Continuity reduction lines
— Edges — Edges
&y uz | W Elements &y uz | Elements

O O wie Wi Wi =

S O Wik W W e

Fig. 4.15: Procedure to obtain a square matrix C.. (a) The local knot vectors of the
anchors A and B (blue) do not contain the sub-parameter value §; = %, which is a boundary
of element b (dashed green). The local knot vectors of all other anchors with support in
element b (see Fig. 4.14(b)) contain the sub-parameter values 0, 1 in the &;-direction and
1., 2 in the &-direction — [0, 5] x [3, 3] represents the boundary values of element b in the
sub-parameter domain. Hence, the rectangle c needs to be split so that the local knot
vectors of the anchors A and B also contain the knot &; = % (b) The resulting standard

mesh and the initial mesh in 4.13(a) are not nested.

Nestedness
The initial T-spline mesh in Fig. 4.13(a) and the refined mesh in Fig. 4.15(b) are not
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nested: the blending functions of anchors C, D and E (see mesh in Fig. 4.16) cannot
be expressed as a linear combination of the blending functions of the refined mesh in
Fig. 4.15(b). This can be identified by inspection of the row echelon form of Eq. (4.58)

for these anchors.

g ow
7 DERS
p [ J [ J [ J [ @ Anchors initial mesh
Py Py Py Py ° Anchors initial mesh,
not nested

Anchors refined mesh
=== Edges initial mesh
Edges refined mesh
Common support
u non-nested anchors

(J
Al Nesi |

O O W W W =
o W e Gt
=
=%
o0

1 2
0 0

4
1

U

&

[ J
v~ w i @ @

Fig. 4.16: Superposition of the initial T-spline mesh in the index domain from Fig. 4.13(a)
and the refined mesh in Fig. 4.15(b). Transforming Eq. (4.58) into row echelon form
gives no results for the anchors C, D and E (blue) since the meshes in Fig. 4.13(a) and
Fig. 4.15(b) are not nested. Edges and anchors from the refined mesh in Fig. 4.15(b),
which were added during refinement, are inserted in the initial mesh from Fig. 4.13(a)
and marked with green. Within the grey domain all three anchors C, D and E from the
initial mesh have a support, while the grey domain is bounded by the newly inserted green
edges. In this grey domain an additional anchor needs to be inserted, i. e. the dashed red
rectangle d needs to be subdivided, see Fig. 4.17.

Therefore, an additional anchor has to be inserted. The new edges and anchors of the
refined mesh in Fig. 4.15(b) are drawn in the initial mesh of Fig. 4.13(a) as illustrated
with solid green lines and green points in Fig. 4.16. The grey domain highlights the
common support of the three anchors C, D and E and is bounded by the new green edges.
Within the grey domain a new anchor needs to be inserted, 1. e. the dashed red rectangle
d needs to be subdivided. The resulting refined mesh has now the sought properties: it is
standard and is nested with the initial (non-refined) mesh, i. e. the blending function /N
of each anchor in Fig. 4.13(a) can be represented as a linear combination of the blending

functions IN j of the anchors in the refined mesh in Fig. 4.17(a).

Refined physical mesh

So far, refinement has been considered only in the index domain in order to obtain a stan-
dard and nested T-spline mesh. Next, the evaluation of the weighted control points in the
physical domain is addressed.

The location of the weighted control points for the refined mesh P, 5 is determined us-
ing Eq. (4.71). The physical mesh is shown in Fig. 4.17(b) which preserves the same
geometry as the physical mesh in Fig. 4.13(b). This can be observed by comparing for

instance the shape of the element boundaries of the initial and the refined physical mesh.
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[ ] Anchors [ Anchors

—— Continuity reduction lines [] Element corners

— Edges —— Element boundaries
&y uz | Elements
1
1
2
3
1
3
1
3
0
0

1 2 3 4 5 Uy

0 0 1 1 1 13

@) (b)

Fig. 4.17: Refined quadratic T-spline mesh of Fig. 4.13 in (a) the index domain and (b) the
physical domain. This T-spline mesh is standard and nested with the initial T-spline mesh
in Fig. 4.13.

4.5.4.2 Example 2: Removing linear dependencies

Initial refinement
As a next example, the initial quadratic T-spline mesh in Fig. 4.13 is now refined as shown
in Fig. 4.18(a).

[ ) Anchors
—— Continuity reduction lines
— Edges @® Anchors
& uz | Elements &y Uz = Edges
1 1 7
o |lojJo| o
1 1 6
) ) o|lojJo| o
3 3 5 [
1 3 4 d h ® 4 #_
3 i 3 £ G
: N = S=SE
F
° o | o:
0 0 1
1 2 3 4 5 u 1 2 3 4 5 uy
0 0 1 1 1 & 0 0 1 1 1 &
(a) The T-spline mesh is locally linearly depen- (b) Extension lines (solid blue) for the anchors F
dent — the row echelon version of Eq. (4.43) gives and G intersect at the location of the green squares.
the dependency N¥ (&) — NS(¢) = Oinelement f. The rectangles g and h (dashed red line) contain

the green squares. Rectangle g cannot be further
subdivided. All options for subdividing rectangle
h are given in Fig. 4.19.

Fig. 4.18: Refined (non-standard) quadratic T-spline mesh of Fig. 4.13(a) in the index
domain.

Removing linear dependencies
The T-spline mesh of Fig. 4.18(a) is non-standard using Eq. (4.50). Furthermore, the

BEZIER extraction operator C,. is not a square matrix and does not have full row rank
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for element f. Transforming Eq. (4.43) into row echelon form yields the dependency
N¥(&) — NS(&) = 0 in element f. In order to break this dependence, new anchors need
to be inserted. In the following, it will be shown how to identify potential locations for
these new anchors and how to select the ideal one.

Extension lines (solid blue) are drawn between the anchors F and G as depicted in
Fig. 4.18(b). These extension lines intersect at the location of the green squares. These
squares are located in the rectangles g and h (dashed red line). Rectangle g cannot be
further subdivided, but rectangle h can, as shown in Fig. 4.19.

@ Anchors @® Anchors
— Edges — Edges

@ w g w g ow
17 17 17
| s Lelefe]e 1 cLelefe]e L s Lele]e]e
) o|]o]o]oe ) o|]ojeo]oe ) el e]e]e
1 4 ° — 1 4 ° - 3 4 o |
° ° °
;03 ;3 I
oo eoe]oe oo e]oe e jJojJo]oe
0 2 [ 0 2
° D ° ° D ° D ° °
01 0 1 0 1
1 2 3 4 5 uy 1 2 3 4 5 u 1 2 3 4 5 uy
0 0 3 1 1 & 0 0 3 1 1 & 0 0 3 1 1 &
(a) Standard, not nested. (b) Standard, nested. (c) Standard, not nested.
@ Anchors @® Anchors @ Anchors
& uy m— Edges & ) m— Edges & uz m— Edges
17 17 17
s lelefe]e 1 cLelefe]e D s lelefe]e
y KD , . |ele]e]e ) el e]e]e
ER 2 5 ER
1 L 1 L 1 L
1 n ° — 1 4 ° e 3 e 4 e |
° ° °
H 3 i 3 i 3
oo eoe]oe o]Joleoe]oe elojeo|o
[ 0o 2 0o 2
° D ° ° D ° D ° °
0 1 01 01
1 2 3 4 5 w 1 2 3 4 5 uw o2 3 4 5 w
0 0 1 1 1 & 0 0 1 1 1 & 0 0 3 1 1 &
(d) Standard, nested. (e) Non-standard. (f) Non-standard.
® Anchors
&y Uup w— Edges
17
L s lele]e]e
, . |lelele]Joe
: 5
; °
3 4 ° —
T °
i3
KD
0 2
°
0 1

4 5 uy

1 1 &

(g) Non-standard.

Fig. 4.19: All possible subdivisions for the rectangle h in Fig. 4.18(b): the dashed orange
lines indicate the new edges to be inserted, the orange points denote the locations of the
new anchors.

Table 4.1 gives a summary of the number of pairs of anchors with linearly dependent
blending functions, number of non-square matrices ge, nestedness and number of addi-
tionally inserted anchors for the options in Fig. 4.19. This information can be used in
order to determine the best location and optimum number of additional anchors.

According to Fig. 4.19 and Table 4.1, only the options (b) and (d) are suitable for refine-

ment of the T-spline mesh in Fig. 4.13 since they are standard and nested with the initial
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Tab. 4.1: Summary of the number of pairs of anchors with linearly dependent blending
functions, number of non-square matrices ge, nestedness and number of additionally
inserted anchors for the options in Fig. 4.19.

Figure | 4.19) | 4.19(b) | 4.19(c) | 4.19(d) | 4.19¢e) | 4.19(F) | 4.19(g)

Number of pairs of anchors

with linearly dependent 0 0 0 0 0 0 0
blending functions

Number of non-square

matrices C. 0 0 !
Nestedness X v X v X X X
Number of additional anchors 2 3 3 4 2 3 3

mesh. Regarding efficiency, the option which introduces the smallest amount of new an-
chors could be selected, i. e. option (b).

In case that no refinement option results in a standard and nested T-spline mesh, one can
select either the option with the smallest number of pairs of anchors with linearly depen-
dent blending functions or the option with the smallest number of non-square matrices
C. and then continue with the next refinement step until a standard and nested mesh is
obtained, see Appendix B.1.3.

4.5.5 Summary for the local refinement of standard T-splines

The examples for the local refinement of standard T-spline meshes by adding anchors

demonstrate how to exploit the information from the BEZIER extraction operator:

* enforce a square matrix C, in each element:

— the BEZIER extraction operator indicates, which element does not have

enough anchors with a support (Fig. 4.15(a));

— when there are local linear dependencies, the BEZIER extraction operator

shows, where new anchors and edges need to be inserted (Fig. 4.18(b))

e pinpoint for which blending functions two T-spline meshes are not nested
(Fig. 4.16).

It was found that a square BEZIER extraction operator C, for each element and a com-
putable refinement matrix M in Eq. (4.58) resulted in a nested standard T-spline mesh.
It was not observed that this resulted in a nested semi-standard T-spline mesh. However,
should such a case arise, one can pinpoint for which anchors 3% # 1 using Eq. (4.60) and

insert an additional anchor in the supported domain of these anchors.
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The local refinement of standard T-spline meshes of odd degree is treated in Ap-
pendix B.1.1. Furthermore, Appendix B.1.2 demonstrates that also non-standard T-splines

can be refined locally when nestedness exists.

4.6 Hierarchical refinement of T-splines using the

reconstruction operator

THOMAS et al. [110] introduced another refinement strategy based on the reconstruction
operator. Instead of adding new anchors to the mesh as was proposed in the previous
section, the method is based on the division of elements while an invertible elemental
BEZIER extraction operator C. is needed for the reconstruction operator. The hierarchical
refinement method by THOMAS et al. [110] has been applied to analysis-suitable T-splines
(see Section 4.8). Here, it will be demonstrated how the idea of this concept can also be

applied to standard, semi-standard and non-standard T-spline meshes.

4.6.1 Splitting elements

The hierarchical refinement algorithm based on the reconstruction operator requires that

ge is a square matrix of full rank for the element e that is subdivided,

d
rank(C) = [ [ »e + L. (4.72)
(=1

since the reconstruction operator, defined as

I
Il
le

(4.73)

is needed. Therefore, for this hierarchical refinement algorithm the BEZIER extraction
operator plays again a key role: when Eq. (4.72) is satisfied for element e, this element can
be refined hierarchically. Thus, this algorithm can be applied to standard, semi-standard
and non-standard T-spline meshes.

Consider an element with range [—1, 1] and suppose that it needs to be split in half: [—1, 0]
and [0,1]. The first BERNSTEIN basis B with the knot vector {—1,—1,—1,1} (black
curve) in Fig. 4.20 in the element [—1, 1] can be defined in the two sub-elements [—1, 0]
and [0, 1] as a linear combination of the BERNSTEIN polynomials in the two sub-elements:
the BERNSTEIN basis functions for the left part of the element with support in [—1, 0] are
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given by the local knot vectors

Bf, for {-1,-1,-1,0}, B, for{-1,-1,0,0}, B}, for {—1,0,0,0}. (4.74)

— Biy(&) = BYy(&) — B}, (&) = === Bi(&)
1 T T T T T T T T T T T T T T T T
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Fig. 4.20: The BERNSTEIN polynomial B; with support over the element [—1,1] can be
expressed in the sub-element e; with range [—1, 0] as a linear combination of the BERN-

STEIN polynomials B{,: B} (&) = By, (&) + %Bfl(fl) + iBfl(&).

The BERNSTEIN polynomial B; in the left part of the element (solid black line) can now

be expressed as a linear combination of the BERNSTEIN polynomials B}, as follows

By,(&)
Ble)=[1 § 3] B @#75)
B (&)

The coefficients in Eq. (4.75) can either be obtained using the algorithm from
SCOTT et al. [94] for the knot vector {—1,—1, —1, 1} with an interior knot at £&; =0 or,
alternatively, using the relations in FAROUKI & NEFF [39]. Applying the same procedure
to B?, B}, and on the right part of the element (with the range [0, 1]) gives

Bi&)] [t 3 3| [BL&)] [i 0 0] [Bi(&)
By&| =0 L 1 [Bh&) |+ |E L o] [BL(&)]- (4.76)
LBi&)] 10 0 3] |Bi(&) i3 U BL(G)
B, (51) ;l Bljzfl) étr El?(&)

Hence, the BERNSTEIN polynomials B, over one element e with the span [—1,1] can
be expressed as a linear combination of the BERNSTEIN polynomials B;; and B;, over

the two smaller elements ¢; with the span [—1, 0] and e, with the span [0, 1]. Extending
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Eq. (4.76) into more dimensions gives

B(§) = AiB,(§) + A-B,(§). 4.77)

Next, it is assumed that the BEZIER extraction operator is known for the original, single
element C. and for the two sub-elements C.; and C.,. Then, the weighted surface
T, (&) with the weighted control points P

we Can be expressed over element e using
Eq. (4.77)

Te Te

T, (&)=Y C'BEP, =Y C'" (AB()+AB£)P,. 478

i=1 i=1 -
Alternatively, T, () can be written over the two sub-elements ¢; and e, as

Nel Ner

T,.(8) =Tyt () + T, ZC el+ZC B, (&P, . (4.79)

with the weighted control points P/, and B’;er for element ¢; and e,, respectively.
Comparing Eq. (4.78) and Eq. (4.79) results in

Nel

ZC AB(¢ ZCJ B,(§)P),,,. (4.80)

Ner

ZC” A, B, ( ZC B.(§)P,, . (4.81)
or in matrix form

geTAlB — CelTP

iy 9

—We |

C. TA P =c¢.'p

—’LUe — —We r

(4.82)
(4.83)

Hence, the weighted coordinates of the two sub-elements are obtained with the recon-

struction operator in Eq. (4.73) as

P =R,/C'AP , P =R,C'AP . (4.84)

—We | —we —We r

4.6.2 Example

Consider the quadratic non-standard T-spline mesh of Fig. 4.21 which is globally linearly
independent but locally linearly dependent.

