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Abstract

Computational modelling of heterogeneous materials with complex microstruc-
tures is challenging due to their multiscale nature. While direct numerical simula-
tions lead to accurate results, it is not tractable for large-scale models. Therefore,
in this thesis, two novel concurrent multiscale frameworks have been developed for
tractable simulation of 2D /3D highly heterogeneous materials, including compos-
ites and trabecular bone materials. The difficulty of discretising such materials with
complex microstructure is circumvented by using the cut finite element method (Cut-
FEM). Then, two efficient zooming techniques are proposed for coupling micro and
macroscale models. In our multiscale frameworks, the CutFEM technique is utilised
to discretise the corresponding micro/macro interface besides the microstructure.

In the first framework, the smooth transition concurrent multiscale method, the
two models are blended in a transition region and discretised over a single fixed
computational mesh. While in the second framework, the two models have different
meshes and are coupled over a sharp interface using Nitsche’s method. In both frame-
works, the CutFEM technology has been used for discretisation purposes that permits
representing the microstructure and micro/macro interfaces in a mesh-independent
fashion. This feature of CutFEM allows to (re)locate the zooming region(s) (the
region(s) we require microscopic analysis) over a fixed background mesh arbitrarily,
thus improving the robustness of multiscale modelling and analysis. In chapter 3, the
efficiency and robustness of the smoothed concurrent multiscale method is demon-
strated for 2D and 3D linear elasticity problems. Then, in chapter 5, the performance
of the second concurrent multiscale framework with a sharp interface is tested for

2D linear elasticity and plasticity materials.



In chapter 4, the smoothed concurrent multiscale method developed in chapter 3
is extended for brittle fracture problems, which are a prevalent example of multiscale
phenomena. According to the literature, fracture initiation starts in microscopic
length scales by an accumulation of micro cracks in a process zone that eventually
leads to the creation of macro cracks. In this thesis, the phase field model has
been adopted for the fracture problem, which considers the fracture in a diffusive
way. Since phase field models suffer from demanding extremely refined meshes to
represent cracks, an efficient numerical framework is essential to balance accuracy and
computational costs. In chapter 4, we show that our smoothed concurrent multiscale

framework is a suitable choice for such problems.

i



Declaration

DECLARATION
I declare that this work has not previously been accepted in substance for any degree

and is not concurrently submitted in candidature for any degree.

Signature: Ehsan Mikaeili Date: 31 May 2023

Statement 1
This thesis is being submitted in partial fulfillment of the requirements for the degree
of PhD.

Signature: Ehsan Mikaeili Date: 31 May 2023

Statement 2
This work is the result of my own independent work/investigation, except where

otherwise stated. Other sources are acknowledged by explicit references.

Signature: Ehsan Mikaeili Date: 31 May 2023

DECLARATION

I hereby give consent for my thesis, if accepted, to be available for photocopying and

iii



for inter-library loan, and for the title and summary to be made available to outside
organisations.
Signature: Ehsan Mikaeili Date: 31 May 2023

v



Acknowledgement

This dissertation is the outcome of my research work that was carried out between
2018 and 2022 at Cardiff University. This work is part of the Rapid Biomechanics
Simulation for Personalized Clinical Design (RAINBOW) project, funded by the
European Union’s Horizon 2020 research and innovation program under the Marie
Sklodowska-Curie grant agreement No. 764644.

First and foremost, I would like to express my heartfelt gratitude to my super-
visors, Prof. Pierre Kerfriden, Dr. Susanne Claus and Prof. Tony Jefferson, for
their assistance, guidance, and unwavering support throughout my Ph.D. journey.
Their deep knowledge in the field of computational mechanics, came as a tremendous
benefit to my research. Undoubtedly, the achievement of this dissertation would not
have been feasible within the time frame of the project if it had not been backed
by their excellent and careful scientific support. I am grateful for their mentorship,
patience, and trust in me to explore this fascinating topic.

Furthermore, I am deeply grateful to the friends I have made through the RAIN-
BOW network and at Cardiff University. The mutual support we gave each other
was essential to keep motivated and consistent in the research.

I would like to acknowledge Prof. Miguel Otaduy from the University of Rey
Juan Carlos in Madrid for hosting my secondment during my research. Although we
did not have a direct collaboration, I had the privilege of conducting research in his
lab and learned a great deal from his exemplary manner, discipline, and humbleness.
His presence and the atmosphere of his lab had a profound impact on my research
experience, and I am thankful for the valuable lessons I gained from observing his

approach to academia.



I would also like to extend my gratitude to the examination committee members,
Prof. Rubén Sevilla and Dr. Abhishek Kundu, for their thorough evaluation and
constructive feedback on this thesis. Their insightful comments and suggestions have
significantly contributed to improving the quality of this work. I am thankful for their
time, expertise, and valuable inputs throughout the examination process.

Lastly, I am profoundly grateful to my family and loved ones for their unwavering
support, encouragement, and understanding throughout this journey. Their belief in

me has been a constant source of motivation and inspiration.

vi



Contents

(Introduction| XXix
(1 Implicit interftace PDEs solvers| 1
(L1 Introductionl . . . . . . . . ... 1
(1.2 Unfitted FEMs for arbitrary domains| . . . . . . . .. ... ... ... 3
(1.2.1 Cut Finite Element Methodl . . . . . . ... ... ... .. .. 3

(.22 Finite Cell Method . . . . . . .. ..o o oo 6

(L.2.3  Cartesian Grid Finite Flement Method| . . . . . . . ... . .. 7

(1.3 Unfitted FIEMs for embedded interfaces . . . . . .. .. ... ... .. 10
(3.1 Extended Finite FElement Method . . . . . ... ... ... .. 11

[1.3.2  Strong Discontinuity Method| . . . . . . ... ... ... ... 13

(L.3.3  Cut Finite Blement Methodl . . . . . ... ... ... ... .. 14

(1.4 Phase Field Fracture Method| . . . . .. ... ... ... ... ... 15
(1.4.1 Phase field modelling of brittle fractures| . . . . . . .. .. .. 16

[1.4.2  Adaptive meshing techniques for phase field fracture|. . . . . . 17

(Lo Conclusion|. . . . . . . . . . 17

2 Multiscale methods for heterogeneous structures| 19
2.1 Introductionl . . . . . . . ... 19
[2.2  Homogenisation techniques|. . . . . . . . ... ... ... ... .. .. 20
[2.3  Domain decomposition methods| . . . . . . ... ... ... ... 22
[2.3.1 Sub-modelling methods|. . . . . . .. .. ... ... 23

2.3.2 Concurrent multiscale methodsl . . . ... ... ... ... .. 24

vil



[2.3.2.1  Conforming concurrent multiscale methods|. . . . . . 24

[2.3.2.2  Non-conforming concurrent multiscale methods| . . . 26
[2.4  Multiscale methods for fracture problems| . . . . . . . . .. ... ... 27
25 Conclusionl. . . . .. . .. 29

[3 Concurrent multiscale analysis with smoothed micro-macro inter- |

[_facel 31
(3.1 Introductionl . . . . . . . ..o oo 31
B.1.1  Motivation|. . . . . . . . . . .. 31

-set- . 32

[3.1.3  Outline of the chapter| . . . . . .. ... ... .. ... .... 37

[3.2  Governing equations of the concurrent multiscale method with smoothed |

| micro-macromodell . . . ... 37
[3.2.1 Domain partitioning] . . . . . . . . . ... ... ... ... 37

[3.2.2  The boundary-value problem|. . . . . . .. ... ... ... .. 39

[3.3  Discretisation for smoothed concurrent multiscale problems| . . . . . . 40
[3.3.1  Multiscale finite element space|. . . . . . .. ... ... ... 41

[3.3.2 HFictitious domainl . . . . . . . . . ..o 43

[3.3.3  Stabilised multiscale formulationl . . . .. . ... .. ... .. 45

(3.4  Numerical resultsl . . . . ... ... oo 46

[3.4.1  Smooth mixing approach adopted for a 2D locally porous medium| 46

[3.4.2  The smoothed multiscale method for a 2D quasi-unitorm porous |

mediuml . . ... . 52

[3.4.2.1 The smoothed multiscale with one arbitrary zoom|. . 53

[3.4.2.2  'T'he smoothed multiscale with two arbitrary zooms| . 54
[3.4.3 3D smoothed multiscale modelling ot trabecular bonel . . . . . 57
B5 Conclusion]. . . . . . . . . 64

[4 CutFEM-based multiscale techniques for phase field fracture prob- |
[ Tems| 65




[4.1.1 Motivation and objectives| . . . . . . . . ... ... ... ... 65

[4.1.2 Introduction of the phase field approximation for quasi-static

| brittle fractures . . . . . .. ... 66
[4.2  Concurrent multiscale governing equations for phase field fractures|. . 69
[4.2.1  Domain partitioning] . . . . . . . . . .. ... ... .. .. .. 69

[4.2.2  Field equations: strong and weak forms|. . . . . . . . ... .. 70

[4.2.2.1  Multiscale phase field problem: strong form| . . . . . 71

[4.2.2.2  Multiscale phase field problem: weak form| . . . . . . 71

4.2.3  Discretised formulations . . . . . . .. ... ... 72

[4.2.4  Numerical examples| . . . ... ... .. ... ... ...... 76

1T Validan & TTscal Tod T l

phase field cracking/. . . . . . ... ... ... ... 76
[4.2.4.2  ldentification test for the phase field parameter g . 80