The dashed green element b is now divided vertically into two sub-element b; and b,. with
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Fig. 4.21: Non-standard, globally linearly independent T-spline mesh in the index do-
main (from Fig. 4.10(b)). Element b (dashed green line) with range [0, 1] x [ 3 ] is split
vertically into two sub-elements b, and b, with range [0, 1] x [§, 2] and 1, 2] x[3,3],
respectively. Each local knot vector associated to a blue anchor (i. e. those hav-
ing a support in element b) needs to be modified. For instance the anchor A with
=) —{0 0,0, 1} becomes =, ={0,0,0, 1} in element b; and 2§, ={0,0, 1, 1} in element
b,. 2={0,0,0, 1} remains unchanged for the other elements. The modified local knot

vectors for the other blue anchors are given in Appendix B.2.

range [0, 1]x[%, 2] and [}, 1] [%,2], i. e. the knot value £ =1 is inserted in element

b. Element b can be subdivided since Eq. (4.72) holds for it. In order to obtain the

x|

weighted control points P~ and P in Eq. (4.84), the reconstruction operators R,

el

and R, which follow from the BEZIER extraction operators C., and C.,, respectively,
are needed for element b. These BEZIER extraction operators are based on the modified
local knot vectors of the sub-elements b; and b, which are obtained as follows. Take from
each blue anchor ¢ which has a support over element b in Fig. 4.21 the local knot vector
Z¢. Then insert into this local knot vector the knot value &; :;11 and split the resulting
knot vector into two knot vectors of length p,+2, where one knot vector contains the first
pe¢+2 entries and the other one the last pg+2 entries. For instance, taking the anchor A
in Fig. 4.21 gives the local knot vector =% ={0,0,0,1}. The local knot vectors for the
elements b; and b, are then 2%, ={0,0,0, 1} and 2, ={0,0, 1, 1}. The local knot vector
=2 is modified only in the elements b; and b,., while for the other elements =7 remains
unchanged. The local knot vectors for the blue anchors in the sub-elements b; and b, are
listed in Appendix B.2.

The initial non-standard T-spline mesh and the hierarchically refined non-standard
T-spline mesh in the physical domain are depicted in Fig. 4.22. Both physical meshes

represent the same geometry.
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Fig. 4.22: (a) Initial and (b) hierarchically refined non-standard T-spline mesh from
Fig. 4.21 in the physical domain.

4.7 Unstructured quadratic T-splines

This section addresses unstructured T-spline meshes of quadratic degree — the cubic de-
gree is considered in Appendix B.3. An unstructured T-spline mesh contains points with
valence three or more than four. These points are called star, irregular or extraordinary
points. Without special treatment, these meshes are non-standard and only C{ -continuous
around the extraordinary points. It will be demonstrated how these meshes can be manip-
ulated such that they are standard (blending functions N* fulfil the partition of unity) and
C-continuous around the extraordinary points.

The technique presented here is very similar to the idea by SCOTT [95]. However, the
approach in SCOTT [95] does not fulfil the partition of unity for the blending function
N in the one-ring neighbourhood elements of an extraordinary point. Herein, it will be

demonstrated how this deficiency can be repaired.

4.7.1 The unstructured T-spline mesh

Fig. 4.23 shows an unstructured quadratic T-spline mesh.

Extraordinary points are indicated by a red circle. Spoke edges are marked with green:
they touch an extraordinary point. In order to build the BEZIER extraction operator for
each purple anchor that has a support in the light grey element g, the knot intervals of the
neighbouring rectangles (marked orange) for element g are required. Some anchors with
support in g do not require all their individual knot intervals in order to determine their
BEZIER extraction operator in g. This construction cannot be applied to the blue elements

in the one-ring neighbourhood of the extraordinary points. These elements are called
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» Anchors —— Edges M Elements

Fig. 4.23: Example for an unstructured quadratic T-spline mesh. All non-zero knot in-
tervals are assumed to be uniform. The two extraordinary points of valence three and five
are marked with red. Spoke edges (green) touch an extraordinary point. Anchors with
support in element g (light grey) are marked violet. In order to determine the BEZIER
extraction operator for these anchors in element g, the knot intervals of the neighbouring
rectangles of g are required. Some of the violet anchors do not need all of their individual
knot intervals. This technique is not applicable to the one-ring neighbourhood elements
(blue) of an extraordinary point. Generalised BEZIER extraction must be applied to these
irregular elements.

irregular elements, whereas the other elements are regular elements. For the irregular
elements, generalised BEZIER extraction will be utilised. Generalised BEZIER extraction

defines the transpose of the BEZIER extraction operator, gz

4.7.2 Generalised BEZIER extraction

Generalised BEZIER extraction yields a relation between BEZIER control points Qe and
the control points P_ with support in element e

Q =C’P (4.85)

e —e —¢€"

Each quadratic element has nine BEZIER control points — one face point Qg , four edge

points Q°¢, Q¢ g, QZ and four vertex points QY, Q" _?, QS as depicted in Fig. 4.24(a).

_2’ _4’ v 1 B _3,
Herein, it is assumed that all non-zero knot intervals are uniform. The general case for

non-uniform knot-intervals is considered by SCOTT [95] for the cubic case.
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Fig. 4.24: (a) The nine BEZIER control points Q for a BEZIER element. (b) The control
point P 4 corresponds to the anchor in this element. (c) An edge BEZIER control point Q°

is written in terms of neighbouring face BEZIER control points Qf in Eq. (4.87). (d) A
vertex BEZIER control point Q" is written in terms of neighbouring face BEZIER control

points @’ in Eq. (4.88).

The face point Qg (cf. Fig. 4.24(b)) is determined as
Q/ =P, (4.86)

where P, denotes the control point coordinates of anchor A. The edge vertex Q° in

Fig. 4.24(c) is computed with
e_Llor  Los
Q =5Q/+50Q/. (4.87)

and the vertex point Q" of Fig. 4.24(d) is obtained utilising

K g
= —Q/, (4.88)
232

where it was assumed that Q” is the vertex of K elements.

. T ., . . 2 . . .
After computing C_ exploiting the generalised BEZIER extraction for the one-ring neigh-
bourhood elements, the T-spline mesh is non-standard, i. e. the blending functions N
do not fulfil the partition of unity. Also, the BEZIER extraction operators are non-square

matrices for the elements in the one-ring neighbourhood of an extraordinary point. C.
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has full row rank for the one-ring neighbourhood elements of an extraordinary point with
valence three — the blending functions are locally linearly independent. For the one-ring
neighbourhood elements of an extraordinary point with valence five, C. does not have
full row rank and therefore, the blending functions are locally linearly dependent. Along
spoke edges exists C3-continuity. Furthermore, the one-ring neighbourhood elements
of the extraordinary point (the irregular elements) are Cj-continuous with the two-ring
neighbourhood elements of the extraordinary points. Next, it will be explained how to en-
force Cj-continuity along spoke edges while preserving Cj-continuity between the one-
and two-ring neighbourhood elements. Moreover, the partition of unity of the blending
functions N will be fulfilled.

4.7.3 Modifying the BEZIER extraction operator

This section shows how to modify the coefficients of the BEZIER extraction operator
C. in the one-ring neighbourhood elements of an extraordinary point. In a first step,
the BEZIER extraction operator C. is elevated from degree two to degree four. This is
achieved by utilising the degree elevation matrix 22’4, cf. THOMAS et al. [110]. Degree
elevating Eq. (4.31) results in

N,=C!B:=C!E*’B’ = CQE23E34B4 CQE“B‘* C4B4 (4.89)

where the superscript was added in order to indicate the degree. It can be observed from
Eq. (4.89) that degree elevation does not change the blending functions /N .. Also, degree
elevation does not change local dependencies that may exist, i. €. the row rank of C. is not
affected. After degree elevation, each blending function N with support over a BEZIER
element in the one-ring neighbourhood has 25 BEZIER coefficients ¢, g (cf. Eq. (4.30)
and Fig. 4.25(a))

NE =)D capBas(é) (4.90)

Assume that a=1... A blending functions N® have a support over at least two of the
b=1... B one-ring neighbourhood elements and c=1. .. C blending functions N have a
support in only one one-ring neighbourhood element. Now, the coefficients of the BEZIER
extraction operator of all blending functions N and N° have to be perturbed. The initial
coefficients of the BEZIER extraction operator are denoted with c‘;’bﬁ, Zbﬁ and the modified

~cb

coefficients with ¢ 5, . The following constrained linear least square problem needs

to be solved for each extraordmary point

min|Ee—fl,, S ={el|Ge-gl,=min}, (4:91)

[eX

\m

89



4 T-splines

n A
Cs1 G52  C53 G54 |Csp N¥Em)
@ @ @ @ @
C41 C42 C43 Ca4 C45 c ch ok ok ck
2.1 2.2 2.3 2.4 2.5
A ® k ® k ® i
c c c c: c :
3,1 3.2 3,3 3.4 35 iy iy oy iy |cs
® @ ( J @ ® g
k=1 k-1 k=1 k=1 | k-1
C21 C22 C23  C24 |C25 Clg G2 C32 Cio |GCs2
® © o o o ® o ®
C11 C1,2 C13 Cl4 C15
oo o o -

ny
(@) (b)

Fig. 4.25: (a) After degree elevation, a blending function with support in a one-ring
neighbourhood element has 25 BEZIER coefficients c, s in each one-ring neighbourhood
element. (b) BEZIER coefficients along a spoke edge that are involved in the G'-continuity
constraint of Eq. (4.95).

with the fairing matrix F, the fairing vector f, the constraint matrix G and the constraint
vector g. The problem in Eq. (4.91) can be transformed into an unconstrained linear least
square problem as explained by BJORK [12, Chapter 5].

The following constraints are assembled in F and f in Eq. (4.91)

at —et =l = for1<a<5,1<f<4,1<a<A, 1<b<B,

~a,b ~a,b _ab a,b

Cop— Cat15=Cop— Caprp forl<a<4,1<p<51<a<A, 1<b<B, 4.92)
b ~eb b b :
Coi = Cot1p=Cap — Carrp for1<a<5,1<<4,1<c<C,1<b<B,

e = = =, for1<a<4,1<B<5,1<c<C,1<b<B.

The fairing equations in Eq. (4.92) prevent oscillations between neighbouring coefficients
of the BEZIER extraction operator when perturbing the coefficients c, s.

Suppose that « =1, =1 marks the BEZIER control point at the extraordinary point, see
Fig. 4.25(a). In order to preserve Cx -continuity between one- and two-ring neighbourhood

elements, the constraints

el = for1<a<5,4<pB<5 1<a<A, 1<b<B,

EZ% - Zbﬂ for4<a<5,2<f<3,1<a<A,1<b<B

(4.93)

are assembled in G and g in Eq. (4.91) for blending functions that are non-zero in at least

two one-ring neighbourhood elements. Blending functions that are non-zero in only one
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one-ring neighbourhood element are not allowed to change by enforcing
&l =cgb forl<a<5,1<B<5,1<c<C,1<b<B. (4.94)

In order to get Cj-continuity along spoke edges (between one-ring neighbourhood
elements k—1 and k in Fig. 4.25(b)) for the blending function N that is non-zero in
at least two one-ring neighbourhood elements, the G!-continuity condition (see also DU
& SCHMITT [37] or FAUX & PRATT [40, Chapter 7] )

ON*1(g,m)

ON*(€,m) ON*(€,m)
o R G L

o |, an
= ()N + s(ONEE) +HEONE( =0 (4.95)

f(&) =r(&)

n=0

can be exploited since it was pointed out by GROISSER & PETERS [46] that this
G'-condition yields C} -continuous blending functions (see also Section 4.1.4).

In the following, the notation
p+1
> aBl(E) = {c1 e, )P (€) (4.96)
i=1

will be used. The polynomials 7 (), s(£) and ¢(§) in Eq. (4.95) are taken as

r(€) =1, s =1(¢0,0%&), =1, (4.97)

where ( is computed from
2

IR
The three individual terms in Eq. (4.95) result with Egs. (4.96) and (4.97) in

¢ =—2cos(f), 0= (4.98)

k—1 k=1 =k k=1 sk k=1 sk k=1 _ sk k=1 _ =k \4
()N (f):4<01,2 — 162 T 612,60 T 13,60 T Cl4C50 —Cip) (&), 499

777
S(E)NE©) = (¢,0,0)2()4(e1, — &1 1,85 — & o 814 — 815,85 — H0°(E),  (4.100)
t(g)N}%(f) = 4<6]2€,1 - élf,h 612672 - E]f,Za 6]5,3 - Elf,?n E]2€,4 - 6’1<:,Z,L7 6’5,5 - 6116,5>4(£) (4101)

Since the term in Eq. (4.100) is quintic, N}’E needs to be degree reduced utilising the
transformation matrix 23’2 (see THOMAS et al. [110])

1

D - ()" [ ()] 102
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Degree reducing N ’2(5 ) in Eq. (4.100) results in

9, 16, 6, 4., 1,

N]Z(f) = 4<_2_001,1 + 2_001,2 + 2_001,3 - 2_001,4 + 2_001,5»
5 _ . N 5 .
%le,l - C]f,z + le,4 - %C]f,Sv

1. 4 _ 6 . 16 _ 19 _
- %le,l + %leg - %le,?, - %C’f,zx + %C]f,5>2(§)’ (4.103)

which gives for Eq. (4.100)

19 16 6 4 1
_2_001,1 + 2_001,2 + 2_001,3 - %01,4 + %01,57

5 1. 1. 5 .
4—0011“71 - §C]f,2 + 5054 - Eclf,sn
1 _ 4 6 _ 16 _ 19 _
- mch + Eoclf,z - Eoclf,s - 1_2()le’4 + mclf@ 0,0)*(£). (4.104)

s(E)NE(E) = 4¢(

In order to fulfil Eq. (4.95), the following terms must vanish exploiting Eqs. (4.99),
(4.101) and (4.104)

1 19, 16, 6, 4, 1_ P
clf,gl —¢1+¢ <—20le,1 + ?Oclfg + %Clig = %071“74 + 200’1“,5> + 612971 — c’il =0, (4.105)
1 1
4 (5’551 _ 5’{,2) +¢ <2E’f71 —2d, +2¢f, — 25’115) +4 (5’5}2 - 5’;72) -0, (4.106)
1 4 6 16 19
fo— - _ B B ~ ~ 3 B

4(d5' - ets) ¢ (_30‘351 + 302 3908 " 3ol 306’15> +4(Ss—dts) =0,
(4.107)

&Gy —Ha+ B, —F =0, (4.108)

&y — sty s =0 (4.109)

Moreover, the fourth derivative of f(&) has to vanish. This constraint results in

Yy — A48, + 605 — 47, + 5 =0. (4.110)

Egs. (4.105) — (4.110) need to be assembled in G and g along all spoke edges for all
blending functions that are non-zero in at least two one-ring neighbourhood elements.
In order to fulfil the partition of unity, the following equation must be satisfied for all

blending function that are non-zero in at least one one-ring neighbourhood element

A~a,b CNC,b forl<a<3,1<38<3

DGt =1 1 S

=1 —1 in all one-ring neighbourhood elements b = 1... B.
4.111)
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Eq. (4.111) follows from Section 4.4.2.3. Computing the term
1Ge—gl, (4.112)

after solving Eq. (4.91) yields zero within machine precision, i. . all imposed constraints
are satisfied.

After solving the constrained linear least square problem in Eq. (4.91), the support of
the blending functions that are non-zero in fwo one-ring neighbourhood elements has

changed, see Fig. 4.26.

‘ » Anchors — Edges M Elements » Anchors — Edges M Elements

(a) (b)

Fig. 4.26: Modifying the BEZIER coefficients c, s in the one-ring neighbourhood
elements of an extraordinary point (red) results in a modified support of blending func-
tions /N that are non-zero in two one-ring neighbourhood elements after generalised
BEZIER extraction: green marks the support of the two blue blending functions (a) before
and (b) after solving the constrained least square problem in Eq. (4.91).

Moreover, the BEZIER extraction operators C, for the one-ring neighbourhood elements
of an extraordinary point are still not square matrices, i. e. hierarchical refinement (Sec-
tion 4.6) or BEZIER projection (THOMAS et al. [110]) are not applicable. For the one-
ring neighbourhood elements of the extraordinary point with valence three, the BEZIER
extraction operator C. has full row rank — the blending functions N are locally linearly
independent. The blending functions N are locally linearly dependent for the one-ring
neighbourhood elements of the extraordinary point with valence five since C. does not
have full row rank.

Figs. 4.27 and 4.28 show a blending function N and its first derivatives N, and N, in
the physical domain before and after modifying the BEZIER coefficients c, g. It can be
seen that N, and NV, are continuous after smoothing. Thus, the blending functions V are

C -continuous.
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(d N (€) Ny ®) Ny

Fig. 4.27: Contour plots of a quadratic blending function N and its derivatives N ,, N, in
the physical domain before (a)-(c) and after (d)-(f) smoothing. The blending function cor-
responds to an anchor that is located in the one-ring neighbourhood of the extraordinary
point of valence five.

4.8 Analysis-suitable T-splines

The blending functions of an analysis-suitable T-spline mesh fulfil the partition of unity.
Analysis-suitable T-splines have been defined by L1 et al. [66]. In order to detect them, the
extended T-spline mesh was introduced, and a mesh was deemed analysis-suitable when
there are no two orthogonal T-node extensions which intersect in the extended T-spline
mesh. This definition holds for any knot interval and is of topological nature; it allows to
distinguish between analysis-suitable and non-analysis-suitable T-splines.

The approach presented in the previous sections is based on the BEZIER extraction op-
erator. It is an algebraic viewpoint and allows the determination of linear dependencies
(see Section 4.4.1) and the classification of T-splines into standard, semi-standard and
non-standard with Eq. (4.50).

Fig. 4.29 reveals that a standard T-spline is not necessarily an analysis-suitable T-spline.
In Fig. 4.29, T-node extensions intersect in the extended T-spline mesh and the T-spline

meshes are therefore non-analysis-suitable. It was observed in Figs. 4.11(a), 4.11(c)
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(d N (€) N ® Ny

Fig. 4.28: Contour plots of a quadratic blending function N and its derivatives N ,, N, in
the physical domain before (a)-(c) and after (d)-(f) smoothing. The blending function cor-
responds to an anchor that is located in the two-ring neighbourhood of the extraordinary
point of valence five.

and 4.11(e) that the T-spline meshes in Fig. 4.29 are standard.

Notice that the term “analysis-suitable” might cause confusion. Analysis can also
be performed with non-analysis-suitable T-spline meshes. For instance, the unstruc-
tured T-spline meshes utilised by BAZILEVS et al. [10], CASQUERO et al. [21], DI-
MITRI et al. [34], DIMITRI [35], HSU et al. [51], KIENDL et al. [59], KOSTAS et al. [61],
SCOTT et al. [97, 98], SIMPSON et al. [103] and THOMAS & ScOTT [111] are
non-analysis-suitable T-spline meshes since the blending functions N* do not fulfil the
partition of unity in the one-ring neighbourhood elements of an extraordinary point (see
also Section 4.7 and Appendix B.3).

The requirements for a T-spline mesh to be suitable for analysis are
* the blending functions N* are globally linearly independent (Eq. (4.37) holds)
* the partition of unity property holds in order to satisfy the affine transformation.

The local / global linear independence of the blending functions N* results in the lo-

cal / global linear independence of the rational blending functions R‘. Hence, globally
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(a) T-node extensions for the T-spline mesh in (b) T-node extensions for the T-spline mesh in
Fig. 4.11(a). Fig. 4.11(c).
[ Anchors
—— Continuity reduction lines
— Edges
[ | Elements
133 Uz |=m= T-node extensions
1 7
1 6
z 5
2
3 4
1
3 3
0 2
0 1

1 2 5 Uy

[SIEN]

0 0

1 1 v
(c) T-node extensions for the T-spline mesh in
Fig. 4.11(e).

Fig. 4.29: Extended T-spline meshes for Fig. 4.11(a), 4.11(c) and 4.11(e); these stan-
dard T-spline meshes are non-analysis-suitable according to LI ef al. [66] since T-node
extensions intersect in the extended T-spline mesh.

linearly independent semi-standard and non-standard T-spline meshes which employ the
rational blending functions R’ in Eq. (4.44) can be used for analysis since the rational
blending functions R’ always form a partition of unity.

Furthermore, L1 [67] concluded that the unstructured T-spline mesh in SCOTT et al. [97]
is an analysis-suitable T-spline. Unfortunately, LT [67] did not take into account that the
blending functions of an analysis-suitable T-spline also fulfil the partition of unity which
is not the case for the unstructured T-spline meshes in SCOTT et al. [97]. This shows that
it may not be possible to conclude from the topology of an unstructured T-spline mesh
whether it fulfils the partition of unity or not and that instead, the BEZIER extraction

operator should be exploited.
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5 POWELL-SABIN B-splines

KIRCHHOFF-LOVE plate theory [60, 70] is suited for the analysis of thin plates, but re-
quires C;-continuous basis functions in finite element analyses. The subdivision surfaces
technique has been applied to KIRCHHOFF-LOVE shell elements by CIRAK et al. [24].
A NURBS-based formulation for KIRCHHOFF-LOVE shell elements was proposed by
KIENDL et al. [57]. Since multiple NURBS-patches are joined with C-continuity, GUO
& RUESS [48] used NITSCHE’s method [80] for coupling NURBS-patches. Alternatively,
the bending strip method was developed by KIENDL et al. [58] which adds a penalty stift-
ness between adjacent NURBS-patches. This approach requires a geometric continuity
G' along the C3-continuity joints. Hence, the control points need to be positioned such
that a G'-continuity is obtained. Unfortunately, this (G', C%)-construction has been ap-
plied only to two or four adjacent NURBS-patches — it has not been demonstrated how
to position the control points when three or more than four NURBS-patches meet at an
extraordinary point.

T-splines are an alternative to NURBS and consist of a single patch. It was further demon-
strated in Section 4.7 how to obtain C} -continuity around extraordinary points for unstruc-
tured quadratic T-splines by enforcing G'-continuous blending functions. This construc-
tion also fulfils the partition of unity of the blending functions.

While T-splines have a layout that is based on a quadrilateral structure, quadratic POW-
ELL-SABIN [88] B-splines are based on a linear triangulation. They likewise provide
basis functions that are Cj-continuous across elements. POWELL-SABIN B-splines
have been cast in terms of BEZIER ordinates by DIERCKX et al. [32] and DIER-
CKX [33] for an efficient calculation. POWELL—SABIN B-splines are not based on the
1sogeometric concept as they only approximate the exact geometry. To address this is-
sue the NURBS-to-NURPS method was recently proposed by SPELEERS et al. [106]
which transforms a single NURBS-patch into Non-Uniform Rational POWELL-SABIN
B-splines (NURPS). The boundary of the NURBS-to-NURPS then exactly matches the
boundary of the NURBS-patch while the interior domain of the NURBS-to-NURPS
only approximates the NURBS-patch which is relevant for non-planar geometries.
POWELL-SABIN B-splines and NURBS-to-NURPS have been used for analysis by
STOGNER & CAREY [107] and SPELEERS et al. [104—-106].

Currently, POWELL-SABIN B-splines cannot be obtained from arbitrary tetrahedral
meshes in the three-dimensional case since certain constraints with neighbouring tetra-
hedrons have to be fulfilled, see WORSEY & PIPER [124]. Hence, three-dimensional
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POWELL-SABIN B-splines are presently available only for structured meshes. Moreover,
there is still no “perfect” Cj-continuous tetrahedron, i. e. a tetrahedron with low poly-
nomial degree, little splits and applicable to arbitrary meshes (see also the overview by
ALFELD & SOROKINA [1]).

The KIRCHHOFF-LOVE plate theory is introduced in the next section. Then, it will
be shown how BEZIER extraction for POWELL—SABIN B-splines can be implemented,
thus making the method computationally efficient, similar to BEZIER extraction for
NURBS and T-splines by BORDEN et al. [13] and SCOTT et al. [94]. The performance
of POWELL-SABIN B-splines is compared with NURBS, unstructured T-splines and
NURBS-to-NURPS when solving the KIRCHHOFF-LOVE plate with clamped and simply
supported boundary conditions. This study goes beyond the study by NGUYEN et al. [79],
which was for the POISSON equation, and hence only required C3 -continuous basis func-

tions.

5.1 KIRCHHOFF-LOVE plate theory

The continuum and finite element formulation are derived for the KIRCHHOFF—LOVE

plate theory in this section.

5.1.1 Continuum formulation
The moment equilibrium for a plate reads (cf. GROSS et al. [47, Chapter 3])
Map,ap = Po> (5.1)

with the force per unit area py and the bending moments

h/2

Mg = —/ Oapz dz. 5.2)
—h/2

Greek indices take values one and two, a comma denotes differentiation, while 4 is the

thickness of the plate. 0,4 is the stress, and HOOKE’s law for plane stress with the

YOUNG’s modulus £ and POISSON’s ratio v is used

011 E 1 v 0 €11

022 | = 1 B v 1 0 €929 s (53)
— UV

012 0 0 1_TV 2812
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since it is assumed that |o33|, |013], |o23] < |011], |022], |012|. The non-zero strain compo-

nents are assumed as follows

9w 02w 0w
€11 = —Zw, E99 = —Za—y2, 2812 = _2283}—8(7;’ (54)

with the deflection w(z, y). Plugging Egs. (5.3) and (5.4) into Eq. (5.2) yields

mi1 Eh3 1 v 0 K11
Moo | = m v 1 0 K92 | » (55)
mi9o 0 0 I_TV 2H12
N—— ~~ 7 N——
m D K
with the elastic stiffness matrix 2 and the curvature
Rap = W af- (56)

The bending moments are assembled in the vector m, while £ contains the curvatures.
Multiplying Eq. (5.1) by a test function dw, integrating over the domain 2 and twice by
parts results with GAUSS’ theorem in

/ owopmapdrdy+ [ dwmegangdl — | 0w gmesn,dl’ = / dwpo dxdy, (5.7)
Q o9 o9 Q

where n is the normal vector on the boundary. Boundary terms are neglected since no
moments or forces are imposed on 02 in Section 5.4. Substitution of Eq. (5.6) into

Eq. (5.7), results int the weak form
/5/<a5ma5 dxdy = / dwpg dzdy. (5.8)
Q Q
Since second derivatives appear in this equation, C-continuous functions (functions of

class H?) are necessary with square integrable second derivatives (cf. FISH & BE-
LYTSCHKO [42, Chapter 3]).

5.1.2 Finite element formulation

Discretisation of the domain €2 into £ elements,

E
0= U Q°, (5.9)
e=1
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and approximation of the deflection w and its derivatives,

w'=N'w, duw’=N"0w, £°=Bw, 0k =DBiw, (5.10)
where
Niii Non
ET: |:N1 N2 -..] N E: N1’22 N2722 o (5.11)

results with Eq. (5.5) in the following matrix-vector equation for Eq. (5.8)

/ 6k"D kdzdy = / dw” N py dzdy, (5.12)
Q — Q

which gives for arbitrary dw

/nggdxdywz /ﬂpo dady, (5.13)
Q Q
K f

with the stiffness matrix g and the force vector i .

5.2 BEZIER extraction for quadratic POWELL-SABIN
B-splines

This section starts with a concise description of POWELL-SABIN B-splines, including
notions like POWELL-SABIN refinement, POWELL-SABIN points, and POWELL-SABIN
triangles. For an in-depth treatment reference is made to DIERCKX [33]. Then, BEZIER
extraction for POWELL-SABIN B-splines is introduced, followed by a discussion on the
patch test for POWELL-SABIN B-splines.

5.2.1 Quadratic POWELL—SABIN B-splines

In order to obtain basis functions with C}-continuity for a triangulation 7, some pre-
processing steps are necessary. Consider the parameter domain § = (&,m) for a triangu-
lation 7 (thick black lines) with e=1, ..., F triangles and N, vertices in Fig. 5.1(a). A
vertex k of the triangulation 7 has the coordinates V ;= (&, 7)) in the parameter domain.
my, triangles are attached to vertex £ and will be denoted as the molecule (2.

Each triangle e of the triangulation 7 has a barycentric coordinate system with
T=(71, 72, 73), see Fig. 5.1(c). The points V,, V,, V., R,,, R,;, R, and Z have
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mmm Triangulation 7— PS refinement 7 @ _Control points
PS points = PS triangles — Element boundaries

Vi Triangle e with barycentric Mini-Triangle 3 with barycentric |:(J
coordinates 7 coordinates T

(© (d

Fig. 5.1: The (a) parameter and (b) physical domains, (§ ) and (z), respectively, for POW-
ELL—SABIN B-splines. (c) Each triangle e has a barycentric coordinate system 7 and
(d) can further be subdivided into six mini-triangles with a barycentric coordinate sys-
tem 7.

the following barycentric coordinates (71, 72, 73)

KI = (17070)’ KQ = (07 170)’ ZS = (0707 1)’

(5.14)
R, = ()\17)\270)’ Ry = (0,uz,u3), R = (’/170,’/3)’ Z = (a,b, C)~

Splitting each triangle e of the triangulation 7 in Fig. 5.1(a) into six mini-triangles
(n=1,...,6) yields the POWELL-SABIN refinement 7* (thin black lines). Each
mini-triangle n has a barycentric coordinate system 7= (71, 72, 73) and BEZIER ordinates
by s+, cf. Fig. 5.1(d).

POWELL-SABIN points (denoted by green dots) are now defined for each vertex k of the
triangulation 7 in Fig. 5.1(a): they are the vertex k itself and the midpoints of all edges
of the POWELL-SABIN refinement 7* containing the vertex k. A POWELL—SABIN tri-
angle (shown in red), which contains all POWELL-SABIN points, is associated with each
vertex k. The POWELL-SABIN triangle needs to contain all POWELL-SABIN points in

order to get positive basis functions. Furthermore, the triangle needs to be small for a low
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condition number of the stiffness matrix K in Eq. (5.13). The POWELL-SABIN triangles
are chosen such that they share two edges with the convex hull of the POWELL-SABIN
points, see SPELEERS ef al. [105] and VANRAES et al. [113]. In this way the solution of
the expensive optimisation algorithm in DIERCKX [33] is avoided.

Three (j =1, 2,3) POWELL-SABIN B-splines N,z (§) are associated to each vertex k, i. e.
one for each corner of the POWELL-SABIN triangle of vertex k, and have a support in the
molecule €2, of V. For an elaborate demonstration for the derivation of the calculation
of the POWELL-SABIN B-splines N/ (&) reference is made to DIERCKX [33]. Here, only
a brief outline of the procedure is given.

A POWELL-SABIN B-spline N/ (€) in the parameter domain £ must be defined in each of

the my, triangles of the molecule €, of vertex k,
Ni(&) = Ni(&(x)) = D> Ni“*(x). (5.15)
ekzl

Since each triangle of the molecule €2y is split into six mini-triangles, the POWELL—SABIN

B-splines NV, . “* (1) over a triangle e, can be written as
NP (1) = NP ( Z NS (F). (5.16)

For clarity of notation, the indices {* in [V, gff () are omitted in the following.

5.2.2 BEZIER extraction

The POWELL-SABIN B-splines over each mini-triangle, [V, J 2 (7T) in Eq. (5.16), can be ex-
pressed using the BEZIER ordinates b, 4 ;, see Fig. 5.1(d),

= Y buuBl,(F (5.17)

r+s+t=2

where B2

7,8,

(T) denote the BERNSTEIN polynomials of degree two

B? ()= ——7r7i7t. 5.18
rst( ) s T1ToT3 ( )
In order to determine the BEZIER ordinates b, in Eq. (5.17), the following properties
are assigned to the POWELL-SABIN B-splines: for any vertex [ #k

0 0

Ni(V)) =0, a—gNJ(V) 0, a—nN,zm):o, (5.19)
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and otherwise

. 9 9. .
Ni(Vi) = ag, 52Nl (Vi) = By, 8—771\/;(%):7;, (5.20)

with , , ;
dal=1. > pl=0. > yl=0. (5.21)

The corners of each POWELL-SABIN triangle (red in Fig. 5.1(a)) have the coordinates
Qi: (fi, ni), which gives the map from the mini-triangle domain 7 to the parameter

domain & for a surface S, (7) as follows

Ny

S(1)=) > NM(DQ. (5.22)

k=1 j=1

For each vertex k with coordinates (&, 1;.), the parameters ai, B,Z and vi in Eq. (5.21) are

then obtained by solving

ap op o] [& o 1 & M 1
Bi Bi B |& m 1l =1 0 0f. (5.23)
W vk vl LG M1 0 10

This equation follows by combining Egs. (5.20) — (5.22). Using Eqgs. (5.14) and (5.23),

the BEZIER ordinates b, ;; of the mini-triangles in Fig. 5.2 can be evaluated.