[4.2.5 A new selt-consistent identification algorithm for macroscale

| fracture parameters| . . . . . . . . ... ... 84

4.3 Further investigations on the homogenisation of phase field parameters| 87

M3.1 Numericalyesultsl . . . ... ... ... ... 000000 88
[4.3.1.1  Effect of mesh coarsening on homogenisation|. . . . . 88
[4.3.1.2  Effect of microstructure on homogenisation| . . . . . 98

[4.3.1.3 Effect of optimisation error functional on homogeni-

[ sationl . . .. . L 101

b.1  Introduction| . . . . . . . ..o 107
[5.2  Governing equations of the hierarchical multiscale CutFEM|. . . . . . 108
[5.2.1  Computational domain partitioning of multiscale analysis frame- |
workl . . .. 108

[5.2.2  Heterogeneous elasticity problem: strong form| . . . . . . . .. 109
[5.2.2.1  Semi-discrete boundary value problem| . . . . . . .. 109

[5.2.2.2  Macroscale model with homogenised material| . . . . 112

1X



[5.2.3  Multiresolution problem in weak form|. . . . . . . .. ... .. 113
0.2.3.1 Microscale model 1n weak forml . . . ... ... ... 113

6.2.3.2 Macroscale model in weak forml . . . . . ... .. .. 114

[5.2.4  Level-set-based descriptions of sub-domains and interfaces| 116
[5.2.5  Discretisation of the multiresolution problem|. . . . . . . . .. 117
[>.2.5.1  Discretisation of the geometryf. . . . . . . . . . . .. 117

[5.2.5.2  Overlapping domain decomposition| . . . . . . . . .. 118

[5.2.5.3  Extended intertace FE spaces . . . . . ... ... .. 119

b.254 Additionalsetd . . . ... .. ... ... ... . ... 119

[5.2.6  Implicit boundary finite element formulation| . . . . . . . . .. 120

b3 Numerical Resultsl. . . . ... .. o000 122
[5.3.1  Verification test for an elasticity problem in a quasi-uniform |
porous structure] . . . . . . .. ... Lo 122

[5.3.2 5 shape heterogeneous structure with elastoplastic behaviour |
using fixed zooms| . . . . . ... ... Lo 128

[5.3.3 S shape porous structure with elastoplasic behaviour using |
MOVINE ZOOMS| - =« « o v o e e e et e e e e e 132

h.4 Conclusion|. . . . . . . . . . 136
6 Conclusion and Future Researchl 137
6.1 Conclusion|. . . . . . . . . . . 137
6.2 Future researchl . . . . . . . ... oo L 139



List of Figures

Various coupling techniques in concurrent multiscale methods: (a)

non-overlapping technique and (b) overlapping technique. The mi-

croscale and macroscale models defined over €2, and €2,,, respectively,

are coupled either across an interface I' with non-overlapping tech-

niques or over a overlapping region {)r with overlapping techniques.| .

M1

Computational meshes; a) fitted FEM and b) unfitted FEM. . . . . .

T2

ochematic presentation of 2D level set functions at various times over

the fixed background mesh Q" . . . . .. ... ... ... ...

3

Schematic presentation of domain discretisation for different unfitted

FEMs; a) CutFEM, b) FCM and ¢) cgFEM.| . . . . ... ... .. ..

!

Schematic presentation of enrichment methods by the SDM (a) and

the XFEM (b) reprinted from [1].| . . . . . ... ... ... ... ...

p1

Schematic presentation of different length scales for a 2D rectangu-

lar domain under compressive load, with a strain localised band. ¢,

denotes the effective plastic strain which is accumulated in the grey

B1

Domain partitioning for heterogeneous domain {2 partitioned into ma-

trix subdomain {); and pore subdomain €2y (€2 = )3 U€)y) with inter-

face I'y| . . . . .

X1



B2

(a) Schematic depiction of 2D rectangular domain with a quasi-uniform

distribution of micro pores. (b) CutFEM full high resolution discreti-

sation (h = hp,;, = 0.054). (¢) CutFEM multi-resolution discretisa-

tion (Apmin/Pmaz = 0.015).) . . . . o oo

B3

Displacement component u,, for a) uniformly refined background mesh

and b) adaptive background mesh.| . . . . .. ... . .00

B

Domain partitioning for the smoothed concurrent multiscale method:

computational domain € is partitioned into macro subdomain {24 and

micro subdomain 2, (2 = QyUQ,). Here, Q,, = Q. \ 2y denotes the

porous micro domain.|. . . . . . . . . . .. ...

38

B5

Transition domain in the smoothed multiscale method (a) and the

distance dependent weight function, «, in the transition domain (b).|.

41

[3.6

Schematic presentation of the discretised domain for the smoothed

multiscale method. . . . . . . . ...

B.7

Schematic presentation of 2D rectangular domain with locally dis-

tributed pores.| . . . . . ...

[3-8

Computational mesh for the physical domain of the 2D model with

locally distributed pores a) uniform meshing, b) adaptive meshing

type-1, ¢) adaptive meshing type-2.| . . . . . ... ...

B.9

Smoothing weight function « contour over finest adaptive mesh, a)

e=0.1,b)e=04andc)e=1). ... ... ... ...

B.10

Displacement component u, contours for different methods: a) FEM,

b) CutFEM, ¢) smoothed multiscale model with 2¢ = 0.1, d) smoothed

multiscale model with 2e = 1. . . . . . . . . . . . . ... ... ..

B11

Stress component o, contours, a) FEM model, b) CutFEM model,

c) smoothed multiscale model in physical domain with 2¢ = 0.1,

d) smoothed multiscale model in physical domain with 2¢ = 1, e)

smoothed multiscale model in fictitious domain with 2¢ = 0.1, f)

xii



[3.12 The condition number of the system matrix versus mesh size, for dif-

ferent mixing lengths: a) ghost penalty regularisation is applied to

element inside the porous domain in addition to cut elements. In both

|
| cut elements only, b) ghost penalty regularisation is applied to every
|
|

cases, the regularisation parameter is chosen as § =0.005.] . . . . .. 52

[3.13 Background mesh with projected pores and zooming interfaces ot the |

[ smoothed multiscale method) . . . . .. ... ... ... ... .... 53
(3.14 Displacement component u,, for a) smoothed multiscale, 2¢ = 0.2, and |
| b) smoothed multiscale, 2 = 0.8, . . . . . . ... ... ... ... .. 54

[3.15 Computational mesh for physical domain ot 2D model with quasi- |

| uniform distributed pores, a) uniform meshing, b) adaptive meshing |

| type 1, ¢) adaptive meshing type 2.| . . . . . ... ... 55

£3.16 Smooth weight function field «y, over finest adaptive mesh with a) |
| e=0.1b)e=04c)e=1). ... . 56
13.17 Displacement field component u,, a) FEM model, b) CutFEM model, |
| c¢) smoothed multiscale model with € = 0.1, d) smoothed multiscale |
I model withe=1J. . . .. ... ... o o 57
13.18 Stress component o,, contours, a) FEM model, b) CutFEM model, |

| c¢) physical domain for the smoothed multiscale model with ¢ = 0.1, |

| d) physical domain for the smoothed multiscale model with € = 1, e) |

| o ] —Tor 1] Ted mulacal Tl i e = 0T and l

| f) fictitious domain for the smoothed multiscale model with e =1, . . 59

| tfor different smoothing lengths and mesh configurations. The regular- |

| 1sation parameter is chosen as 5 =0.005.| . . . . . . . ... ... ... 60

13.20 3D trabecular bone with zoom: (a) Micro-CT image 3D reconstruc- |

| tion, (b) CwtFEM interface.| . . . . . . . . . ... ... ... ... 60
[3.21 3-D trabecular bone mesh with zoom: (a) surface mesh of micro-CT |
| image, (b) CutFEM surface subtesselation for h = 0.036. . . . . . .. 61
[3.22 Smoothing weight function oy, used for the 3D bone example with a) |
| 2¢=0.0land b) 2e =0.1 . . . ... ... ..o 61




[3.23 3D and 2D representations of FEM and smoothed multiscale displace-

ment field component u,,, a) 3D FEM reference model, b) 2¢ = 0.1, ¢)

| 2¢ =0.01,d) 2¢ =0.1 and e) 2 =0.01.| . . . .. ... ... ... ... 62

13.24 Stress component o,,, a) FEM with &~ = 0.036, b) smoothed multi- |
| scale model-A with h,,;, = 0.036, ¢ = 0.01 and only cut elements |
| regularised, and c¢) smoothed multiscale model-B with h,,;,, = 0.036, |
| e = 0.01, cut and porous elements are regularised.| . . . . . . . . . .. 63

Bo5 Condin ] : TRETmiE s Wil . ] l

| sizes and smoothing lengths.| . . . . . . ... .. ... 000000 63
4.1 Schematic presentation of fracture problems: original discrete problem |
| (a) and phase field approximation (b)| . . . . ... ... ... ... 66
|4.2  Schematic presentation of the phase field fracturing and the corre- |
| sponding domain partitioning: heterogeneous domain {2 comprised |
| of matrix subdomain €); and pore subdomain ), (a), homogeneous |
| domain )3 (b) and partition of domain €2 into macro homogenised |
| subdomain €2y, and micro heterogeneous subdomain le ....... 70
[4.3  Schematic presentation ot the phase field fracturing in the context of |
| concurrent multiscale analysis| . . . . .. ... ... ... ... 73
4.4 Schematic presentation of the heterogeneous structure with periodic |
| micro pores and the corresponding boundary conditions.| . . . . . . . 7
1.5  Computational meshes: a) full microscale CutF'EM, b) smoothed con- |
[ current multiscale modell. . . . . . .. ..o 7
1.6 Phase field contour in the last time step: (a) full microscale CutFEM |
| (d,,) and (b) smoothed concurrent multiscale model (d,, and dxq). | . 78
4.7  Force displacement curve.| . . . . ... ... oL 79

4.8 Computational meshes: (a) full microscale CutFEM and (b) full macroscale |

FEM modelll . . . . . . . 81
4.9 J— gn curve for the periodic porous lattice structure shown in Figure |
I 7 7 82

X1v



.10

Phase fields: (a) full microscale CutF'EM and (b) full macroscale FEM

modell . ..o

A1

Force-displacement curves: (a) full microscale CutFEM and (b) full

macroscale FEM. . . . . . . .

12

J — gapm curve for the self-consistent simulation with two methods:

E13

Phase field contours for the last time step: (a) full macroscale FEM

and (b) smoothed concurrent multiscale modell . . . . . . . .. .. ..

.14

Force versus displacement curves for the three models: blue curve rep-

resents the tull microscale Cutk’'EM model as reterence model, yellow

curve represents the concurrent multiscale and the grey curve depicts

the full macroscale homogenised model.|. . . . . . ... ... ... ..

A5

Schematic presentation of geometry and boundary conditions for the

identification test models: a) full microscale structure, b) full macroscale

homogeneous structure.|. . . . . . ... ... ... ...

.16

Computational meshes: a) Full fine scale CutFEM reference model

(hmin = 0.007), b) Macroscale FEM with h,,;, = 0.007, ¢) Macroscale

FEM with h,,;,, = 0.014, d) Macroscale FEM with h,,;, = 0.028, e)

Macroscale FEM with h,,;, = 0.035 and f) Macroscale FEM with

Pmin = 0047 o 0 Lo

E17

Phase field contour for the last time step: a) Full fine scale CutFEM

reference model (h,,;, = 0.007), b) Macroscale FEM with h,,;, =

0.007, ¢) Macroscale FEM with h,,;,, = 0.014, d) Macroscale FEM

with A, = 0.028, e) Macroscale FEM with h,,;,, = 0.035 and f)

Macroscale FEM with h,,;, =0.047.f. . . . . . . ... ... ... ...

13

Schematic presentation for the verification test models: a) full mi-

croscale heterogeneous structure and b) full macroscale homogeneous

structure. . . . . . e e

XV



.19

Computational meshes used for validation tests: a) Full fine scale

CutFEM reference model with h,,;, = 0.007, b) macroscale FEM with

Rmin, = 0.007, ¢) macroscale FEM with A,,;, = 0.014 and d) macroscale

FEM with fy, = 0.028. |0 0 00 000000

.20

Phase field contour for the last time step: a) Full fine scale CutFEM

reference model (h,,;, = 0.007), b) macroscale FEM with h,,;,, =

0.007, ¢) macroscale FEM with h,,,;,, = 0.014 and d) macroscale FEM

with N, = 0.028. ) 0 0 L 0 oL

21

Force-displacement curves of tension tests for different inverse prob-

lems analysis carried out between heterogeneous and homogeneous

structures. The homogeneous model properties changes as follow-

ing in each analysis: a) hy, = 0.007, g% = 1.50, (¥ = 0.038, b)

Pmin = 0.014, g% = 1.50, % = 0.053 and ¢) hyni = 0.028, g% = 1.48

and (9% =0.073 . . .. ...

22

Computational meshes for heterogeneous and homogeneous structures,

with h,,;, = 0.007 for all cases: a) heterogeneous structure with

r = 0.02, b) heterogeneous structure with r» = 0.03, ¢) heterogeneous

structure with » = 0.04 and d) homogeneous structure,| . . . . . . ..

123

Phase fields for heterogeneous and homogenised models: a) r = 0.02,

b)r=0.03andc)r=0.04| . ... ...

m2d

Phase field contours for the last time step: a) Full fine scale CutFEM

reference model (h,,;, = 0.007), b) Macroscale FEM with h,,;, =

0.007, ¢) Macroscale FEM with h,,;,, = 0.014, d) Macroscale FEM

with N = 0.028.) .« 0 o 0 Lo

Xvi



[4.25 Force-displacement curves ot shear tests for different inverse problems

carried out between heterogeneous and homogeneous structures. The

heterogeneous model (as reference) has the following properties for all

of the inverse problems: h,, nin = 0.007, g,, = 2.7 and ¢, = 0.04. The

homogeneous model properties alters as following in each analysis:

a) hatmin = 0.007, g% = 1.7, £ = 0.051, b) hpgmin = 0.014,

g = 1.69, (5% = 0.053 and c) hygmin = 0.028, g% = 1.41 and

(0 =0.055] . . o

51

Domain partitioning: (a) heterogeneous microscale model, (b) homo-

geneous macroscale model and (c) multiscale model (the macroscale

model enriched with a zoom including microscale model)| . . . . . . .

52

Boundary conditions and geometry of a heterogeneous structure with

compression test|. . . . . . ... L

5.3

Discretised domains; a) FE conforming mesh and b) CutFEM non-

conforming mesh.| . . . . .. ... oL

124

0.4

Discretised domain for the multiscale CutFEM including FgH’h), FgH’h)

and FéH’h). The coarse elements cut with FéH’h) and FgH’h) and the fine

elements cut with FgH’h) are shown with their sub-triangules that are

used for the integration purpose.. . . . . . . . . . . ... ... ...

55

124

Displacement field component u,; a) FEM and b) Multiscale CutFEM.[125

.6

Stress field component o,,; a) FEM and b) Multiscale CutFEM.| . . .

125

57

Computational meshes for; a) computing the error field (h,,;, = 0.054),

b) multiresolution CutFEM with a mesh size H = 0.11 in the macroscale

region and c¢) multiresolution CutFEM with a mesh size H = 0.22 in

the macroscale region. For both multiresolution CutFEM models we

have h = 0.054. All the cut elements i the multiresolution CutFEM

are shown with their integration subtriangles.| . . . . . . .. .. . ..

53

Energy norm of error field |le|| for multiscale CutFEM with different

mesh resolutions in the macroscale region; a) H = 0.11 and b) H =

0.22. A uniform mesh size of h = 0.054 is used for plotting the [le]|.| .

X Vil

127



5.9

Geometry of the heterogeneous structures; a) heterogeneities are voids,

b) heterogeneities are hard inclusions| . . . . . .. ... ... ... ..

.10

Computational meshes; a) coarse mesh, b) multiresolution mesh for

the porous microstructure, ¢) multiresolution mesh for the microstruc-

ture with hard inclusions. The mtersected elements are shown with

their integration sub-triangles.| . . . . . . . . . ... .00 L.

130

B11

Displacement field u, for the heterogeneous structures in the last time

step; a) heterogeneities are voids, b) heterogeneities are hard inclusions{131

512

Stress component o, for the last time step; a) heterogeneities are

voids, b) heterogeneities are hard inclusions| . . . . .. .. ... ...

5.13

Computational meshes for the microporous heterogeneous structure

with different set of zooms at various time steps, a) 7 = (0,0.05), b)

7 = (0,0.12) and ¢) 7 = (0,0.18). All the cut elements are depicted

with their sub-triangles (used for their integration).| . . . . . . . . ..

514

Displacement component u, for the microporous heterogeneous struc-

ture with different set of zooms; a) 7 = (0,0.05), b) 7 = (0,0.12) and

c)T=(0,0.18) . . . ..

134

515

Effective plastic strain €, contours; a) 7 = (0,0.05), b) 7 = (0,0.12)

and ¢) 7= (0,0.18)). . . . . . ...

xXviil

135



List of Tables

4.1  Optimised values for the gn, and ¢, of inverse problem analysis be-

L tween full microscale and full macroscale models) . . ... ... ... 89

4.2 Optimised values for the gr; and £ of inverse problem analysis be- |
L tween full microscale and full macroscale models) . . . .. ... ... 98

4.3 Optimised values for the gr, and ¢, of inverse problem analysis be- |
I tween full microscale and full macroscale models) . . . .. .. .. .. 101

[p.1 Quantitative comparison of o,, between the full FEM and multi- |
| scale CutFEM at four different locations inside the zoom (A(5.7,6.7), |
| B(3.9,5.7), C(4.36,5.15), and D(7.1,5.5)). The mesh sizes are h = |
| 0.054 for both models, and A = 0.11 for the macroscale region ot the |
I multiscale CutBFEM. . . . . ... .o oo 128

Xix



XX



Acronyms

AES Assumed Enhanced Strain.

ALE Arbitrary Lagrangian-Eulerian.
BFGS Broyden Fletcher Goldfarb Shanno.

CAD Computer Aided Design.
cgFEM cartesian grid Finite Element Method.
CuFEM Cut Finite Element Method.

CZM Cohesive Zone Method.
DDM Domain Decomposition Method.

FCM Finite Cell Method.

FEM Finite Element Method.
GFEM Generalised Finite Element Method.

LEFM Linear Elastic Fracture Mechanics.

LSM Level Set Method.

MMTT Modified Mori-Tanaka Technique.

XX1



MTT Mori-Tanaka Technique.

PDE Partial Differential Equation.
PFM Phase Field Method.
PUFEM Partition of Unity Finite Element Method.