ML

(a) BEZIER ordinates for the (b) BEZIER ordinates for the (c¢) BEZIER ordinates for the
three POWELL-SABIN B-splines three POWELL-SABIN B-splines three POWELL-SABIN B-splines
N{(7) corresponding to ver- Nj(7) corresponding to ver- Nj(7) corresponding to ver-
tex V. tex V5. tex V3.

Fig. 5.2: BEZIER ordinates b.s; for the six (n=1,...,6) mini-triangles of the
POWELL-SABIN B-splines N{(7), N3 (7) and N3 (7).
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The BEZIER ordinates corresponding to V] are given by

A 1 — . (1 — L
Li=oa1+ 2 : L, Lh=al+ : 21/1)7{, L = 0‘1 + 5] + 71’ (5.24)
Bl=pa—-8)+rHm—m), H=p5(&—&)+ 71(773 — ), (5.25)
while for V5 they read,
. 1 — A (1= .
L} = o + mﬁ%, L =aj+ ( 5 2)’75, L) = o)+ ﬁz 2 7, (5.26)
By =B(& — &) + (s —m2), A = B(& — &) + v (m — na), (5.27)
and for Vj they are
. . (1 . b
Li=al+ 4 =al+ %7@, =al+ 53 57 628)
B = 53(51 — &)+ —m), T =B& — &)+ (2 — ). (5.29)

For example, the POWELL-SABIN B-splines N} (F) in the mini-triangle n=3 of
Fig. 5.1(d) can be expressed as

NY#)] JeLl 0 0 0 0 0
N2(f a2 0 0 0 0 0 | -
g(f) ~ ; B3(T)
N} (T) aly 0 0 0 O 0 -
1/~ 71 711 Tl 1 1 1 B 110(1)
Ny(T) bLy Ly poly ay Ly poly 9 /=~
2/ = T2 12 T2 2 2 2 B 101 (I)
3/~ 73 73 73 3 13 5| | Bo(T)
N3(T) bL; Ly poly a3 Ly pols B2, (%)
N3 (7) cly 0 psly 0 0 pslg| | 0V
2/~ D) ) /2 Bos (1)
| N3 (T) ] [cLi 0 L3 00 M3L/§_
or in matrix-vector format
N (T) = C.B(T), (5.31)

where the BEZIER extraction operator C7 in Eq. (5.30) contains the BEZIER ordinates
b, for each POWELL-SABIN B-spline N/ (%) in the mini-triangle n=3 of triangle e
from Fig. 5.1(c),(d). Hence, it is possible to apply the BEZIER extraction procedure
to POWELL-SABIN B-splines, in a fashion similar to NURBS and T-splines (see BOR-
DEN et al. [13], SCOTT et al. [94]).

Non-Uniform Rational POWELL-SABIN B-splines (NURPS) RJ(F) can be computed as
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follows

R(7) = ki
S S WV ()

with wi the weights associated to each corner Qi of a POWELL-SABIN triangle. A

(5.32)

NURPS-surface S(7) in the physical domain x can be expressed by a map from the

mini-triangle domain T with

Ny 3

S(1) =) ) R(DP; (533)

k=1 j=1

where the control points Bi correspond to each Qi, see also Fig. 5.1(b). In matrix-vector

format, the NURPS R, for one mini-triangle n of triangle e is obtained from

e (s ce B(T)
R (7T) ggnwb%@, (5.34)
with
WP(F) = (w") B(F), w' = (C5) w", W° = diag(w®), (5.35)

where w¢ is the vector containing the weights of triangle e. The derivatives with respect

to coordinates in the domain of the mini-triangle, T, read

ORG(E) _ weqe 9 < B(7) >:Wece< L 0B(x) ow"(x) B(#)

o7 = =797, \ Wbe (7) whe (1) 07 ori  (Whe ()
(5.36)
The derivatives in the physical domain x are subsequently obtained as
8Re OR; (T) 07,
5.37
Z 87] oz’ (5.37)
where
ozt Oz !
- on Ot
o7 1 2
L= —J, (5.38)
€; 8ye aye
0T, 07y

with the JACOBIAN matrix J of the geometry mapping. It was suggested by
SPELEERS et al. [104] to evaluate the integrals for each component of the stiffness matrix
in Eq. (5.13) analytically since the integral of a POWELL-SABIN B-spline /V; J L (T) over a
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mini-triangle n with area A,, can be computed as (cf. CHUI & LATI [23])

o o An
/Q nNi(z)dﬁde:F > b (5.39)

r4+s+t=2

Relations for the computation of the product of the derivatives of a POWELL-SABIN
B-spline can then be derived accordingly, see SPELEERS et al. [104]. However, this is

computationally more expensive than using the BEZIER extraction procedure.

5.2.3 Patch test

Special care must be taken for the selection of the POWELL-SABIN triangles in order to
pass the patch test. For instance, consider the triangulation 7 in Figs. 5.3(a) and 5.3(b)
consisting of two elements.

Figs. 5.3(a) and 5.3(b) show two different options for the bottom left POWELL-SABIN
triangle. The bottom left POWELL-SABIN triangle in Fig. 5.3(b) is valid since it contains
all POWELL—SABIN points that correspond to the bottom left vertex. Both options yield
an affine transformation when applying the transformation from Eq. (4.52) to the control
points P'as depicted in Figs. 5.3(c) and 5.3(d) since the basis functions fulfil the partition
of unity.

The mesh in Fig. 5.3(a) also passes the patch test depicted in Fig. 5.4(a). Fig. 5.4(b) shows
the contour of the basis function for the red control point corresponding to the mesh in
Fig. 5.3(a). The basis function in Fig. 5.4(b) is zero along the left edge. Shifting the
corner of the bottom left POWELL—SABIN triangle as in Fig. 5.3(b) results in a different
basis function for the red control point in Fig. 5.4(c): the basis function is now non-zero
along the left edge. Furthermore, the mesh in Fig. 5.3(b) does not pass the patch test —
applying the boundary conditions in Fig. 5.4(a) does not result in a constant stress in the

xr-direction.

5.3 The representation of a disc using NURBS, T-splines,
NURBS-to-NURPS and POWELL-SABIN B-splines

In Section 5.4, an analysis will be carried out for a KIRCHHOFF—-LOVE plate with a cir-
cular geometry. Therefore, a number of representations for this geometry using NURBS,
unstructured T-splines, NURBS-to-NURPS and POWELL-SABIN B-splines are created.
The NURBS and NURBS-to-NURPS meshes capture the circular geometry of the disc
exactly while the unstructured T-spline and POWELL-SABIN B-spline mesh only approx-

imate the circle.
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mmm Triangulation 7 —— PS refinement 7 *
PS points === PS triangles

mmm Triangulation 7 —— PS refinement 7 *
PS points === PS triangles

(a)
° Control points ﬁ
—— Element boundaries
o o Transformed
ot e physical mesh
.- X J
[ 4 ¥
[ S% ~-"
Initial
physical mesh
()

Fig. 5.3: A triangulation 7 consisting of two elements with a different choice for the
bottom left POWELL-SABIN triangle in (a) and (b). Both options yield an affine transfor-

(b)
[ Control points o ﬁ
—— Element boundaries \
o Transformed
R physical mesh
.- ‘9
LY 4 .
Initial
physical mesh
(d)

mation in (c) and (d) since the POWELL-SABIN B-splines form a partition of unity.

5.3.1 Representation of a disc using NURBS

5.3.1.1 Single patch

An area with a circular boundary can be created with a single quadratic NURBS-patch (or
one element) using nine control points, see Fig. 5.5(a). The isoparametric lines indicate
where singularities (i. e. the determinant of the JACOBIAN matrix J in Eq. (5.38) vanishes)

are introduced: at control points one, three, seven and nine, see also SCHMIDT et al. [93].

Uniform h-refinement will be applied for the convergence study in Section 5.4.
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Y
> > i
j 1 —> Uy
P > x
1 “r’ ‘
<>

() (b) ()

Fig. 5.4: (a) Patch test for the meshes in Figs. 5.3(a) and 5.3(b). (b) The mesh in Fig. 5.3(a)
passes the patch test — the basis function of the red control point is zero along the left edge.
(c) The mesh in Fig. 5.3(b) with the modified bottom left POWELL—SABIN triangle does
not pass the patch test — the red control point has a non-zero basis function along the left
edge due to the modified POWELL—SABIN triangle.

[ ] Control points
[ ] Control points === Element boundaries
== Element boundaries —— Isoparametric lines
—— Isoparametric lines C% -continuity lines

Fig. 5.5: Representation of a disc using NURBS with (a) one single quadratic
element / patch and (b) a polar parameterisation using four patches.

5.3.1.2 Polar parameterisation

Another possibility to construct a circle is a polar parameterisation that uses four
NURBS-patches and 27 control points, Fig. 5.5(b). This results in a singular / de-
generated point in the centre where the determinant of the JACOBIAN matrix J in
Eq. (5.38) vanishes. Also, four CQ-continuity lines (orange) are introduced. As for the
single NURBS-patch from the previous section, uniform h-refinement will be applied

for the convergence study in Section 5.4. h-refinement does not change the number of
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C{ -continuity lines.

Since Fig. 5.5(b) represents a (G', CQ)-construction, the bending strip method proposed
by KIENDL et al. [58] can be employed along the CQ-continuity lines. The bending strip
method adds a stiffness matrix of the form

Kps = / B"Q"Dys Q Bwdrdy (5.40)
K 2 QDssQB

to Eq. (5.13) at the interfaces between patches. In Eq. (5.40),

p [Ems 00

Dpg= — 5.41

Dps=15] 0 00 (5.41)
0O 00

represents the penalty matrix with the penalty bending stiffness £'zg and

ny N9 0
Q=|-ny m 0 (5.42)
0 0 0

is the orthogonal rotation matrix with the normal vector nn of the bending strip. The

rotation matrix Q aligns the penalty matrix D g with the bending direction.

5.3.2 Representation of a disc using unstructured T-splines

The approach from Section 4.7 generates C 5 -continuous blending functions that fulfil the
partition of unity for an unstructured quadratic T-spline mesh with extraordinary points.
The T-spline mesh for the circular disc is shown for the index domain in Fig. 5.6(a).

A circular geometry cannot be represented exactly without double knots, see PIEGL &
TILLER [85]. Hence, the unstructured quadratic T-spline mesh can only approximate the
circular geometry since it is C}-continuous in the entire domain. The np control points

on the boundary P, are determined by solving

> NU&)Ply = Scpac(&) fork=1...np. (5.43)

i=1

¢ is the coordinate along the circle with 0 <& <360, and S ;... (€& ) the curve representing
the circle. Along the boundary are n g elements. The centre of each boundary element is

located at 260 180
§p="—k+— fork=1...np. (5.44)
npg ng
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° Control points
’ e Anchors — Edges M Elements ‘ —— Element boundaries

() (b)

Fig. 5.6: An unstructured quadratic T-spline mesh in (a) the index domain and (b) in
the physical domain. (a) Extraordinary points are marked red, spoke edges green and
one-ring neighbourhood elements of an extraordinary point blue. (b) The T-spline mesh
in the physical domain only approximates the circular boundary.

Plugging &, from Eq. (5.44) into Eq. (5.43) results in the following system

T S
6 1900 ..0 i [Py Siraie(&1)

T _
% g é 0 ... 00 BZB §gircle(§2)

T _
0 é g % 0 ... 00 B% = §gircle(§3) s (545)
_% 0 0 0O % g_ _B%BT_ _§gircle(§n3)_

which can be solved for the control points on the boundary P%;. The values in the matrix
of Eq. (5.45) result from

NEH (&) 10 0] [B'(&) Lo o]t 1
NME) [ =3 1 5| |B&)|=|5 1 3| |3] = |2 (5.46)
N* (&) 00 3] [B&) 00 3] L5 5

The location of the control points in the interior of the T-spline mesh in Fig. 5.6 is deter-

mined by solving the problem

0 [0z, 8xﬁ)
(=2 2P 547
(95,3 (85/5 * 8§a ( )
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in the sub-parameter domain &,, while the location of the control points on the boundary
P, of the disc is prescribed. The resulting T-spline mesh in the physical domain is
depicted in Fig. 5.6(b). Two T-spline meshes with a different refinement level are not
nested — for each refinement level, Egs. (5.45) and (5.47) are solved for the determination
of the control points. As already discussed in Section 4.7, the BEZIER extraction operators
C. for the elements in the one-ring neighbourhood of an extraordinary point are not square
matrices. Hence, these elements cannot be refined hierarchically as in Section 4.6 and the
BEZIER projection procedure by THOMAS et al. [110] cannot be applied since the inverse

of BEZIER extraction operator — the reconstruction operator — is required.

5.3.3 Representation of a disc using the NURBS-to-NURPS
methodology

Next, the single NURBS-patch from Section 5.3.1.1 is transformed into a NURPS
mesh (NURBS-to-NURPS) following SPELEERS et al. [106]. The boundary of the
NURBS-to-NURPS matches exactly the boundary defined by the single NURBS-patch,
see Fig. 5.7. In order to represent the circular boundary exactly, the POWELL-SABIN
triangles that correspond to the corners £=(0,0); (0,1);(1,0);(1,1) in the parameter
domain need to be degenerated into a line in the physical domain z (dashed lines in
Fig. 5.7(c) and Fig. 5.7(d)). The NURBS-to-NURPS approach is based on a single
NURBS-patch, and a method for transforming multiple NURBS-patches into a NURPS
has so far not been proposed.

5.3.4 Representation of a disc using POWELL-SABIN B-splines

A linear C{-continuous finite element triangulation 7 can be transformed into a
C-continuous POWELL-SABIN B-spline mesh 7*. This corresponds to a NURPS
mesh with the location of the control points P’ = QZ and for all weights w!=1 in
Eq. (5.33), i. e. the parametric and the physical domains, § and x, respectively, are
identical. For this case, the circular boundary of the disc is only approximated. The
POWELL-SABIN triangles on the boundary are constrained in such a way that one corner
of the POWELL-SABIN triangle is always equivalent to the vertex coordinate, see Fig. 5.8.
Upon mesh refinement, the POWELL-SABIN triangles on the boundary progressively de-

teriorate into lines, see Fig. 5.8(b).
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mmm Triangulation 7 —— PS refinement 7*
PS points === PS triangles

N |

v
7
0.8 \

Kt

0.4 v |

0.2 /]

(b)

[ ] Control points
= Element boundaries

(©) (d)

—_— Isoparametric lines NURBS
—— [soparametric lines NURBS-to-NURPS

— Isoparametric lines NURBS
—— Isoparametric lines NURBS-to-NURPS

Fig. 5.7: Generation of a NURBS-to-NURPS mesh from a single NURBS-patch. From
the left to the right column, the triangulation inside the NURBS-patch is refined. (a) and
(b) show the triangulation 7~ and POWELL—SABIN refinement 7 * in the parameter domain
&. (c) and (d) show the NURBS-to-NURPS mesh in the physical domain z; dashed
lines connect the control points of the corners of the POWELL-SABIN triangles. (e) and
(f) show isoparametric lines for the NURBS and the NURBS-to-NURPS meshes in the
physical domain . Upon refinement, the NURBS-to-NURPS representation converges
to the NURBS parameterisation.
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mmm Triangulation 7 —— PS refinement 7 * mmm Triangulation 7 —— PS refinement 7 *
PS points === PS triangles PS points === PS triangles

(a) (b)

Fig. 5.8: Approximation of a circle using POWELL-SABIN B-splines for two different
levels of refinement. The POWELL-SABIN triangles on the boundary are constrained in
such a way that one corner of each POWELL-SABIN triangle is equivalent to the vertex.

5.4 Numerical examples

In this section, the circular KIRCHHOFF-LOVE plate in Fig. 5.9 is considered for two

different boundary conditions: simply supported and clamped.

Po Do
! = 5
T T
w a | T w a T \

() (b)

Fig. 5.9: Computational set-up for (a) the simply supported and (b) the clamped circular
disc.

The parameters are: YOUNG’s modulus £/=2.1- 10° MPa, POISSON’s ratio v=0.3,
force per unit area py=0.16 MPa, radius a=250 mm and thickness /=10 mm.
The analytical solutions we, for both cases can be found in TIMOSHENKO &
WOINOWSKY-KRIEGER [112, Chapter 3]. In the following, the results for the single
NURBS-patch from Section 5.3.1.1 will be plotted in all convergence plots for compari-
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son. The L, error norm is computed from

_ \/fQ (0 — wey)” dazdy

\/ Jq w2 dady

The convergence rate for the fourth order partial differential equation in Eq. (5.1) is equal

wy, (5.48)
to two for quadratic basis functions (p =2) according to TAGLIABUE et al. [109],
wy, < CRMNEHL2=2) — Op2, (5.49)

with the mesh size h and a constant C'. In order to transform Eq. (5.49) onto the degrees

of freedom (DOF), the relation
p+1

h = 5.50
v/DOF ( )

is used so that
wr, < C DOF™! (5.51)

is obtained. For the NURBS and T-spline meshes, the deflection w for the outer control
points is set to zero for the simply supported case, while the deflection w of the two
outer rows of control points is set to zero for the clamped case. For the POWELL-SABIN
B-splines and NURBS-to-NURPS, the deflection w of a control point associated to a
vertex on the boundary is set to zero for the simply supported case if OCZ; >( holds in
Eq. (5.20a). For the clamped case, the deflection w of all three control points which are
associated to a vertex that lies on the boundary is set to zero.

Fig. 5.10 shows the error in the Lo error norm when the circle is represented with four
NURBS-patches and a polar parameterisation with a singular point in the centre as in
Section 5.3.1.2.

For this (G', C%)-construction, the bending strip method has been applied along the
C% -continuity lines for different values of the penalty stiffness Epg. The results do not
converge well for the finer meshes. Moreover, the value of the penalty stiffness Epg for
which the lowest error wy,, is obtained, is different for both boundary conditions.

Fig. 5.11 gives the results upon mesh refinement for the unstructured T-spline mesh from
Section 5.3.2, again together with the results that stem from the single NURBS-patch for
comparison.

In contrast to the previous (G!, CR)-construction using the bending strip method, a con-
stant convergence rate is observed for the simply supported and clamped case for the
unstructured T-spline mesh. The error wy, for the unstructured T-spline mesh is larger
than the error wy, for the single NURBS-patch. A convergence study was also carried out

for an unstructured T-spline mesh without the G!-construction that yields C}-continuous
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—6— One NURBS-patch ~ —6— Polar Egs = 10° MPa —6— One NURBS-patch ~ —6— Polar Egs = 10¢ MPa
Polar Epg = 10" MPa—6— Polar Egg = 10° MPa Polar Egg = 10" MPa—6— Polar Egg = 10 MPa

10° [ 8

wr,, for simply supported case
wr,, for clamped case
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1076 Il Il Il Il 1074 Il Il Il Il
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Fig. 5.10: Convergence plots for the single NURBS-patch and for the polar NURBS
parameterisation using four NURBS-patches for (a) the simply supported and (b) the
clamped boundary conditions.

—6— One NURBS-patch —e— T-spline —6— One NURBS-patch —e— T-spline

100 - 1
107t 1

il |
1072 1 v

1072 1

wy,, for clamped case

1073 F 3y

wr,, for simply supported case

Il Il - Il Il ~ 10—4 Il Il - Il ~
10° 10t 102 103 10* 10 10° 10t 102 103 104 10

DOF DOF

(a) (b)

Fig. 5.11: Convergence plots for the single NURBS-patch and the unstructured T-spline
mesh for (a) the simply supported and (b) the clamped boundary conditions.

blending functions for the one-ring neighbourhood elements, i. e. a T-spline mesh that is
only CY-continuous along spoke edges and non-standard. This T-spline mesh gives almost
identical results for the error wy, and the results are not plotted in Fig. 5.11 since they are
not distinguishable from the error for standard T-spline meshes with C}i-continuity along
spoke edges.

Finally, the results for the NURBS-to-NURPS configuration and for the POWELL-SABIN

B-spline computations are given in Fig. 5.12.

Unexpectedly, the POWELL-SABIN B-spline mesh, which only approximates the
geometry, gives the lowest error wy, in case of the simply supported boundary condi-
tions — even lower than the single NURBS-patch. This is not the case for the clamped
boundary conditions, but also then the POWELL-SABIN B-spline mesh gives results that
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—6— One-NURBS patch —6— NURBS-to-NURPS PS B-spline —6— One NURBS-patch —-6— NURBS-to-NURPS PS B-spline
100 - 8
o 100 - 1
2 N
g 07 il 3
£ S g1l |
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= 1073 5 ° o2} i
g 107 1 i g 1
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Fig. 5.12: Convergence plots for the single NURBS-patch, the NURBS-to-NURPS ap-
proach and the POWELL-SABIN B-splines for (a) the simply supported and (b) the
clamped boundary conditions.

are superior to those from the NURBS-to-NURPS approach. A possible explanation is
that the effect of the distorted elements (degenerated POWELL—SABIN triangles), which
are introduced by the NURBS-to-NURPS approach, is not compensated by the improved

(exact) representation of the boundary.

116



6 POWELL-SABIN B-splines for smeared

and discrete fracture approaches

In the following, the implicit fourth order gradient damage model for quasi-brittle mate-
rials exploiting the higher continuity of POWELL-SABIN B-splines is considered. Af-
terwards, POWELL-SABIN B-splines are applied to discrete fracture while cohesive
elements are inserted along the crack.

Throughout, index notation is adopted with respect to a CARTESIAN frame.

6.1 Implicit higher order gradient damage model

NURBS and T-splines have been utilised for the implicit higher order gradient damage
model by VERHOOSEL et al. [115]. Herein, it will be demonstrated how POWELL—SABIN
B-splines can be applied to these kind of problems. They are C-continuous for any trian-
gulation and therefore do not require any user intervention when generating the meshes.

Next, the continuum and numerical formulation for the implicit higher order gradient
damage model is introduced. Thereafter, two numerical examples are considered, in-
cluding the advantages of POWELL—SABIN B-splines compared to NURBS and T-splines

regarding the discretisation.

6.1.1 Continuum formulation

The implicit higher order gradient damage model requires the solution of two coupled

field problems. The first field problem to be solved is the stress equilibrium
0iji =0 (6.1)
subject to the boundary conditions
oin; = h; on 0Qy, w; = u; on o, (6.2)

with the decomposition of the boundary 0f? into the parts 92, and 92, (982, N 9, =10,

0y, U 09, = 012), the prescribed surface traction h, prescribed displacement « and nor-
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mal vector n on the boundary. In Eq. (6.1), o is the stress tensor
oij = (1 — w)Cijurs (6.3)
with the elasticity tensor C' of the undamaged material, the infinitesimal strain tensor

1
6ij = 5 (ui,j —+ uj,i) R (64)

where u is the displacement, and w € [0, 1] the scalar damage parameter (w=0 un-
damaged, w=1 fully broken). The damage w is related to the monotonically in-
creasing history parameter x, w=w(x). In order to ensure that x can only grow, the
KARUSH-KUHN-TUCKER [56, 64] conditions

<0, k>0, Af=0 (6.5)
need to be satisfied. Monotonicity of x involves monotonicity of w. The loading function

f=n—r (6.6)

will be used where 7 is the non-local equivalent strain. The non-local equivalent strain
7 was introduced in PEERLINGS et al. [82] since strain softening in conventional con-
tinuum damage models does not result in a unique solution upon mesh refinement. In the
following, a brief outline of introducing non-locality into the model is given.

The non-local equivalent strain 7 is defined as the volume average of the local equivalent

strain 7

(@) = —, 67)

with the weighting function

~ 112
g(z, &) = exp (—M> : (6.8)
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where [, is the length scale parameter. Expressing the local equivalent strain 7(&) by a

TAYLOR series around the point £ =x gives

. . 1 .
n@) =n(x) + ;e — ;) + 577,%5&(171‘ —x) (T — @)+
1 - - -
¢ Mikle (@i — 2:) (@5 — 25) (T — @)+
oq Miile(Ts — @) (Z5 — 25) (@, — 2) (@ — ) + ..., (6.9)

which results for the non-local equivalent strain 77 with Eq. (6.7) in

2 l4
(@) =n@) + Fnz@) + @) + (6.10)

Eq. (6.10) contains the derivatives with respect to the coordinate system z, and x is the
location of a certain point. Since the point x takes all values in z, i. e. x and & are
equivalent, Eq. (6.10) can be written as

2 l4

n(z) = n(z) + 277“( x) + 877“”( z)+. ... 6.11)

Eq. (6.11) represents the explicit gradient damage formulation. The implicit formulation

can be obtained as follows. Differentiating Eq. (6.11) twice and multiplying by é results

in l2 l2 l4 6
=M = =N + Mg i 6.12
277, 277, + 4777 JJ+1677 jjkk T - ( )

while differentiating Eq. (6.11) four times and multiplying by % gives

s 14 18 13
8 nzz]j ] 77113] + 167] itjjkk + 6477 1ijjkkll + . (613)

Subtracting and adding Eqgs. (6.12) and (6.13) from Eq. (6.11) yields

o~

4 8
. l;

M= 5+ gy =1+ 64777,7,jjkkll +. (6.14)

l\DlO{\l\‘D

Neglecting higher order terms in Eq. (6.14) results in a fourth order partial differential
equation for the non-local equivalent strain 7

[\J|0Nl'\'>
OO|QT>

N — =i + S Naijs =" (6.15)

which has to be solved together with Eq. (6.1). The boundary conditions

nin; = 0, 77]71']'7% = O, 7771']']'7% =0 (616)
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are imposed since it was observed by VERHOOSEL et al. [115] that ignoring the boundary
terms has a minor effect on the results. Still, it is not clear how to interpret the boundary
conditions physically. Multiplying Eq. (6.1) by a test function du;, Eq. (6.15) by a test
function 07 and integrating over the domain 2 results after integration by parts, GAUSS’
theorem and the boundary conditions in Egs. (6.2) and (6.16) in

/ 5ui?jaij dV = 5uzhz dA,
Q oy,

2 " (6.17)
/ onn + =0nn; + <0110, dV = / onn dV.
Q 2 8 Q
6.1.2 Finite element formulation
Discretisation of the domain €2 into £ elements,
E
o=Jo (6.18)
e=1

and approximation of the displacement u;, the non-local strain 77 and their derivatives,

v’ =N,u, ou’=N,0u, £ =B,u, i =B,lu,

7" =Ngn. 07 =Nyon. 7, =B;n. o, =DB;n. (6.19)
0, =Bmn, 00, = Byon,
with

e

- US 6u§
2e¢, 207,
i ) (6.20)
e 5 77,611 577,611
Uil I R el vl B PP B L e
M2 0’y 7 7

V217, V2017,
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and

Bu: 0 NLQ 0 NQ’Q R I

] [(Nig 0 Nog 0
_N1,2 N1,1 N2,2 N2,1

. N N
N N N 1,11 2,11
7 |:N1 Ny } E N N s Eﬁﬁ = N1,22 N2,22
b V2Ni15 V2N 1o
(6.21)
gives the following matrix-vector notation for Eq. (6.17)
Su” / Bl(1 —w)CB,dVu —du” N'hdA =0,
Ja— T o
izlt (ﬁ’ H) ith

(6.22)

Setting h =0, using arbitrary du, 67 and taking into account nodal forces A i yields the
following system of equations to be solved

£ (m,u) 0
H(n,u\) = | f™(n,u) - \f| = |0]. (6.23)
o(u, \) 0

where )\ is the loading parameter, i the normalised load vector and ¢ an arc-length func-
tion. Here, the arc-length function based on the rates of internal ¢/ and dissipated energy
EP from Chapter 2 is exploited. Linearisation of Eq. (6.23) yields the solution for the

i+ 1-th iteration in the k+ 1-th increment for °*%, w!t! and \it?

ML Uit k+1
i+1 i ot/ i
n n i £ (0, w)
ul = lul K 0w - (6.24)
k+1 - -
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with the tangential stiffness matrix

[0fM(n,w) O™ (n,w) ]
0
on ou -
int [ — int/ —
K (7,u)) = |94, (mw) 0f(n.u) 5 (6.25)
on ou =
oT Io(u,N)  Jp(u, )
L - ou ox

6.1.3 Numerical examples

In this section, POWELL-SABIN B-splines are used for the L-shaped specimen considered
by VERHOOSEL et al. [115]. Afterwards, POWELL-SABIN B-splines are utilised for a

single-edge notched beam (SENB) subject to an antisymmetric four-point shear loading.

6.1.3.1 L-shaped specimen

The set-up for the L-shaped specimen is given in Fig. 6.1. Parameters and coefficients are
taken in accordance with VERHOOSEL et al. [115].

250 250
-~ <——>

Platen

AN

250

250

thickness ¢t = 200

Y U
A
T . \Platen

Fig. 6.1: Set-up for the L-shaped specimen, dimensions in mm.

The L-shaped sample has been discretised using NURBS, T-splines and POWELL-SABIN
B-splines. A Cj-continuous NURBS mesh is depicted in Fig. 6.2. This mesh contains
two pairs of overlapping control points which results in a vanishing determinant of the
JACOBIAN matrix J;; = g—g. It has been demonstrated by LIPTON et al. [68] that these
discretisations can still be robust. However, when several NURBS-patches are used, then

they join with C% -continuity.
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[ ] Control points
—— Element boundaries

12 6=9

Fig. 6.2: Quadratic C-continuous NURBS mesh for the knot vectors = = {0,0,0,1,1,1}
and H = {0,0,0,%,1,1,1}.

In order to obtain for an L-shaped geometry C}-continuity everywhere using T-splines,
the mesh depicted in Fig. 6.3 can be used. Utilising the BEZIER extraction operator as
in Chapter 4 yields that the T-spline mesh is standard, 1. e all blending functions sum to
one. Furthermore, the BEZIER extraction operator is a square matrix in each element.
The blue marked corner in Fig. 6.3(b) is not interpolatory, i. e. there is no control point.
Modelling the L-shaped geometry with an interpolatory control point would introduce a

C{-continuity into the mesh.

[ ) Control points
[ ] Anchors —— Element boundaries
—— Continuity reduction lines

T — Edges Py ° Py . >
g w [ | Elements
1 8 o [ J [ ] [ J [ ] ®
1 7
3
Z 6

® [ J [ ] [ J [ ] ®
: s
4 S
;4
| [ ] [ J [ ] ®
Z 3
0 2
0 1 [ [ J

1 2 3 4 5 6 7 8 w
U T T T R
(a) (b)

Fig. 6.3: Quadratic Cj-continuous T-spline mesh for the L-shaped geometry in (a) the
index (u,) and parameter (£;') domain and (b) the physical (x,) domain.

Alternatively, Fig. 6.4 shows the POWELL-SABIN B-spline mesh that can be obtained
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directly from an existing triangulation 7, see also Chapter 5 for an introduction into
POWELL—-SABIN B-splines.

mmm Triangulation 7 —— PS refinement 7*
PS points === PS triangles

AN ISR IR oA
RIS "4,1.‘,3&
RSLSE ke O
A e s e
DS “ ‘4’5\;’.’:{‘ .'A'».
N S

"“.fi

Fig. 6.4: Triangulation 7 (thick black lines), POWELL-SABIN refinement 7* (thin
black lines), POWELL—SABIN points (green) and POWELL—SABIN triangles (red) for an
L-shaped geometry.

Here and in the following, the POWELL-SABIN triangles on the boundary are constrained
as follows: for an angle of v < 180° two edges of the POWELL-SABIN triangle lie on the
boundary; for an angle of v=180°, one edge of the POWELL—SABIN triangle lies on the
boundary, see also Fig. 6.4. ~ refers to the angle at which two boundary edges intersect
at a boundary vertex. No restriction is imposed on the POWELL—SABIN triangles on an
internal discontinuity (see Section 6.2).

The linear constraints along the platens in Fig. 6.1 are imposed using a master-slave rela-
tion as follows (see also Fig. 6.5 for the bottom platen).