PUM Partition of Unity Method.
SDM Strong Discontinuity Method.
VBFEM Voxel-Based Finite Element Method.

XFEM Extended Finite Element Method.

XIGA Extended Isogeometric Analysis.

poll



Nomenclature

SN g

|

Ly
Dh

uh

R

Phase field history function

Porosity parameter in modified Mori-Tanaka homogenisation
Discrete crack

Crack density function

Scalar-valued continuous piecewise linear space for phase field
Vector-valued continuous piecewise linear space for displacement field
Total energy

Damaged solid strain energy function

Traction

Bone volume fraction

Total volume in modified Mori-Tanaka homogenisation

Void volume in modified Mori-Tanaka homogenisation

Energy required for creation of two new surface during fracturing
Blending (mixing) function

Ghost penalty regularisation parameter for phase field

xx1il



Fa

Far

(0]
Qr

Qh
08,

o8,

Ghost penalty regularisation parameter for displacement field
length scale parameter

Half size of smoothening length

Nitche’s penalty term

Lamé parameter

Cut elements edges

Cut elements edges in transition region

Hierarchical multiresolution mesh characteristic parameter
Finite element space of continuous linear function
Fictitious domain

Smooth function

Triangulation of background mesh

Lamé parameter

Divergence of Cauchy stress

Poisson’s ratio

Domain of interest

Fixed background mesh

Neumann boundary condition

Dirichlet boundary condition

Signed distance level set function

XX1V



04

dev

h

Total energy function

Elastic energy density function

Cauchy stress tensor

Degraded (damaged) stress tensor
Strain tensor

Deviatoric strain tensor

Bilinear form function

Hooke’s tensor of isotropic linear elastic material
Phase field

Macroscale phase field

Microscale phase field

Young’s modulus

Body force

Critical energy release rate per unit area
Shear modulus

Mesh size parameter

H'(Q) Hilbert space (one)

K

n

Bulk modulus

Linear form function

Vector normal

XXV



Virtual phase field
Ghost penalty regularisation term
Displacement field

Virtual displacement field

XXV1



List of contributions

Papers in Referred Journals

Ehsan Mikaeili, Susanne Claus, Pierre Kerfriden. "Concurrent multiscale analysis
without meshing: Microscale representation with CutFEM and micro/macro model
blending".

In: Computer Methods in Applied Mechanics and Engineering 393 (April 2022)

DOI: https://doi.org/10.1016/j.cma.2022.114807

Papers preprints on arXiv

Ehsan Mikaeili, Susanne Claus, Pierre Kerfriden. "Local uncovering of unresolved

physics in structural mechanics: seamless choice of modelling resolution using a
CuwtFEM level-set approach". (January 2022)

DOI: https://doi.org/10.48550/arXiv.2201.04698

To be submitted to the International Journal for Numerical Methods in Engi-

neering.

Papers under preparation

Ehsan Mikaeili, Susanne Claus, Pierre Kerfriden. "A concurrent multiscale frame-
work for phase field fractures based on CutFEM".

XxXVvil



Ehsan Mikaeili, Bernhard Schrefler, Susanne Claus, Pierre Kerfriden. "A sta-
ble unfitted finite element method for shear band modelling in unsaturated porous

media".

xxviii



Introduction

Motivation. Highly heterogeneous structures, such as composites and porous me-
dia, are commonly used in many engineering fields due to their high efficiency and
performance. Accurately predicting the behaviour of these structures is essential
for advancing or optimising their engineering analysis and design. However, due
to the multiscale nature and rapid spatial variations in material properties of such
structures, their computational modelling poses a significant challenge. For instance,
composites are commonly used in aerospace engineering to reduce weight and improve
the performance of aircraft structures. However, designing advanced composites re-
quires a deep understanding of their behaviour at different length scales. Similarly,
the application of porous materials such as soil and concrete in civil engineering
requires accounting for behaviours at more than one length scale because of their
complex properties.

Direct numerical simulation methods for modelling and analysis of such struc-
tures are computationally expensive and may not be tractable when dealing with
large-scale structures. Homogenisation methods, which pass data from small to large
length scales to obtain the properties of such materials, have been widely used to
overcome this challenge. However, these methods suffer from drawbacks, including
macroscopic uniformity and RVE periodicity assumptions. The uniformity assump-
tion is not satisfied in critical regions of high gradients like interfaces, complex geome-
tries with sharp angles, and severe plasticity and softening regions. The periodicity
assumption is also not fulfilled when the material’s microstructure is nonuniform.

Concurrent multiscale methods [2, [3, 4] have been developed to overcome the

limitations of homogenisation methods and enable efficient computational modelling
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of highly heterogeneous structures by bridging the microstructural and homogenised
macroscale descriptions efficiently. These methods divide the computational domain
into separate sub-domains, where each sub-domain requires different levels of dis-
cretisation resolution and/or different length-scale constitutive models. The primary
motivation of concurrent multiscale modelling is (i) to adopt a localised complex
model for the regions of interest undergoing critical phenomena (such as plasticity,
fracture, complex microstructure, etc.) and not the entire domain; (i) to employ
different discretisation space for the regions of interest (ROI) and the surrounding
region; (iii) to avoid creating a complex large scale model, which is a time-consuming
task.

This thesis advocates utilising concurrent multiscale analysis based on CutFEM
technology [B]. We aim to extend the CutFEM technology, as a fictitious domain
method, for concurrent multiscale modelling of the heterogeneous structures under-
going linear elasticity, plasticity and fracture behaviours. Herein, the motivation is
(i) to emulate the main advantage of the CutFEM in seamless and mesh-independent
modelling of complex geometries within our microscale region and then employ a ho-
mogenised model in the macroscale region; (ii) to adopt different discretisation
space for the micro and macroscale regions, and investigate the CutFEM framework

performance for the micro/macro concurrent coupling,.

State of the art. One of the main challenges of the concurrent multiscale methods
is choosing an appropriate coupling technique for linking the corresponding sub-
domains. In the literature, several types of concurrent multiscale methods have
been proposed that are mainly distinct in terms of their coupling approaches. We
categorise these approaches into two groups of overlapping and non-overlapping. As
shown in Figure , in non-overlapping approaches, two sub-domains (the microscale
and macroscale sub-domains are denoted by €, and Q a4, respectively) are connected
via a sharp interface I', while in overlapping approaches, the two sub-domains are
partly overlapped and coupled over Q7 (shown by yellow colour).

In non-overlapping techniques, also referred to as interface coupling, the coupling

operators are implemented across the interface I', which is typically done by Lagrange
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multipliers or Nitsche’s method to enforce the continuity and compatibility conditions
over the interface. In the Lagrange multipliers approach, extra unknowns are added
to the system of equations associated with the Lagrange multipliers that increases
the computational efforts [6]. The Nitsche’s method, on the other hand, introduces
a symmetric formulation that stabilises the bilinear form using a penalty term that
must be sufficiently large and imposes the interface conditions weakly [7, [8]. The
s-method [9] and the mortar method [10] are popular examples of non-overlapping
coupling techniques that have demonstrated acceptable precision and efficiency in
coupling various models with similar or different length scales.

The overlapping techniques, on the other hand, employ a surface coupling in-
stead of the interface coupling to connect the different sub-domains, which is shown
to reduce oscillatory irregular numerical solutions fields in their transition region
Qr. These oscillations are ubiquitous when linking subdomains with different length
scales such as continuum-atomistic [I1], 12} 13] and continuum-molecular |14, [15].
However, this technique has also been demonstrated to be efficient for continuum-
continuum problems [16]. The well-known examples of overlapping methods are
the Arlequin method [I7, [18], the bridging domain method [19, 20] and the works
developed by [21, 22, 23].

Another challenge in concurrent multiscale methods is the discretisation of the
computational domain, including the inside of sub-domains and the interface sepa-

rating the sub-domains. This is crucial in particular when
e one deals with structures that own complex microstructures,

e the ROI is non-stationary or time-dependent, and the corresponding I' or p

alters during the simulation.

An efficient and robust approach for the discretisation of such problems is utilising
a non-conforming method. Non-conforming or unfitted discretisation techniques in-
tend to decouple meshing from geometry for problems involving embedded interfaces
or complex geometries. This feature alleviates the remeshing necessity, which is a

common issue in the context of fitted methods such as the finite element method
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Figure 1: Various coupling techniques in concurrent multiscale methods: (a) non-overlapping tech-
nique and (b) overlapping technique. The microscale and macroscale models defined over €, and
Q. Tespectively, are coupled either across an interface I' with non-overlapping techniques or over
a overlapping region 27 with overlapping techniques.

(FEM). However, the majority of previous concurrent multiscale methods were de-

veloped within fitted discretisation techniques.

In general, interface problems are covered by two categories of unfitted discretisa-
tion methods. The first group deals with embedded interfaces, such as cracks, while
the second group focuses on immersed boundary modelling that aims to treat complex
geometries in an arbitrary way. The extended finite element method (XFEM) [24]
is probably the most well-known example of the first group that adds extra degrees
of freedom for the intersected elements and employs suitable enrichment functions
(such as Heaviside function) within the partition of unity method to account for
discontinuities implicitly, in the solution field (instead of modelling the geometry of
discontinuity explicitly, as done in the . The XFEM has been applied to a wide
range of problems in computational mechanics, including different types of fracture

problems in full scales. But in the context of concurrent multiscale analysis, it has
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been mainly used to represent cracks inside local sub-domains, see for instance [25].