Let u, and uy be the displacement at the left and right corner of the bottom platen with
coordinates x5 and xg, respectively. A and B are the master control points. Then, for any

slave control point S with coordinates xs along the edge, its displacement ugq is set to

ug = (1 - xA) uy + STy (6.26)

TB — Ta TB — TA

This master-slave relation needs to be incorporated into Eq. (6.24) as described by FE-
LIPPA [41, Chapter 8]. Eq. (6.26) follows from the intercept theorem
Ug — U, U — Uy

=— (6.27)

Irs — TA ZEB—ZEA.
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=== Triangulation 7 —— PS refinement 7*
— PStriangles @ Master
Slave

Fig. 6.5: Linear constraints along the bottom platen in Fig. 6.1 with POWELL-SABIN
B-splines.

The following parameters are used: YOUNG’s modulus £ =10 - 10> MPa, POISSON’s
ratio v =0.2 and length scale [. = 5v/2 mm. Plane stress is assumed. The thickness of the
specimen is taken as ¢ =200 mm.

The modified VON MISES local equivalent strain defined by DE VREE et al. [30]

1) = g5y h(e) + i\/ (f_;;yfxe)) F k). (629

with the first invariant of the strain tensor,
I (g) = epns (6.29)

and the second invariant of the deviatoric strain tensor,

1 1
JQ(E) = 552']'5,']' — 6[1(5)2, (630)
is used. In Eq. (6.28), k=10 in order to account for different strengths in compression
and tension. The following damage law from GEERS et al. [44]
0 Kk < Kg

(l—oz—i-ozeXp(B(/fo—ﬁ;))) K> Ko (6.31)

wik) =1 | _ o
K

with kg=4-107%, a=0.98 and 3 = 80 is utilised. A displacement control is applied
to the left corner of the bottom platen and the bottom corner of the left platen with an
increment of Au=0.05 mm. The meshes for the POWELL-SABIN B-splines are refined
uniformly. Fig. 6.6 shows the force-displacement curves for four different mesh sizes.

The legend entry displays the number of degrees of freedom (DOF).
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—o— 333 DOF —e— 3519 DOF —e— 20322 DOF —=— 79389 DOF

20 y

Force F in kKN

10 |-

I I | I | I I
0 0.5 1.0 1.5 2.0 2.5

Displacement  in mm

Fig. 6.6: Force-displacement curves for the L-shaped sample using the implicit fourth
order gradient damage model for four different mesh sizes.

Fig. 6.7 shows the contours for the damage field w and the first principal stress o, for the
mesh with 20322 DOF at a displacement of «=1.9 mm.

w o1 in MPa
Lt 2.76,E
0.8 -
o =2
0.6 5
| B | S
+0.4 -1
0.2 E
O,E 0.

(@) (b)

Fig. 6.7: L-shaped sample in the deformed configuration at a displacement of . =1.9 mm
for the mesh with 20322 DOF. Displacements are amplified by a factor of 20. Contours
for (a) damage field w and (b) first principal stress field o;.

A comparison of the force-displacement curve for the mesh with 20322 DOF when solv-

ing the second order and fourth order gradient damage formulation is depicted in Fig. 6.8.

6.1.3.2 Single-edge notched beam

As a second example, the SENB is considered. The parameters and coefficients are taken

from GUTIERREZ [49]. The geometry and the boundary conditions are given in Fig. 6.9.
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—— 21d grder —— 4th order

20 - .

15| y

Force F' in kN

ot
T
|

I I | I | I I
0 0.5 1.0 1.5 2.0 2.5

Displacement u in mm

Fig. 6.8: Force-displacement curves for the L-shaped sample using second and fourth
order formulations for the mesh with 20322 DOF.

20 180 20 20 180 20
<> i S EE— S
AVl e
I
/2| R
Os o
Platen -
e]
20
<>
11)\f TA _
Af thickness ¢ = 100

Fig. 6.9: Set-up for the SENB, dimensions in mm.

The two platens at the top and at the bottom are not modelled explicitly in the fi-
nite element model. Instead, they are incorporated by means of linear constraints with
a master-slave dependency as in the previous section. For the platen at the top (see
Fig. 6.10(a)), the displacement of the orange control points (circles) is set to zero. The
master control point C is marked blue. The displacement of the slave control points

(green) is set to
Ug = (1 _ M) uc. (6.32)

Ip — Ic
At the vertex D (which is not a control point) the displacement is zero.
At the bottom platen (cf. Fig. 6.10(b)), f,g :ai is imposed for the two orange control
points (circles). The orange control points correspond to the vertex G marked with an

orange square. Since one edge of the POWELL-SABIN triangle for vertex G lies on the
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boundary, ai =0 for the third control point. This yields with Eq. (5.21a) the required

prescribed load for the bottom platen. Furthermore, the relation

ug = (1 e xE) up + S By (6.33)

TF — TE TF —TE

is incorporated into Eq. (6.24) where S are the slave control points (green) and E and F

are the master control points (blue).

== Triangulation 7 —— PS refinement 7* mm Triangulation 7 —— PS refinement 7*
——  PS triangles u=0 —  PS triangles fi=aol
. Stave @®  Maser Slave
[ ] Master Slave

Platen

MM

(b)

Fig. 6.10: Applying the linear constraints along the platens in Fig. 6.9 to the control
points. Control points are indicated by circles, vertices by squares.

For the fixed boundary condition at the top right, the displacement in the vertical direction
of the two control points (marked orange) in Fig. 6.11(a) is set to zero. The boundary con-
dition at the bottom left is imposed by setting f,ﬂ = ai for the two control points (orange)
in Fig. 6.11(b).

= Triangulation 7— PS refinement 7*

=== Triangulation 7— PS refinement 7*
= PS triangles uy =0 f

——  PS triangles f]: = “‘L

TRV 2V
(a) (b)
Fig. 6.11: Applying the boundary conditions in Fig. 6.9 to the control points.

The material parameters of the concrete are: YOUNG’s modulus £ =35 - 10> MPa and

POISSON’s ratio »=0.2 under a plane stress assumption. The thickness of the specimen
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is taken as =100 mm. The length scale parameter is set to l,=+/2 mm?. Again, the
modified VON MISES local equivalent strain from Eq. (6.28) and the damage law from
Eq. (6.31) with the parameters k=10, ko=6-107°, «=0.96 and =100 are used. In
order to trace the equilibrium path, the arc-length method from Chapter 2 is employed
with the parameters A7=8 kN and a =0.25.

The meshes are refined uniformly. Fig. 6.12 shows the force-displacement curves. The
crack mouth sliding displacement (CMSD, difference in vertical displacement between
the right and left notch tips) is plotted along the x-axis and the force P = %A is plotted

along the y-axis.

‘ 19044 DOF —e— 38619 DOF —e— 74448 DOF

40 - .

30 | .

20 - y

Force P in kN

10 |- .

0 | | | | | | | | | | | | |
0 10 20 30 40 50 60 70

CMSD in 1072 mm

Fig. 6.12: Force-displacement curves for the SENB with the implicit fourth order gradient
damage model for three different mesh sizes.

Fig. 6.13(a) shows for the SENB with 74448 DOF at a CMSD of 0.04 mm the damage
field w and stress field o, respectively. For coarser meshes (less than 19044 DOF), the
SENB may fail due to the damage zone which starts to grow at the bottom left edge while
the damage zone at the notch does not propagate. Hence, fine meshes are required in
order to obtain results that are in agreement with the experiments by SCHLANGEN [92].

6.2 Cohesive zone modelling

In the following, the continuum and numerical formulation for a discrete approach to
fracture adding cohesive elements along the crack path are derived. Then, the re-meshing
algorithm is explained. As a numerical example, the SENB is considered again. After
demonstrating the approach with POWELL-SABIN B-splines, the approach using struc-

tured T-splines for cohesive zone modelling is discussed.
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1\
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0 I 0 275
(a) (b)
Fig. 6.13: SENB in the deformed configuration at a CMSD of 0.04 mm for the mesh with

74448 DOF. Displacements are amplified by a factor of 200. Contours for (a) damage
field w and (b) stress field o,,.

6.2.1 Continuum formulation

For the cohesive zone modelling, the stress equilibrium
iji =0 (6.34)
subject to the boundary conditions
oin; = h; on 0y, w; = u; on o, (6.35)

needs to be solved. The boundary Of) is decomposed into the parts 0€2, and 0f2,
(09, N 0N, =0, 0, U 0N, =02N), see Fig. 6.14(a). In Eq. (6.35), h and u are the pre-
scribed surface traction and prescribed displacement, respectively. n is the normal vector
on the boundary 0€2j,.

A discontinuity I'; is present within the domain €. It consists of two overlapping bound-
aries, I'} and T'; see Fig. 6.14(b). Along each boundary I'; and I},

Uijnj = t:r on F:lr, O'ijn; = t; on F; (636)

are imposed. t* and ¢~ are the tractions in the cohesive zone on the positive and negative

side, respectively. n™ and n~ are the normal vectors on I and I';;. Setting

ti =1 = aijn_ (637)

¢ J

results in

In contrast to Eq. (6.3) for the damage model, the stress tensor o in Eq. (6.34) does not

130



6 POWELL-SABIN B-splines for smeared and discrete fracture approaches

(@) (b)

Fig. 6.14: (a) Domain () with internal discontinuity I'; and decomposition of the boundary
0f) into OS2, and 0f2,. (b) Discontinuity I'; with overlapping positive and negative side
[} and '/, respectively.

depend on a damage parameter and is computed with
0ij = CijkiChis (6.39)

where € is the infinitesimal strain tensor

1
Eij = 5 (Uiyj + Ujﬂ') . (640)

Multiplying Eq. (6.34) by a test function du; and integrating over the domain € yields
after integration by parts, use of GAUSS’ theorem and Egs. (6.35) — (6.38)

Q rf r
[
rt r

Eq. (6.41) can be written with the crack opening [u;] =u; —u; as

oy,

d
Since

...dA:/...dA, (6.42)
Ty

d

Q Ty

0y,
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6.2.2 Finite element formulation

Discretisation of the domain €2 into £ elements,
0= U Q°, (6.44)

and approximation of the the displacement w; and its derivatives,

u’=N,u, 0u’=N,0u, & =B,u, 0 =B,u, (6.45)
with
ue Su €1 0es;
us ous
2e4, 20e5,
and

Nii 0 Ny 0 .
s Bu - 0 NLQ 0 N272 R (647)
Nia Nig Nao Ny

M0 Mo
“lo N0 N

results in the matrix-vector notation for Eq. (6.43)

ou’ (/ B,CB.dVu + / (N —H;T>sz) —su” [ NThdA=0. (648)
L Ta _ o0,

~~

fint (H) fext

—Uu —Uu

The traction £ in the global coordinate system can be obtained from the local traction ¢,
with
t=Qt,, (6.49)

where Q is the orthogonal rotation matrix,

n

.

and m~ the normal vector from the minus side of the internal discontinuity, I';, see

[fs)

S 3
8 <

] , (6.50)

< o8|

Fig. 6.14(b). t, itself depends on the crack opening [u,] in the local coordinate sys-
tem of the discontinuity I'y, t;=t,([w,]). The local jump [u,] can be evaluated from the

transformation

[wd] = Q[u]. (6.51)
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The vectors for the local traction ¢, and local jump [u,] consist of a normal and shear

t;= H o [uld = HZH : (6.52)

The BEZIER ordinates of the BEZIER extraction operator in Eq. (5.31) that are required to

component

compute the matrices N7™ and N7 in Eq. (6.48) are different on both sides of the internal
discontinuity I';. This stems from the fact that pairs of POWELL-SABIN triangles on

either side of I'; are in general not symmetric, see also Fig. 6.15.

Fig. 6.15: Pairs of POWELL-SABIN triangles (red) along the discontinuity I'; (thick black
line) are not symmetric. This results in different BEZIER ordinates for the BEZIER ex-
traction operator and in different basis functions N and N on both sides.

With h=0, arbitrary du and nodal forces A z for Eq. (6.48), the following system of

equations needs to be solved

0

-

(6.53)

I (w) - Ai] _
o(u, \)

where ) is the loading parameter, i the normalised load vector and ¢ an arc-length func-
tion. Linearisation of Eq. (6.53) yields the solution for the i+ 1-th iteration in the £+ 1-th

: i+1 i+1
increment for w; ", and A7

o+l ‘ i int ik
u _ | —K! . iu (u) = A i (6.54)
A A =T k+1 90(@7 )‘)

k+1 k+1
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with the tangential stiffness matrix

Of™ (u) .
—a— _i
K (u,\) = “ : (6.55)
dp(u)  dp(u, )
ou O\

Different from Section 6.1, a dissipation-based arc-length method for ¢ is not used. Since
the crack does not grow in each increment, new cohesive elements are not inserted in
each step. Therefore, the amount of energy that can be dissipated is different depend-
ing on whether a new cohesive element has been added or not. Thus, an arc-length
method which controls the crack mouth sliding displacement (CMSD) is exploited, see
also DE BORST [28]. However, the arc-length method employed here is slightly different
from DE BORST [28]. The constraint

uy — up = kAlcumsp (6.56)

is enforced, where u} is the displacement on the right and u}' the displacement on the left
tip of the notch (see Fig. 6.9) in the k-th increment and Aucysp the prescribed CMSD.
In the k+1-th increment,

upy — ugyy = (k+ 1)Alicusp (6.57)
needs to be fulfilled. Subtracting Eq. (6.56) from Eq. (6.57) results in

upy —up — (upyy —up) = (k+1— k) Atousp, (6.58)

AUR — AUL == AaCMSD, (659)
so that the following arc-length method has to be satisfied in each increment
e(uy 1) = Au™ — Au® — Atcpsp. (6.60)

Since ¢ depends only on the displacement vector » in Eq. (6.60), the term % be-
comes zero in Eq. (6.55). This would result in a singular tangential stiffness matrix K .
Therefore, Eq. (6.54) cannot be used to solve the problem. However, the linearised form

of Eq. (6.53) can be solved for uj} and A}

"7 in a staggered manner according to DE
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BORST et al. [29, Chapter 4]. In a first step,

. . _1
' afmt(u) i .
supth ' = [ —=— T (6.61)
o AT P B
. . _1
. Of ™ (u) |’ o
? 11 —u_ T 1 in 7
duly = (8—11, : (AkJrli - Lt(ﬂkﬂ)) (6.62)
N S ]
are solved. Then,
dp ix1 11
+1 N %5%‘:*11
ON = = : 6.63
k1 a9 T g (6.63)
du 9N
i i i1 I ir1 11
Sugth = oA out + dult (6.64)
are computed which finally results in
wpth = up i+ ougt), (6.65)
AL = Al + OGS (6.66)

6.2.3 Re-meshing

After finding an equilibrium in increment k41 for Eq. (6.53), the first principal stress
o at the crack tip (black vertex in Fig. 6.16) is evaluated. Due to the Cj-continuity of
the POWELL—SABIN B-splines, o; can be computed directly at the vertex. When the
first principal stress exceeds the critical stress ¢, the vector normal to the first principal
stress direction is computed. The location, where this vector intersects an element edge
is highlighted red in Fig. 6.16. This marks the location of the new crack tip. As a next
step, elements in the neighbourhood of the new crack tip have to be re-meshed while
the positions of the vertices along the crack path and the new crack tip are held fixed.
Also, vertices on and outside the blue polygon in Fig. 6.16 are not allowed to move and
re-meshing is applied within the blue polygon. For local re-meshing, the approach by
PERSSON & STRANG [83] is used which interprets the mesh as a truss structure and finds
an equilibrium such that forces at the vertices become zero.

After re-meshing, the new POWELL-SABIN triangles have to be determined locally and
Eq. (6.53) has to be solved again for increment k+1 with the extended crack. When
solving Eq. (6.53) for increment k41, the displacement vector @, for increment & on the

updated mesh is required. The vector w, can be obtained by solving locally the following

135



6 POWELL-SABIN B-splines for smeared and discrete fracture approaches

N /NN /NN

(a) (b)

Fig. 6.16: Mesh in the deformed configuration (a) before and (b) after re-meshing. The
black circle marks the old crack tip where the critical stress ¢, is exceeded. The red
circle shows the location of the new crack tip. Within the blue polygon, a local re-meshing
procedure is applied. Vertices along the existing crack path, the new crack tip and vertices
on and outside the blue polygon are held fixed.

problem in the re-meshed domain
(1 o 2
min (—/ IN, u, — Nyl dV) , (6.67)
2 Q - 2

where gu contains the basis functions on the updated mesh. Eq. (6.67) results in the

following system
=Uu= ==

which can be solved directly for w,,.