Later on, authors in [5] proposed the CutFEM, which is considered as a gener-
alisation of the XFEM for immersed boundary modelling. However, the enrichment
technique in the CutFEM is different from the one used in the XFEM. In the Cut-
FEM, an extra element is added to the element cut by interface; where each of the
double elements represents different sides of the interface. Then, the overlapped
elements are glued together with the Nitsche’s method. Unlike the XFEM, which
struggles with singularity issues when the interface intersects an element by being
very close to its node(s), the CutFEM can handle such cases smoothly. This is
due to the regularisation terms [26] that CutFEM implements in the formulation of
cut elements. It is worth mentioning that the CutFEM without regularisation was
originally proposed by [27] for linear elasticity problems.

The literature on CutFEM, similar to XFEM, is vast. Here, we will solely focus on
the area of domain decomposition and multiscale modelling, as a thorough literature
review is done in chapter 1. One of the most relevant works in this area is carried
out by authors in [28], who developed a multi-mesh framework based on CutFEM
for multi-component structures. In their methodology, each component of the large
structure is meshed separately while each mesh is allowed to overlap the CutFEM
fixed background mesh arbitrarily. Their method allows the CutFEM background
mesh to be intersected by more than one interface (corresponding to the overlapped
meshes) simultaneously. They use Nitche’s method to enforce interface conditions in
the intersected elements. In the context of concurrent multiscale modelling, however,
to the author’s best knowledge, there are no published papers by other authors using
the CutFEM technique.

This thesis aims to extend the CutFEM for concurrent multiscale modelling of
heterogeneous materials. The CutFEM represents the microscale geometry, which
can be expressed in terms of an analytical distance function or a given surface mesh.
In this thesis, we present two novel concurrent multiscale methods; each one features
a novel coupling strategy for linking microscale and macroscale models.

In the first strategy, we adopt a mixing technique over a single computational

mesh, which is refined in the ROI and coarse elsewhere. The mixing technique al-
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lows us to mix or couple the microscale and macroscale models in their transition
region Qr (a region where the two models are overlapped). This type of coupling
strategy belongs to the class of smoothened overlapping methods, such as Arlequin or
the Bridging Domain Method. In this technique, we intend to avoid the two common
challenges mentioned previously associated with the concurrent multiscale modelling.
To do so, we perform the glueing procedure "naturally", using a smoothening weight
function to take an average of the microscale and macroscale models in their Qr,
which we refer it as a smooth interface. In our multiscale framework, the smooth
mixing strategy is inspired by the Arlequin method. However, contrary to the Ar-
lequin mixing strategy, we do not cross and glue a high resolution mesh to the
underlying mesh. Instead, we use a level set function over a single background mesh
to define the (2. Then, we blend the two scales in the elements inside the 7. We
demonstrate the efficiency of our framework for linear elasticity (chapter 3) and for
phase-field fracture (chapter 4) problems.

In the second strategy, we propose another concurrent multiscale framework com-
prised of microscale and macroscale models that are separated with a sharp interface
(instead of the smoothed interface in the first strategy). Here, we deal with two
types of interfaces, including the interface representing the microstructure geometry,
and the second interface separates the microscale model with microstructure from
the surrounding homogenised macroscale. In this multiscale framework, we use Cut-
FEM for two outstanding purposes. First, we represent the microstructure in €2,
using CutFEM. Second, we discretise the micro-macro interface with CutFEM, which
allows it to intersect the background mesh and microstructure interface arbitrarily.
We treat the stability of the corresponding intersected elements by ghost penalty
regularisation. This framework has been applied to problems with linear elastic and

elasto-plastic behaviours.

Outline of the thesis. The structure of the thesis is as follows: Chapter|l|presents
a literature review for the implicit frameworks for solving interface problems including
unfitted domains and embedded interfaces.

Chapter [2| discusses different types of homogenisation techniques and domain
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decomposition methods available in the literature of computational mechanics.

Chapter [3] shows the smoothed concurrent multiscale algorithm for 2D and 3D
heterogeneous structures and presents the numerical results at the end of chapter.

Chapter [fis comprised of two parts. The first part applies the proposed smoothed
concurrent multiscale framework for phase-field fracture problems. In the second
part, within an inverse problem framework, different homogenisation aspects of the
phase-field problems are investigated.

Chapter |5 presents a novel multiresolution formulation based on CutFEM for
concurrent multiscale modelling and the corresponding numerical results.

Chapter [6] summarises the main contributions proposed in the thesis and suggests

future studies.
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Chapter 1

Implicit interface PDEs solvers

1.1 Introduction

Many complex physical phenomena in scientific and engineering problems can
be described through Partial Differential Equations (PDES), such as structural and
material behaviours, fluid-structure interaction and multiphysics diffusion problems.
Finite element method is deemed a robust numerical tool for solving PDEs.
In the FEM, the governing PDE is discretised over the computational domain with
elements that have a simple shape. The classical version of FEM requires a mesh
that conforms or fits to the geometry of the physical body and small elements in
the regions where the solution is less smooth. A schematic presentation for the
conforming (fitted) FEM is shown in Figure [L.Th.

Constructing an accurate geometry and the corresponding meshing for prob-
lems with complex architecture and/or moving interface is a time-consuming task
and makes the modelling stage with the classical FEM more cumbersome. For in-
stance, crack propagation, laser ablation and tumour growth are the common time-
dependent problems that need to update the initial mesh configuration during the
simulation. Recent advances in high resolution imaging techniques have provided
an invaluable tool for explicitly modelling problems mentioned above. They propose

a simulation framework comprised of high resolution volumetric images embedded
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Figure 1.1: Computational meshes; a) fitted FEM and b) unfitted FEM.

in the FEM, which take into account the actual architecture during the simulation.
Within this context, Voxel-Based FEM is considered a common approach
proposed by [29] that generates conforming (fitted) finite element meshes with re-
spect to the pixel values. VBFEM is applied successfully for problems in biome-
chanics [29, [30], material science [31], and solid mechanics [32]. Using VBFEM has
the advantage of straightforward construction and bypassing the image segmentation
stage [33], B4]. However, all these advantages are still subject to high computational
costs (due to the fine mesh usage and remeshing), which limits the robustness and

tractability of the approach when dealing with large-scale structures.

Despite the advantages of fitted FEMs in handling a wide range of problems
with complex geometries and boundary conditions, alternative approaches are also
available in the context of unfitted FEMs. Figure illustrates a typical compu-
tational mesh used for arbitrary domains with unfitted FEMs. Unlike fitted FEMs
(shown in ) where the mesh conforms to the actual physical geometry during

the simulation, the unfitted FEM allows interfaces representing the geometry to cut
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the elements in an arbitrary way. However, the cut elements in the unfitted FEMs
require advanced numerical techniques, which will be discussed in the remainder of
this chapter.

This chapter deals with a literature review on various unfitted FEMs that cover
two categories of problems: (1) unfitted domains and (2) embedded interfaces. In
section we will discuss the well-known unfitted FEMs for the unfitted domain
problems, namely the cut finite element method [5], finite cell method
[35], cartesian grid finite element method [36]. For the second

category, in section [I.3] we will have a review of the extended finite element method
[24], strong discontinuity method [37, B8] and CutFEM. Besides,
in the last section , we will review briefly a popular implicit fracture approach
called the phase field method [39, [40].

1.2 Unfitted FEMs for arbitrary domains

Due to the limitations and lack of flexibility of fitted FEMs in modelling time-
dependent and complex geometries that require time-consuming geometry construc-
tion procedures, several unfitted FEMs have been proposed to handle these issues
during the last few decades. As shown in Figure [I.Ip, an immersed boundary mod-
elling is the main feature of unfitted FEMs that are intended for such problems.
In all unfitted FEMs, the aim is to decouple geometry construction from meshing.
However, within unfitted approaches, the elements intersected with the boundaries
require more versatile numerical algorithms to guarantee the accuracy of the solution
field and robustness of the numerical method. The following will discuss the well-
known unfitted FEMs for arbitrary domains, including CutFEM, FCM and cgFEM.

1.2.1 Cut Finite Element Method

CutFEM, as a fictitious domain method, aims to facilitate the computations
of complex and evolving geometries [41] [5, [42]. The method is originated from the

unfitted FEMs that are based on Nitsche’s method and boundary stabilisation terms,
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see for instance [0, 43, 41}, 27, 44, [45]. The CutFEM presents the computational
domain over a fixed background mesh, letting the interface corresponding to the
domain cut through the mesh freely. In other words, it decouples the geometry of
the physical problem from the finite element spaces and the background mesh. The
main idea behind this method is to define the PDE and the geometry by the FE
variational form. It is worth noting that the idea of computation and updating the
geometry in the discretised formulation tremendously reduces the preprocessing costs

of the meshing.

In CutFEM, a common interface tracking approach employed is the Level Set
Method which has been developed for several complex problems in the compu-
tational mechanics community, including laser ablation [46], neuro-cell morphologies
[47], contact problems [48] and two-phase fluids [49]. There are also other track-
ing methods have also shown promising results when coupled with the CutFEM,

including boundary meshes [50] and fast marching method [46].

The level set functions let us compute the intersection of the fixed background
mesh with the interface I'(t) in a straightforward manner. This allows CutFEM to
accurately track moving complex boundaries/interfaces without stability issues in
2D and 3D simulations. A schematic representation of I'(¢) is shown in Figure

In the LSM, a function ¢(z,t) is applied to the space where the interface exists,
where x denotes a point in the space and t is time. Signed distance function is a
common type of function used in the LSM, in particular to ensure that 1 is not too

flat or too steep near I'. The signed distance function is defined as

¢(x) = ||lz — wr| sign(nr - (z — 1)) (1.1)

where zrp is the closest point projection of x onto the discontinuity I', and nr is
the normal vector to the interface at point xp. In this definition, ||| denotes the
Euclidean norm, where ||z — || specifies the distance of point z to the discontinuity
I'. By using the signed distance function in our LSM, the interface I'(¢) is defined by
¢(x,t) = 0, while the exterior and interior points are given respectively by ¢(z,t) > 0
and ¢(x,t) < 0.
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Figure 1.2: Schematic presentation of 2D level set functions at various times over the fixed back-
ground mesh Q".

Aside from the efficient geometry description, the method ensures the stability
of its discretisation technique by implementing ghost penalty regularisation terms
in cut elements [26]. The terms are acted on the jumps of functions over the cut
elements’ edges. Authors in [51] show that similar stability as for the ghost penalty
can be achieved with optimal approximation properties. This technique modifies the
finite element space close to the boundary and extends it from the stable interior

elements over the boundary in a stable way.

The enrichment strategy in CutF'EM is based on an overlapping technique applied
to intersected elements. In this enrichment method, for every element intersected by
the interface, an extra element is added that overlaps the original element, and they
represent two different solution fields from different sides of the interface. In this
way of enrichment, the degrees of freedom in the cut elements are doubled. Any
form of discontinuity in the solution field, including jumps and kinks, occurs without
directly changing the stiffness matrix. Authors in [52] show that such enrichment
can be reproduced with another well-known unfitted FEM called XFEM. CutFEM
conventionally uses Nitsche’s method for glueing together the overlapped domains
and enforcing boundary conditions.

The Nitsche’s method proposed originally by [53] is a variationally consistent
method for enforcing Dirichlet boundary conditions weakly and has been used ex-

tensively for interface problems over the last two decades. It proposes a symmetric
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formulation and stabilises the bilinear form using a penalty term that must be suf-
ficiently large. Recently, [54] employed a nonsymmetric version of Nitsche’s method
for elliptic interface problems. They showed that their technique does not require
sufficiently large parameters to guarantee stability, unlike the symmetric Nitsche
method. However, in this thesis, we will use a symmetric version of the Nitsche for
enforcing the interface conditions.

The CutFEM technology is applied for a range of weak discontinuity problems,
such as unilateral contact [48], multiphysics phenomena [55, 56, 46], porous media
flow [57], and fiber-reinforced composites [58|. It has also been recently developed for
modelling multi-component structures using different meshes for each component by
[59, 60], where multiple meshes can overlap over a fixed background mesh arbitrar-
ily, and the intersected elements are regularised with the ghost penalty technique.
CutFEM for fluid-structure interaction problems is another main application of the
method that significantly reduces the burdensome of generating high quality meshes
required with conventional methods such as arbitrary Lagrangian-Eulerian (ALE]);

see for instance, the work done by [61].

1.2.2 Finite Cell Method

The initial FCM proposed by [35] can be interpreted as a combination of a ficti-
tious domain approach with high order finite element methods. The method employs
high order elements for the cut elements with interfaces, which are decomposed into
adaptive sub-elements. A large number of quadrature points are aggregated around
the immersed boundary, allowing to resolve the discontinuity in the integrands of the
variational formulation. Similar to the CutFEM, the physical domain is embedded
in a geometrically larger domain that is discretised with structured mesh. However,
the method has also been tested successfully with unstructured tetrahedral [62] [63]
and polygonal meshes [64].

In FCM, the fictitious part of the computational domain is considered as a soft
material which makes the discretisation of the embedding domain with standard

FEM possible. The fast convergence to an accurate result, however, is due to the
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fact that a high order Ansatz space is used [65]. The dense distribution of integration
points serves to capture the boundary, as in level sets, and to increase the accuracy of
integration over cells independent of the physical domain. The stabilisation analysis
of FCM with Neumann and weakly forced Dirichlet conditions are carried out by [66]
and [67], respectively.

The method has successfully been applied to a wide variety of applications, for
instance, in solid mechanics [68], structural analysis [69], and fluid-structure interac-
tion [70].

1.2.3 Cartesian Grid Finite Element Method

The cgFEM is another so-called unfitted FEM introduced for solving elasticity
problems with arbitrary domains over a mesh made up of regular quadrilateral ele-
ments in 2D [36] or regular hexahedral elements in 3D problems [71]. This way of
discretisation, which employs similar elements in the mesh, yields several computa-
tional advantages. Firstly, the similarity of elements helps to use the same integrand
for the integrals of all elements by only scaling the obtained ones in a reference
element. Secondly, in this method, using h-refinement leads to less computational
costs as the projection of information between different mesh sizes is practical and
straightforward.

Another main advantage of cgFEM is that it can consider the computer aided
design geometry for numerical integration. This makes cgFEM a suitable
method to improve the gap measures. For instance, see [72] [73] for the application
of the cgFEM in image-based structural analysis. The cgFEM is applied successfully
for various problems in computational mechanics, including contact mechanics [74],
plasticity [75], large deformation [76], and optimisation [36].

Similar to the FCM and the CutFEM, cgFEM deals with a fixed background
mesh over " and a computational domain over € in which the mesh does not need
to conform the geometry under the following condition: Q" C Q. However, unlike
classical versions of the FCM and the CutFEM that use triangular elements, the
cgFEM employs quadrilateral elements in the background mesh [36]. As shown in

7
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Figure[L.3] they apply distinct discretisation techniques for dealing with the arbitrary
domains. In the CutFEM ), the cut elements are stabilised by the ghost penalty
regularisation, particularly when the interface is close to a node and only a tiny
portion of the cut element is left. In the FCM (L.3p), the cut elements are enriched
with higher order elements where a softer stiffness is employed for the fictitious part
of the domain to maintain the accuracy of the method. In the cgFEM ), the
cut elements are hierarchically refined if the true geometry is not embedded in the

Cartesian grid.
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()

Figure 1.3: Schematic presentation of domain discretisation for different unfitted FEMs; a) Cut-
FEM, b) FCM and c) cgFEM.
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1.3 Unfitted FEMs for embedded interfaces

In recent decades, we have seen the development of classical FEM to geometri-
cally unfitted FEMSs, which cover problems with embedded interfaces such as cracks
and shear bands. XFEM and SDM are well-known examples of such developments
[37, 138]. These methods aim at decoupling geometry from meshing by enriching the
solution field when required. Therefore, the conventional way of modelling any form
of discontinuity (e.g. jumps or kinks) in the mesh in an explicit way is replaced
with an implicit approach where the solution field is enriched with suitable enrich-
ment functions over a fixed mesh. From a computational standpoint, the unfitted
approaches permit an accurate description of the solution fields while saving a large
number of degrees of freedom in comparison to the standard low order boundary-
fitted techniques. These certainly explain their current popularity in the computa-

tional mechanics community for analysing complex problems.

The idea of enrichment technique was originally proposed by [77] that was able
to deal successfully with the strong discontinuity with FEM. The method, which is
assumed in the class of embedded elements, captures strong discontinuities in FE
to improve the resolution of shear band localisation. In their method, additional
DOF, due to localised deformation modes, are eliminated at the element level by
static condensation. Based on this idea, [78] proposed a method to model strain
localisation by imposing two parallel weak discontinuity lines in a single element
so that the element was able to contain the band of localised strain. One of the
distinct differences between these two methods is that the width of the localised
band is smaller than the mesh size in the method proposed by [78]. In contrast, the
localisation bandwidth is of the same size as the mesh size in the method by [77], and
a very fine mesh was required to resolve the localisation band. In further work, [79]
proposed a method based on displacement interpolated embedded localisation lines,
which was insensitive to mesh size and distortions. This method was much more
flexible than schemes that allow discontinuities only at element interfaces and was
used easily to model the crack growth without remeshing. The idea was similar to the
XFEM, which was developed a decade later by [80]; in fact, the embedded elements

10
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introduce additional unknowns into the variational formulation. The XFEM has
been proposed in modelling strong discontinuities from the earliest studies of the
technique by [24 [§T].

Another innovative method was also proposed by Hansbo and Hansbo [27] for
modelling strong discontinuities, where the approximation was constructed from two
different fields. In their method, the crack kinematics was obtained by overlapping
elements instead of introducing additional degrees of freedom. The idea was based
on the superposition of an additional element to the element cut by the disconti-
nuity in order to construct the enriched displacement field. [82] presented that the
Hansbo—Hansbo method can be derived from the standard XFEM technique by using
a linear combination of the XFEM basis.

In the following, a review of the XFEM, SDM and CutFEM as popular unfit-
ted FEMs for modelling discrete cracks will be presented. Then, the well-known
phase field method as an implicit approach for modelling fracture problems will be

introduced.

1.3.1 Extended Finite Element Method

The XFEM was initially introduced by [80} 24] for fracture problems. The method
was developed based on the mathematical basis of the partition of unity finite ele-
ment method proposed by [83] that allows new capabilities while keeping
the main advantages of FEM. In fact, with XFEM, we can model discontinuities or
singularities in the solution field by introducing an appropriate set of enrichment
shape functions while preserving the original geometry and mesh configuration. The
conventional FEM requires a suitable mesh to preserve the accuracy when disconti-
nuity or singularity happens in the solution field, for instance, the crack propagation
in three dimensions, which is an arduous task. However, the XFEM can handle these
situations over a fixed mesh using an appropriate enrichment function.