6.2.4 Single-edge notched beam

As a numerical example for cohesive zone modelling, the SENB from Section 6.1.3.2
is re-considered. Parameters and coefficients are taken from VERHOOSEL et al. [116].
The material parameters are: YOUNG’s modulus =35 - 103> MPa and POISSON’s ra-
tio »=0.2 with a plane stress assumption. The concrete is modelled linearly elastic.
The thickness of the beam is t=100 mm and the value of the critical stress is set to
tut =2.8 MPa. For the local traction t,, the relations from WELLS & SLUYS [122] are

used. The cohesive law (see Fig. 6.17) for the normal direction reads

tu
t, = tuexp (— glt /<;> , (6.69)
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where the history parameter « is determined by the loading function

f=lu.] — &, (6.70)

and evolves according to the KARUSH-KUHN-TUCKER conditions in Eq. (6.5). The
critical energy release rate and penetration stiffness are taken as G.=0.1 N/mm and

k,=10* MPa/mm, respectively.
ta([un])
A

tult

Ge

0 > [u]
ky

Fig. 6.17: Cohesive traction law ¢,,([u,]) in the normal direction. The branch represents
unloading for the case [u,] <. The shaded grey area is equivalent to the critical energy
release rate G.. The assumption that ¢, ([u,]) is a material law is not always correct since
tn([u,]) also depends on the specimen size, see ANDERSON [4, Chapter 6].

In the shear direction,
ls = dint [[us]] (6.71)

is utilised, with the initial shear stiffness d;,; =1 MPa/mm. At the onset of the simulation,
Atigysp = 1.5 - 1073 mm. Fig. 6.18 shows the resulting force-displacement curves for the
SENB for six different mesh sizes. The mesh is refined uniformly. Along the x-axis, the
CMSD is plotted, while the y-axis shows the reaction force P = %A. The legend entry
gives the number of DOF at the beginning and at the end of the simulation.

Fig. 6.19 shows the final crack paths for six different mesh sizes.

In Fig. 6.20, the contour plot for the stress field o,, at a CMSD of 0.04 mm for the mesh
with 49632 — 49860 DOF is depicted. The mesh size is equivalent to the one using the
implicit fourth order gradient damage model with 74448 DOF in Fig. 6.13.

Finally, Fig. 6.21 gives an overlap of the initial and final mesh with 744 and 768 DOF,
respectively.

The discrete approach with cohesive zones along the crack path requires less degrees of
freedom than the implicit fourth order gradient damage model for numerical results that

are in good agreement with the experiments carried out by SCHLANGEN [92]. Also, since
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744 — 768 DOF —e— 1056 — 1086 DOF
—e— 1674 - 1710 DOF 3486 — 3540 DOF
—e— 12696 — 12804 DOF =—e— 49632 — 49860 DOF

40 |-

30 -

20 |-

Force P in kN

10 -

0 | | | | | |
0 10 20 30 40 50 60 70

CMSD in 10~2 mm

Fig. 6.18: Force-displacement curves for the SENB with cohesive zone modelling for six
different mesh sizes.

744 —768 DOF — 1056 — 1086 DOF
— 1674-1710 DOF 3486 — 3540 DOF
— 12696 — 12804 DOF — 49632 — 49860 DOF

Fig. 6.19: Final crack paths for six different mesh sizes.

derivatives of second order are required for the implicit fourth order gradient damage
model, the computation of the tangential stiffness matrix and force vector is more expen-
sive. Nevertheless, implementation is easier for the implicit fourth order gradient damage

model since no re-meshing is necessary.

6.2.5 Structured T-splines for the single-edge notched beam

Structured T-splines have already been used for cohesive zone modelling for the SENB
by VERHOOSEL et al. [116]. Fig. 6.22(a) shows the initial structured T-spline mesh. In

order to determine the position of the control points, Eq. (5.47) has to be solved, while

138



6 POWELL-SABIN B-splines for smeared and discrete fracture approaches

0. in MPa

HHH‘IHH\HH‘ZHHH

0 2.75

Fig. 6.20: Stress field o,, for the SENB in the deformed configuration at a CMSD of
0.04 mm for the mesh with 49632 — 49860 DOF. Displacements are amplified by a factor
of 200. The mesh size is equivalent to the one showing the results for the implicit fourth
order gradient damage model in Fig. 6.13.

‘ —— Initial mesh === Final mesh === Crack path ‘

PVAVAVAVAVAVAVAVA'4A Y AVAVAVAVAVAVAVAN
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NAVAVAVAVAVAVAV vi7/ A TAVAVAVAVAVAVAY

Fig. 6.21: Comparison of the initial (744 DOF) and the final mesh (768 DOF).

the location of some control points has to be prescribed, for instance control points on the
boundary. It can be observed from Fig. 6.22 that apart from the position of the control
points on the boundary also the position of the blue control points in the interior has
to be prescribed. Furthermore, the blue control points have to be positioned such that
the initial mesh has to be aligned with the final crack path (red). Then, elements can
be split vertically. Not prescribing the location of the blue control points results in the
mesh in Fig. 6.22(b) after solving Eq. (5.47). It can be seen that this would result in
inverted elements around the notch. Since the final crack path is not always known a
priori, structured T-splines may not be ideal for modelling discrete fracture. Furthermore,
the continuity across elements sharing one edge that touches the crack tip is only C%, so
that stresses are discontinuous and need to be evaluated and weighted at the integration
points in the vicinity of the crack tip in order to determine when the critical stress %, is
reached. This is similar to LAGRANGIAN basis functions.
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Control points
—— Final crack path
—— Element boundaries

Control points
—— Final crack path
—— Element boundaries

T l1 IR I[ % |
21 } ; !2 AR v? E ;; T
(b)

Fig. 6.22: Cohesive zone modelling using structured T-splines. (a) T-spline mesh from
VERHOOSEL et al. [116] when the location of the blue control points is prescribed.

(b) Not prescribing the location of the blue control points results in inverted elements
around the notch.
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7 Summary

In the present thesis, an energy-based arc-length method has been proposed which is espe-
cially useful for tracing an equilibrium path with multiple snap-through and / or snap-back
phenomena for physically non-linear problems. It switches between internal energy-based
and dissipation-based arc-length control. The arc-length method has been applied to in-
terface elements with a cohesive traction law, the phase field model for brittle fracture and
the implicit higher order gradient damage model for quasi-brittle materials.

Concerns were raised about the phase field models for brittle and cohesive fracture. While
the phase field model for cohesive fracture does not pass a two-dimensional patch test for
an unstructured mesh, ['-convergence is not attained numerically for the phase field model
for brittle fracture using a one-dimensional bar. It was concluded that since the smeared
numerical final crack surface I'y;, does not converge to the discrete crack surface I' for a
vanishing length scale parameter ¢ and a mesh size h < ¢, the smeared numerical poten-
tial I, ;, cannot converge to the discrete potential II either. Moreover, it was demonstrated
that the phase field model for brittle fracture is sensitive to the imposed boundary condi-
tions. These issues must be further improved.

The BEZIER extraction operator has been exploited for the determination of linear
dependencies in T-spline meshes and classification of T-spline meshes into standard,
semi-standard and non-standard. The BEZIER extraction operator was further used for
refining T-spline meshes by adding anchors, such that the initial and the refined T-spline
mesh are nested. Furthermore, it has been demonstrated that hierarchical refinement of
standard, semi-standard and non-standard T-spline meshes using the reconstruction oper-
ator basically also involves the BEZIER extraction operator since the reconstruction oper-
ator is its inverse. It has been explained how to modify the BEZIER extraction operator
for quadratic and cubic unstructured T-spline meshes with extraordinary points such that
the resulting T-spline mesh is standard and C -continuous around the extraordinary point.
Extending these methodologies to the three-dimensional case leaves room for future re-
search.

BEZIER extraction for POWELL-SABIN B-splines has been introduced for an efficient
computation. POWELL-SABIN B-splines have been utilised for smeared and discrete
fracture approaches. Unfortunately, POWELL—SABIN B-splines are not based on the iso-
geometric concept since they only approximate the exact geometry. However, they pro-
vide basis functions which are C-continuous in the entire domain. This allows a direct

computation of stresses at the crack tip for discrete fracture approaches which eases the
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7 Summary

implementation. Also, POWELL-SABIN B-splines gave lower errors than unstructured
T-splines or multiple NURBS-patches for solving the KIRCHHOFF-LOVE plate with sim-
ply supported and clamped boundary conditions. Although there has been a lot of research
in extending POWELL—-SABIN B-splines to the three-dimensional case in the past years,
there still exists no solution for unstructured meshes. However, this would contribute to a

wider acceptance of this element technology.
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physically non-linear problems

A.1 SHERMAN—MORRISON formula

The inverse of the matrix in Eq. (2.7)

K —f
Kr=|" — (A.1)
can be obtained as follows. Rewriting Eq. (A.1) gives
K 0 - -
Kr=|"" —Z1Y — LYy = A - A1 —A (A.2)
0" 1 —_—
B
with
j (0§
z = |t T= o7 1 - e (A3)
0 - = o’ 0
[ Q T T T g Q
z= | w= o w1 —ml - SN
—1 - - vl 1—-w

Application of the SHERMAN-MORRISON [101] formula yields the following expres-

sions
_ B 'z, y/B™!
Kr'=(B-A) ' =B-zyl) =B 1+="22=_ (A5
R R s
A_lwl TA_l
B'=(A-A) " =(A- I G —— A6
D ( 1) ( Ty ) A 1 gipé_lgl (A.6)
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while the terms in Eq. (A.6) can be expressed as

K' o0 K 'j
A= T , Al = [: i], ylA' = [QT 1}, (A.7)
- o" 1| 0 ==
—17
Az Al = |2 £/ TA g, = A
A T1Yy; A = > Y1 A x; =0, ( 8)
0" 0
K'ol |0 K'f
B =|" +| T T (A.9)
- 0" 1 o’ 0
and in Eq. (A.5) as
~K'f ey .
Bz, = | = 7|, yB =K VK w 1], (A.10)
K ' fo'K' K ' fo'K'f—uwK ' f+ K f
Blzy;B'=| — ~ — T T = T 7 T Al
—v'K™ 'K ' f—w+1
yiB ey = 'K 'f —w+1 (A.12)
With o | .
. qv'q+w) qu'q+uwg
=K' d g==5= == A.13
a=E"7 ad 4=" e T gt (A.13)
Eq. (A.1) becomes
~qv'K™' —qu'g-wg+gq
. K' ol [0 g —v'K™' —vfg-wt1
K= | + 1 + — (A.14)
o o7 1 o7 vTq+w
0 gvig+uwg —qu'K™' —quTq—-wq+q
_ - - = - + - T - -
K'o 0" 0 —v"K' —vfg-w
— - + — —
07 1 vig+
(A.15)
K 0] 1 —qu'K™ q
= |= +— S - (A.16)
OT 1 v g—{—w _QTgf _QTg_w+1
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A.2 Time discretisation scheme for the arc-length control

For the initial-value problem with ¢ € [0, T]]

i(t) = f(z(t)) (A.17)
z(0) = (A.18)

the generalised midpoint rule is defined as follows (see SIMO & HUGHES [102, Chap-
ter 1])

xr — X
Flznie) = %, Thro = 031 + (1 — O)zy, 6 €0, 1] (A.19)

with § =0 for forward EULER, 0 :% for midpoint rule and /=1 for backward EULER.
Zry1 and zy denote in Eq. (A.19) the solution for the variable = at time increment k+1

and k, respectively.

A.2.1 Time discretisation for the rate of internal energy

Applying the time discretisation scheme in Eq. (A.19) to Eq. (2.26)

L. T3\ F_ U _
S (@A +ufA) F =77 =0 (A20)
gives
1 ul | —ul
5 ((0>\k+1 +(1- H)Ak)+T
)\k+1 — >\k ~ Tk{] - T]g]
+ T(QQZH + (1= 9)2?‘:))I - HT
Nt 18 4 A 18y
= (ze—m (1—20) 25
Al ATV
. 29)%’;*1 T (20— 9yt )i 2T 0. (a2

Using the midpoint rule with 6 =3 1n Eq. (A.21) yields the arc-length function ¥

1
w”(ukﬂ,km):i@kﬂuk“ nal) f— Al (A.22)
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A.2.2 Time discretisation for the rate of dissipated energy

Starting with the constraint equation from Eq. (2.23)

L0 ) f 7P =0 (A23)

and application of Eq. (A.19) gives

1 Ui, — U
5((%+1 F o)t
B Akl — Ak

D _ .D
g+ 1 ou) - T

At
M1 Akpiuf 7 ATP
At At = At

=0. (A24)

N —

Therefore, the arc-length function ©” for any time discretisation scheme can be written
as

0P (W1 Mest) = = (wuly — Nenuf ) f — AP (A.25)

DN | —
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B T-splines

B.1 Local refinement of T-splines by adding anchors

This section demonstrates local refinement by adding anchors for standard T-spline
meshes of odd degree and non-standard T-splines. Moreover, a strategy for finding the

optimum number of additionally inserted anchors will be suggested.

B.1.1 Local refinement of standard T-splines of odd degree by adding
anchors
Herein, it is explained how standard T-spline meshes of odd degree can be refined lo-

cally by adding anchors while the information from the BEZIER extraction operator is

exploited.

B.1.1.1 Example 1: Ensuring that C. is a square matrix and nestedness

Initial refinement
Consider the cubic standard T-spline mesh depicted in Fig. B.1 which is refined as in
Fig. B.2(a).

¢ Anchors [ ] Anchors
—— Continuity reduction lines [ Element corners
ey s : EE; tlifeelils —— Element boundaries
1 7
1 6
2 5
3 4
3 3
0 2
0 1

&

(b)

Fig. B.1: Initial cubic standard T-spline mesh in (a) the index domain and (b) the physical
domain.

Ensuring that C. is a square matrix
The mesh in Fig. B.2(a) is locally linearly independent, but non-standard and C. is not a
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[ ] Anchors [ ] Anchors
—— Continuity reduction lines —— Continuity reduction lines
— Edges — Edges
& uz | W Elements & uz | W Elements
1 7 1 7
1 6 1 6
2 2
2 5 3 5
1 1
i 4 3 4
1 1
i 3 3 3
0 2 0 2
0 1 0 1
uy 1 2 3 4 5 U1
v 0 0 1 1 1 ¥

(a) (b)

Fig. B.2: (a) Refined cubic non-standard T-spline mesh of Fig. B.1(a) in the index domain;
(b) the T-spline mesh is locally linearly independent, but in element b (dashed green line)
are only fifteen anchors (blue) with a support and therefore C. is not a square matrix for
this element. -

square matrix for all elements: rank(C.)=n, in element b as there are only fifteen an-
chors (blue) with a support, Fig. B.2(b). Hence, an additional anchor needs to be inserted.
Each local knot vector of the blue anchors in Fig. B.2(b) contains the sub-parameter val-
ues of the boundaries of element b — [0, 3] X3, 3] in the & -direction and the &-direction,
respectively — except for the anchors A and B in Fig. B.3(a). The local knot vectors of
the anchors A and B in the &;-direction do not contain the sub-parameter value &; = %
Therefore, an additional anchor needs to be inserted at the location of the red point c.

This results in the standard mesh in Fig. B.3(b).

Nestedness

Unfortunately, the initial mesh in Fig. B.1(a) and the refined mesh in Fig. B.3(b) are not
nested. Transforming Eq. (4.58) into row echelon form gives no solution for the anchors
C, D, E and F in the initial mesh, see Fig. B.4, 1. e. the blending functions associated to
these anchors in the initial T-spline mesh cannot be represented as a linear combination

of the blending functions of the refined T-spline mesh in Fig. B.3(b).