XFEM augments the FEM space with enrichment functions within the framework
of the partition of unity method (PUM]). The method adds additional degrees of free-

dom to the nodes close to the strong discontinuities and singularities and implements
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enrichment functions locally to the conventional FEM approximation space [84]. The
jump in the solution field is conventionally referred to as the strong discontinuity that

can be considered a crack.

Apart from the extensive applications for fracture analysis (involving cracks en-
forcing strong discontinuity and singularities in the solution field), XFEM has also
been successfully applied for arbitrary/moving domains. For instance, Sukumar et
al. [85] developed new enrichment functions for modelling holes and inclusions and
Chessa and Belytschko in [86] applied XFEM for two-phase flow with surface tension

effects.

Coupling the computational methods related to tracking moving boundaries, such
as the LSM, with the XFEM has created a powerful tool for simulating complex
time-dependent geometries. The XFEM lets us represent the geometry in a mesh-
independent fashion, and the level set technique simplifies the selection of enriching

nodes and their implementation.

The first implementation of coupled XFEM and LSM in the modelling of voids
and inclusions was performed in [85], where the LSM is used to represent the location
of voids, inclusions, and material interfaces. Later, [87] used this technique to model
micro structures with complex geometries and to present the capability of the model
for the homogenisation of periodic basic cells. The method has also been applied for
nano-materials by [88] to calculate the overall elastic properties of nano-materials
with nano-scale interface effects and to determine the size-dependent effective elastic
moduli of nano-composites with randomly distributed nano-pores. According to [89],
the coupled XFEM and LSM technique has proven to be a suitable framework for the

numerical homogenisation of heterogeneous materials with complex microstructures.

In the last two decades, the XFEM has been applied to a wide range of problems
in computational mechanics, including contact mechanics [90], cracking [91], shear
bands [92, 93], 04], damage [95], 06], multiscale [97, O8] and multiphysics [99] 100, [TOT].
The efficiency and popularity of the XFEM led it to be used in industrial problems
as well, which has been implemented by famous companies such as LS-DYNA and
ABAQUS.

12
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1.3.2 Strong Discontinuity Method

Authors in [102] proposed an assumed enhanced strain framework to en-
hance the strain field for the elements showing locking due to their lack of bulk
incompressibility and bending. The main motivation for the invention of AES was
to treat elements with localised deformation. This framework was the basis of devel-
oping the strong discontinuity method (SDM), which is now considered as a popular
unfitted FEM for interface problems.

The SDM was presented by Simo, Oliver and Armero [37] for modelling strong
(displacement) discontinuity by taking into account the softening constitutive law
and the interface traction-separation relation. Here, the displacement field is com-
prised of regular and enhanced components, while the enhanced term leads to a jump
along the discontinuity interface. The SDM adds no additional degrees of freedom to
the localised elements, which is achieved by the static condensation technique. The
static condensation is used to eliminate the need for the element enhancement before
the global assembly; therefore, no additional degrees of freedom are introduced into
the global equation system. Moreover, the application of the static condensation for
the constant strain triangular elements led to the well-known Galerkin embedded

strong discontinuity method by [103].
The differences between the XFEM and SDM have been investigated by the

[104, 105, [1]. The main distinction originates from their enrichment methods, where
the XFEM enriches the nodes while the SDM enriches the element. The schematic
presentation of the two methods of enrichment is presented in Figure [I.4, We can
conclude that the enrichment in the SDM leads to fixed global unknowns, while the
XFEM yields increasing global unknowns.

The SDM has gained considerable attention in the last two decades for modelling
weak and strong discontinuities. Different fracture mechanisms have been developed
within the SDM, including traction-opening [106], traction-sliding [107] and traction-
closure [I08]. The method has also shown promising results for various 2D and 3D
simulations under quasi-static, dynamic, cycling and impact loading regimes, see for
instance [109, 110].
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0 nﬁ)}d - S e enriching d.o.f. S
support of the enriching modes

Figure 1.4: Schematic presentation of enrichment methods by the SDM (a) and the XFEM (b)
reprinted from [I].

1.3.3 Cut Finite Element Method

CutFEM, as a generalisation of the XFEM, aims to handle not only arbitrary
domain problems but also problems with sharp interfaces such as cracks. As discussed
earlier, unfitted FEMs use enrichment techniques to apply the interface conditions
for the intersected elements. Within the CutFEM enrichment, an extra element
is added for the elements intersected by the crack interface, leading to a doubled
degree of freedom in the cut elements. Then, the interface condition is enforced by
Nitsche’s method for the overlapped elements. Here, proposing an extra element for
the cut element (each element representing different sides of the interface) leads to
the enrichment of the solution field. This differs from the other popular unfitted
FEMs, such as XFEM, where an enrichment function, such as the Heaviside step
function, is typically employed for the intersected element to capture the jump (i.e.

crack opening) in the field.

The CutFEM has been applied for the fracture problems in [5, 27|, limited to
the linear elasticity. Recently, [I11] developed the CutFEM for cracks and contact
problems within a large deformation regime. However, the CutFEM is still under-
developed for complex interface problems. For instance, it can be developed for
other fracture mechanisms, such as crack closure and sliding and weak discontinuity

problems, such as strain localisation.
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1.4 Phase Field Fracture Method

The computational modelling of fracture constructs a framework not only to
predict the failure of cracking structures but also to explain the fracture nature in
different materials. Brittle and ductile fractures are two prevalent failure mecha-
nisms studied in computational mechanics. Ductile fractures are characterised by
large plastic deformations, while in brittle fractures, little or no plastic deformations
are perceived, and failure occurs rapidly [I12]. In this thesis, we focus on the com-
putational modelling of brittle fracture as a predominant failure mechanism in many

heterogeneous media such as concrete, bone, or composites.

In the literature, there are two main approaches available for modelling the brittle
fracture; a discrete crack approach and a smeared crack approach. In the former, the
crack is interpreted as a sharp interface, and its fundamental theory was presented by
Griffith [113] and Irwin [114] for linear elastic fracture mechanics (LEFM]). The sim-
ulation of discrete crack initiation and propagation is carried out explicitly by several
unfitted FEMs such as XFEM [24], generalised finite element method [115],
extended isogeometric analysis [TT6], cohesive zone method [117],
and SDM [102]. In the second approach, the crack surface is treated as a diffuse
entity through a scalar variable named as damage field. Here, the cracked material
is considered a continuum that undergoes a strain-softening phenomenon. While
discrete crack approaches provide a physically appealing way to introduce fracture
in numerical simulations, the complications that arise when describing phenomena
like crack branching, coalescence, and curved crack boundaries tend to favour the use
of the smeared crack approaches. The main limitation of the smeared approaches is
their pathological mesh size dependency, which can be alleviated by enhancing their

constitutive models, for instance, with enhanced gradient terms [118].

Phase field fracture models, sometimes referred to as smeared crack /damage mod-
els, consider the initiation and evolution of crack interface through a PDE defined
in terms of the phase field parameter. This scalar parameter can vary from 0 to
1, where the value 0 represents an intact region and the value 1 is a fully cracked

material. The application of the phase field for fracture problems was proposed for
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the first time by Francfort and Marigo [119], who developed a variational framework
to approximate the classical Griffith theory of energy used in brittle fractures. Later,
[120, 121, 39, [40] regularised the variational formulation of Griffith energy introduc-
ing length scales to address the mesh dependency issues and called it the phase field
method.

The main advantages of the phase-field method over previous methods are its
ability to capture crack initiation without the necessity of additional ad-hoc crite-
ria and simulate complex crack propagation with branching and coalescence. The
phase-field method gains these advantages by translating the discrete problem with
constraints into a continuous problem that can be solved through PDEs using con-
ventional FEM. Therefore, it requires less implementation burdensome in comparison
to the other methods. For further information on various implementation techniques

for the phase field method, we refer to the recent review paper by [122].

The phase field method that was initially applied for brittle fractures has subse-
quently been tested for other types of fractures, including ductile [123], [124], cohesive
[125, [126], 127] and dynamic fractures [128] [129].

1.4.1 Phase field modelling of brittle fractures

In the context of brittle fractures, different phase field models have been devel-
oped. The well-known and widely implemented second-order phase field models are
AT1 [130], AT2 [121], [40] and phase field-cohesive zone model (PF-CZM)[131]. AT1
and AT2 models use a simple quadratic degradation function that are applicable for
brittle fracture, while PF-CZM employs a rational degradation function with mul-
tiple user-defined parameters to calibrate a traction-separation law. Moreover, the
PF-CZM can be used for both brittle and cohesive fractures.

AT1, AT2, and PF-CZM are the well-known phase field fracture models that
have been used for not only brittle fracture but also more complicated cases, such as

dynamic brittle [132], anisotropic fracture [I33], multiphysics fracture [134].
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1.4.2 Adaptive meshing techniques for phase field fracture

A major bottleneck of the phase field method is its huge computational costs
when dealing with large-scale real-world fracture problems. This is mainly due to
the steep gradient of the damage profile produced by the phase field method, which
naturally demands refined elements to obtain a spatially converged solution. A
common approach for breaking this bottleneck is to refine mesh adaptively in the
cracked regions. However, because of the progressive nature of the fracture problems,
the mesh adaptivity has to be based on a sophisticated algorithm.