Therefore, an additional anchor has to be inserted. The new edges and anchors of the
refined T-spline mesh of Fig. B.3(b) are drawn in the initial T-spline mesh of Fig. B.1(a)
as illustrated with solid green lines and points in Fig. B.4. Then, the domain where all
four anchors C, D, E and F have a common support is drawn while this domain needs to be
cut by the green edge. This domain is indicated by a grey colour. It can be observed that
within the grey domain no anchor is sitting at the location of the red point d. Therefore,
the red point d represents the location of an anchor which has to be inserted into the

T-spline mesh. The resulting T-spline mesh is depicted in Fig. B.5(a). This T-spline mesh
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[ ] Anchors [ ] Anchors
—— Continuity reduction lines —— Continuity reduction lines
— Edges — Edges
& uz | Elements & uz | Elements
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(b)

Fig. B.3: Determination of the location of a new anchor when C, is not a square matrix
for a cubic T-spline mesh. (a) The local knot vectors in the &;-direction of the blue anchors
A and B do not contain the sub-parameter value &; = %, which is a boundary of element b
(dashed green). Therefore, an anchor is required at the location of the red point c. (b) The
resulting standard T-spline mesh. This T-spline mesh and the initial T-spline mesh in
B.1(a) are not nested.

& uz
1 7 @ Anchors initial mesh
1 6 ° Anchors initial mesh,
5 - not nested
3 9 Anchors refined mesh
% 4 @ Potential new anchor
1 3 === Edges initial mesh
3 Edges refined mesh
0 2 u Common support
0 1 non-nested anchors
1 2 3 4 5 uy
0 0 i 1 1 3

Fig. B.4: Superposition of the initial T-spline mesh in the index domain from Fig. B.1(a)
and the refined mesh in Fig. B.3(b). The row echelon form of Eq. (4.58) gives no re-
sults for the anchors C, D, E and F (blue) and therefore, the meshes in Fig. B.1(a) and
Fig. B.3(b) are not nested. Edges and anchors from the refined mesh in Fig. B.3(b), which
were added during refinement, are inserted in the initial mesh from Fig. B.1 and marked
with green. In the grey domain all four anchors C, D, E and F have a common support,
while the grey domain is bounded by the newly inserted green edges. Within the grey
domain, no anchor is at the position of the red point d. In order to obtain a refined mesh
which is standard and nested with the initial mesh in Fig. B.1, the anchor d needs to be
inserted into the mesh of Fig. B.3(b), see also Fig. B.5.

is standard. Furthermore, the initial T-spline mesh in Fig. B.1(a) and the refined T-spline
mesh in Fig. B.5(a) are nested.

Refined physical mesh

After obtaining a standard and nested T-spline mesh in the index domain, the computation
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of the physical mesh can be considered. The location of the weighted control points
for the refined mesh P, , can be determined using Eq. (4.71). The physical mesh after
refinement is shown in Fig. B.5(b) which represents the same geometry as the physical
mesh in Fig. B.1(b).

[ A 'Anchors o [ Anchors
—— Continuity reduction lines [ ] Element corners
— Edges —— Element boundaries
&y uz | W Elements

W= Wi Wi = —_

=N W e o

o O

&
(a) (b)

Fig. B.5: Refined cubic T-spline mesh of Fig. B.1 in (a) the index domain and (b) the
physical domain. This T-spline mesh is standard and nested with the initial T-spline mesh
of Fig. B.1.

B.1.1.2 Example 2: Removing linear dependencies

Initial refinement
As a next example, the initial cubic standard T-spline mesh in Fig. B.1 is refined as shown
in Fig. B.6(a).

Removing linear dependencies

The T-spline mesh in Fig. B.6(a) is non-standard exploiting Eq. (4.50). C. is not a square
matrix and does not have full row rank in element f. The row echelon version of Eq. (4.43)
yields the dependency —2N°(€) + 2N"(€) + 3N’(€) = 0 in element f. Therefore, an
additional anchor needs to be inserted. This will be done in a manner similar to Sec-
tion 4.5.4: extension lines (solid blue) are drawn between the anchors with locally linearly
dependent blending functions G, H and J, Fig. B.6(b). The intersections of the extension
lines are marked with the red squares. These squares denote possible positions for a new
anchor if there does not already exist one. It can be observed from Fig. B.6(b) that only
the intersection at the red square g is a candidate for a new anchor. However, the T-spline
mesh with a new anchor in Fig. B.7 is still locally linearly dependent and semi-standard,
so that more anchors and edges need to be inserted by applying the aforementioned meth-

ods until a standard and nested T-spline mesh is obtained.
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[ ] Anchors
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(a) The T-spline mesh is locally lin-
early dependent — the row echelon form
of Eq. (4.43) results in the dependency

—2NS(€) + 2NH(£) + 3N'(§) = 0 in element f
(dashed green).
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& u2 = Edges
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(b) Illustration for the determination of the loca-
tion of new anchors. Extension lines (solid blue)
for the anchors with locally linearly dependent
blending functions G, H and J are drawn. The
extension lines intersect at the location of the red
squares g, h and i. Only the square g represents a
location for a new anchor (see Fig. B.7) since at h
and i anchors are already located.

Fig. B.6: Refined (non-standard) cubic T-spline mesh of Fig. B.1(a) in the index domain.
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Fig. B.7: Refined cubic T-spline mesh of Fig. B.6(a). This T-spline mesh is semi-standard.

B.1.1.3 Example 3: Non-standard T-spline fulfils necessary condition for standard

T-splines

In the examples considered so far, enforcing the BEZIER extraction operator C, to be a

square matrix resulted in a standard T-spline mesh. However, this is not always the case

as presented in Fig. B.8(b).

Both T-spline meshes in Fig. B.8 are locally linearly independent with a square matrix

ge for each element. The initial T-spline mesh, Fig. B.8(a), is standard, while the refined

T-spline mesh, Fig. B.8(b), is non-standard. Recall, that a standard and a non-standard

T-spline mesh cannot be nested according to Eq. (4.60). Evaluating the refinement ma-

trix in Eq. (4.58) gives no solution for the anchor K in Fig. B.9(a). Applying the same
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Fig. B.8: (a) Initial standard T-spline mesh and (b) refined non-standard T-spline mesh.
The BEZIER extraction operator C, is a square matrix of full rank in each element for

both meshes, but the T-spline meshes are not nested as shown in Fig. B.9(a).

procedure as previously explained (see also Fig. B.4) gives the possible locations for new

anchors (red) as depicted in Fig. B.9(a).
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Fig. B.9: (a) Superposition of the initial T-spline mesh from Fig. B.8(a) and the newly
inserted edges and anchors (green) from the refined T-spline mesh in Fig. B.8(b). The
blending function of anchor K in the initial T-spline mesh cannot be represented as a
linear combination of the blending functions of the refined T-spline mesh, i. e. both
T-spline meshes are not nested since the row echelon form of Eq. (4.58) gives no result
for anchor K. The support of anchor K — bounded by the new green edges and anchors —
is depicted with a grey domain. Within the grey domain, new anchors can be inserted at
the location of the red points in order to obtain a standard and nested T-spline mesh. For
instance, inserting the red anchor j would result in a standard and nested T-spline mesh as

presented in (b).
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B.1.2 Local refinement of non-standard T-splines by adding anchors

In the previous examples in Section 4.5.4 and Appendix B.1.1, it was demonstrated how
to refine a standard T-spline mesh and obtain a standard mesh based on Algorithm 4.1.
This section gives an example that non-standard meshes can also be refined locally by
adding anchors — the only requirement is that the initial and the refined mesh are nested.

Fig. B.10 shows the initial non-standard and Fig. B.11 the refined semi-standard quadratic
T-spline mesh in the index and physical domain, respectively. Both meshes are nested,

which allows the calculation of the weighted control points Pw » I Eq. (4.71).
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Fig. B.10: Initial (non-standard) quadratic T-spline mesh in (a) the index domain and
(b) the physical domain.
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Fig. B.11: Refined (semi-standard) quadratic T-spline mesh of Fig. B.10 in (a) the index
domain and (b) the physical domain.
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B.1.3 Obtaining the optimised number of additionally inserted anchors

Consider the initial (standard) and refined (non-standard) T-spline mesh in Fig. B.12.

[ Anchors [ J Anchors
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1 2 3 4 5 6 7T w 1 2 3 4 5 6 7T ow
o o § % % 1 1 ¢ o o 1 3 % 1 1 ¢
(a) (b)

Fig. B.12: (a) Initial standard and (b) refined non-standard T-spline mesh in the index
domain.

Fig. B.13 shows all the options where additional anchors can be inserted by applying the
routines from Section 4.5.4, while due to symmetry, only the options for the lower part of
Fig. B.12(b) are considered.

Table B.1 gives the number of pairs of anchors with linearly dependent blending func-
tions, number of non-square matrices C., nestedness and number of additionally inserted

anchors for the options in Fig. B.13.

Tab. B.1: Summary of the number of pairs of anchors with linearly dependent blending
functions, number of non-square matrices C., nestedness and number of additionally
inserted anchors for the options in Fig. B.13.

Figure | B.13(a) | B.13(b) | B.13(c) | B.13(d) | B.13(e) | B.13(f) | B.13(g) | B.13(h) | B.13(i)
Number of pairs of
anchors with linearly
dependent blending > > 6 6 3 6 > 6 6
functions
Number qf non-square 3 3 3 3 6 6 6
matrices ge
Nestedness X X X X X X X X X
Number of additional 5 2 5 5 3 3
anchors

According to Table B.1, the optimum option would be either Fig. B.13(e) or Fig. B.13(g)
since they yield the smallest number of pairs of anchors with linearly dependent blending
functions and number of non-square matrices ge. After inserting the additional anchors,
again, the rectangles to be subdivided are determined for the updated mesh and the opti-

mum option is selected. This procedure needs to be repeated until a standard and nested
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Fig. B.13: All possible subdivisions for Fig. B.12(b): the dashed orange lines indicate the

new edges to be inserted, the orange points denote the locations of the new anchors.

T-spline mesh is obtained, see for example Fig. B.14 after six iterations.
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Fig. B.14: Standard and nested T-spline mesh after inserting additional anchors in six
iterations into the refined T-spline mesh of Fig. B.12(b).
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B.2 Modified local knot vectors for the hierarchical

refinement

Table B.2 gives the local knot vector in element b and in the sub-elements b; and b, for

each of the blue anchors in Fig. 4.21.

Tab. B.2: Local knot vectors =; for the blue anchors in Fig. 4.21 in element b and in the

sub-elements b; and b,..

Coordinates in | Local knot | Local knot | Local knot
index domain vector vector in b; | vector in b,
(1.5,2.5) {0,0,0,1} | {0,0 O, 4} {0,0, % i1}
(3,2.5) {0,0,1,1} | {0,0,% 11 | {0, 4,1,1}
(1.5,4) {0,0,0,1} | {0,0,0, 4} {0,0, 4,1}
(3,4) {0,0,1,1} | {0, 0,4, }1{0,1,1,1}
1

Gy | Biid| ey i
(1.5.5.5) {o’o’o’ V1 {0,001} | {0.0,1.1)
2555 {0011 oot
(35.55) | {0 7?1} IR IR ER S

A P 140 2 4> 9205

B.3 Unstructured cubic T-splines

This section gives an outline how an unstructured cubic T-spline mesh can be created
that is C} -continuous along spoke edges and between one- and two-ring neighbourhood
elements, C3-continuous everywhere else and that fulfils the partition of unity of the

blending functions N.

B.3.1 The unstructured T-spline mesh

For cubic T-splines, the orange marked knot intervals in the neighbourhood of the light
grey element h in Fig. B.15 are necessary for the determination of the BEZIER extraction
operator of each violet anchor with support in h. As for the quadratic case, some anchors
with support in element h do not require all their individual knot intervals in order to
determine their BEZIER extraction operator in h.

This method is not applicable to the blue elements in the two-ring neighbourhood of an
extraordinary point — these elements are irregular. Generalised BEZIER extraction must

be applied to these elements as explained for arbitrary knot intervals by SCOTT [95].
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e Anchors — Edges M Elements

Fig. B.15: Example for an unstructured cubic T-spline mesh. All non-zero knot intervals
are assumed to be uniform. The two extraordinary points of valence three and five are
marked with red. Spoke edges (green) touch an extraordinary point. The purple anchors
have a support in the light grey element h. In order to determine the BEZIER extraction
operator of these anchors in element h, the knot intervals of the two neighbouring rows
of rectangles of element h are required (marked orange). Some anchors do not need all
of their individual knot intervals. This construction cannot be applied to the two-ring
neighbourhood elements (blue) of an extraordinary point. Generalised BEZIER extraction
must be applied to these irregular elements.

After generalised BEZIER extraction, the continuity along the one- and two-ring neigh-
bourhood elements is C3. C3-continuity exists along spoke edges and the T-spline mesh
is non-standard — the partition of unity is not fulfilled. The BEZIER extraction opera-
tors C. are non-square matrices for the elements in the one-ring neighbourhood of an
extraordinary point. The blending functions N in the one-ring neighbourhood elements
of an extraordinary point with valence three are locally linearly independent since C. has
full row rank. For the one-ring neighbourhood elements of the extraordinary point with

valence five, ge does not have full row rank. Hence, the blending functions are locally
linearly dependent.

B.3.2 Modifying the BEZIER extraction operator

Modifying the BEZIER extraction operator for the cubic case is similar to the quadratic
case in Section 4.7. The BEZIER extraction operators C. in the one-ring neighbourhood
elements are elevated to degree four according to

N, =C!B!=CE"B; = ClE'B, = C.B,. (B.1)
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For the cubic case, only the coefficients c, s of the blending functions that are non-
zero in at least two one-ring neighbourhood elements are modified. Assuming that
a=1... A blending function have a support in at least two of b=1 ... B one-ring neigh-
bourhood elements, the fairing equations for the constrained linear least square problem
in Eq. (4.91) read as follows

et~ =~ for1<a<5,1<f<4,1<a<A, 1<b<B,

~a,b ~a,b a,b a,b (BZ)
Cap ~ Cat1,8 = Cap ~ Carrp fOrl<a<d, 1<f<h 1<a<A 1<b<B.

When perturbing the BEZIER coefficients ¢, g, C;-continuity will be enforced along one-
and two-ring neighbourhood elements and along spoke edges. The following constraints
need to be assembled in G and g for blending functions that are non-zero in at least two
one-ring neighbourhood elements: Egs. (4.93) and (4.105) — (4.110). Furthermore, for
blending functions that have support in only two one-ring neighbourhood elements, the
constraint

&b =0 forl<a<3 1<B<3 (B.3)

is enforced in one-ring neighbourhood elements where they do not have a support. In
order to fulfil the partition of unity,

A
forl<a<3,1<B<3
> =1 {"r sasslsps (B4)

in all one-ring neighbourhood elements b =1... B

needs to be taken into account. Computing the term in Eq. (4.112) after solving Eq. (4.91)
yields zero within machine precision for the unstructured cubic T-spline mesh, i. e. all im-
posed constraints are satisfied.

For the cubic case, no change in support of an anchor is observed for the valences three
and five after modifying the BEZIER coefficients c, 3. The BEZIER extraction operator
C. for the elements in the one-ring neighbourhood of an extraordinary point is still a
non-square matrix. Thus, hierarchical refinement (Section 4.6) and BEZIER projection
(THOMAS et al. [110]) cannot be applied to these elements. The BEZIER extraction oper-
ator C, has full row rank in all elements of Fig. B.15 after solving Eq. (4.91). Hence, the
blending functions N are locally linearly independent. Recall, that the blending functions
N are locally linearly dependent in the one-ring neighbourhood elements of an extraordi-
nary point with valence five for the quadratic case.

Fig. B.16 shows the contour plot for a blending function N and its derivatives N, and
N, before and after smoothing. The blending function corresponds to an anchor that is

equivalent to the extraordinary point of valence five.
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(d N (€) N ® Ny

Fig. B.16: Contour plots of a cubic blending function N and its derivatives N, N, in
the physical domain before (a)-(c) and after (d)-(f) smoothing. The blending function
corresponds to an anchor that is equivalent to the extraordinary point of valence five.
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