In the literature, there are several mesh-adaptivity techniques have been pro-
posed for phase field fracture models. According to [I35], the adaptive phase-field
approaches are categorised into global and local. In the global methods, prior knowl-
edge of the crack path is required to refine the mesh before computations, while in
the local methods, the crack path is not known, and the refinement is carried out
during the crack evolution [I36]. Within the local methods, a damage-based error es-
timate algorithm is a common approach employed by [137]. However, this approach
requires a non-zero damage value to initiate the mesh refinement, which is considered
error-prone.

Authors in [138] [139] developed the idea of goal-oriented error estimates for mesh
adaptivity [140] for phase field fracture models. They showed that the error estimate
based on a local quantity of interest is an effective choice for phase field problems.
[141] developed a hybrid multi-level mesh adaptivity to avoid hanging nodes by
adding triangular elements to the quadrilateral mesh. However, their approach is
difficult in terms of implementation and not efficient due to its huge computations.
[142] constructed a local adaptive mesh refinement approach within a multiscale finite

element framework.

1.5 Conclusion

In conclusion, this chapter has provided a comprehensive literature review on

various unfitted FEMs, which have been developed to address the challenges of com-
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plex geometry and moving interfaces. These methods aim to decouple the geometry
construction from meshing, and they permit an accurate description of the solution
fields while saving a large number of degrees of freedom compared to explicit ap-
proaches. The well-known unfitted FEMs for arbitrary domains include CutFEM,
FCM, and cgFEM, while XFEM and SDM are examples of unfitted FEMs for em-
bedded interfaces. The discussion of these methods highlights the importance of
versatile numerical algorithms to guarantee the accuracy of the solution field and
the stability and robustness of the numerical method.

Furthermore, this chapter has presented the phase field fracture method as a re-
cently developed numerical framework for modelling fracture mechanics implicitly.
This method offers several advantages over previous approaches, including the abil-
ity to capture crack initiation without the need for additional criteria and simulate
complex crack propagation with branching and coalescence. Moreover, it requires
less implementation burden compared to other methods. Therefore, the phase field
fracture method has the potential to become a valuable tool for predicting and un-
derstanding the nature of fractures in different materials.

Overall, this chapter provides insights into various types of advanced discreti-
sation techniques for solving PDEs corresponding complex problems in the field of
computational mechanics, highlighting their strengths and limitations, and paves the

way for future research in this area.
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Multiscale methods for

heterogeneous structures

2.1 Introduction

Some materials in engineering and biology, such as composites, cements, bones
and tissues, possess highly heterogeneous structures at certain length scales. While
employing direct numerical simulations at a fine scale provides accurate and detailed
results, they are expensive to measure and not tractable for large scale problems
due to their costly, complex computations. One common solution is the multiscale
simulations that enable us to take into account the essential length scales features
and behaviours with affordable computational costs and without compromising on
accuracy. In the multiscale methods, the microscale and macroscale models are
bridged in an appropriate way to take advantage of the macroscale models’ efficiency

and the microscale models’ high accuracy.

In problems where there is a strong coupling between different scales (wherein
the behaviour at one scale depends strongly on the behaviour of the other scales),
the microscale and macroscale models are typically solved simultaneously in an in-

tegrated model. Two primary classes of multiscale methods have been developed for
such cases: hierarchical methods and domain decomposition methods (DDME).
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Hierarchical methods, also known as homogenisation methods, aim to incorporate
the microscale behaviours into the macroscale solution across the entire domain.
These methods establish a connection between the two scales at the same location
within the domain. By integrating the microscale behaviours in the macroscale model
all over the domain, the hierarchical approach ensures a comprehensive representation
of the structure’s behaviour.

On the other hand, in DDMs, the communication between the two scales is car-
ried out with some type of handshake approach. In this approach, the heterogeneous
structure is divided into two subdomains. One subdomain, typically exhibiting homo-
geneity, is discretised with a coarse mesh, while the remaining subdomain accurately
captures the microstructure and microscale behaviour using a fine mesh.

In this chapter, our aim is to provide a comprehensive review of the prominent
multiscale modelling strategies applicable to continuum mechanics and fracture pro-
cesses. We begin by delving into the homogenisation technique, which forms the
basis of our discussion in section 2.2 In section [2.3.1] we explore the DDM within
the context of sub-modelling techniques. In the subsequent section , we delve
into another category of DDMs known as concurrent multiscale methods. Here, we
focus on an in-depth exploration of conforming (fitted) and non-conforming (unfit-
ted) discretisation techniques within the concurrent multiscale modelling. Lastly, in

section we review multiscale methods specifically tailored for fracture problems.

2.2 Homogenisation techniques

Over the last decades, a large body of literature on homogenisation techniques
has been developed to measure the effective/macroscopic properties of materials with
different microstructures. The microstructure characteristics can be identified based
on the type of micro inclusions, regularity of microstructure and the constitutive
behaviour. [143] proposed a self-consistent approach to calculate the effective prop-
erties of the microstructures that are comprised of a matrix and spheroidal inclusions.
The extensions of the self-consistent approach can be found in [144] for reinforced

composites, and [145] [146] for nonlinear material behaviours. For other types of mi-

20



Chapter 2 — Multiscale methods for heterogeneous structures

crostructures, whether regular or irregular, the effective properties can be calculated
via unit cells or representative volume elements (RVEs) with appropriate boundary

conditions.

Nevertheless, in the case of highly irregular microstructure, it is challenging to de-
termine the effective properties by the RVEs. For this reason, Voigt [147] and Reuss
[148] introduced a range of possible effective properties in terms of bounds. They
related the effective properties with the volume fraction parameter. Their frame-
works were later extended with the variational framework of Hashin and Shtrikman
[149], the mean-field homogenisation framework by Mori-Tanaka [150] and interface
problems by Babuska [I51].

Another class of the computational homogenisation method is called FE? [I52,
153] where the constitutive relation in the macroscale is governed point by point
by solving an RVE of the microscale. It is called FE? because it employs the FEM
to discretise both macro and micro scale boundary value problems. A fundamen-
tal assumption for the computational homogenisation methods is the separation of
scales. According to this principle, the scale of microstructural fluctuation in the
heterogeneous material (/,,) needs to be smaller than the scale of the RVE (l,,) and
again much smaller than the macroscopic solution field fluctuation .. We show the

corresponding schematic Figure in and formulation as,

The assumption mentioned above, however, is hardly satisfied for highly nonlin-
ear problems within the first order homogenisation. Regions of a high gradient of
deformation, strain localisation and damage are the common cases where the scale
separation is violated in the corresponding RVE. A common way out of this issue is
to apply enhancement techniques for the first order homogenisation to capture the
related softening phenomenon at the RVE level. Prevalent examples of such enhance-
ments are introducing additional degrees of freedom or high gradient terms in weak
formulation [154] I55]. Another common approach for such nonlinear problems is a

second order extension of the computational homogenisation, which is based on the
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strain localisation band
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Figure 2.1: Schematic presentation of different length scales for a 2D rectangular domain under
compressive load, with a strain localised band. e, denotes the effective plastic strain which is
accumulated in the grey zone.

assumption of the gradient of the deformation gradient. This extension was initially
introduced by [156] for moderate strain localised problems, then modified by [157] to
account for severe strain localisation using a new formulation for the macroscale de-
formation gradient tensor. Since then, several techniques have been proposed based
on the second order homogenisation discussing different ways for applying macroscale

kinematic variable on the RVE undergoing softening, see for instance [158, 159, [160].

2.3 Domain decomposition methods

Domain decomposition methods (DDMs) tackle the modelling challenges of large
structures undergoing complex phenomena in a different way [I61]. The basic idea
of applying DDMs for structures made of heterogeneous materials is to divide the
computational domain into two subdomains: one subdomain (discretised by a coarse
mesh) response is usually homogeneous and elastic, and the other subdomain (dis-
cretised by a fine mesh), the response is typically nonlinear exhibiting intense plastic

deformations and/or fracturing processing.
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The DDMs are not necessarily related to multiscale analysis, but they are utilised
for modelling large scale problems that often own complex heterogeneous properties.
For the interface between the subdomains, the condition of either displacement con-
tinuity ([162]) or traction continuity ([163]) is imposed.

In the following two categories of DDM are discussed: Sub-modelling method
and concurrent multiscale method, which are mainly distinguished in terms of the

method of solution of the subdomains.

2.3.1 Sub-modelling methods

In the context of DDMs, Zohdi et al. [3, 164} 2, 165] proposed a sub-modelling
method for the analysis of heterogeneous structures. This approach separates the
computational domain into macroscale and microscale subdomains while using the
macroscale solution as a boundary condition for the microscale subdomain. This
communication between scales is one-way and occurs from macroscale to microscale.
The subdomain problem’s boundary conditions can take the form of either displace-
ment or traction, which are computed by solving an inexpensive auxiliary boundary
value problem on a regularised microstructure.

A similar methodology, known as the LATIN method, was introduced by Ladeveze
et al. [166, 167]. Operating on a non-incremental iterative strategy, the microscale
solution is updated through a macroscale linear problem, and by means of interface
conditions. According to the LATIN method, it is required to solve the macroscale
problem over the entire domain at each iteration, along with the microscale problem
in the subdomain region. The approach relies on an appropriate search direction to
guarantee and expedite the global convergence.

However, when considering nonlinear constitutive behaviours and mechanisms,
the application of the sub-modelling method, where macroscale behaviour is im-
posed as an interface condition, can introduce inaccuracies into the solution of the
multiscale system. This becomes particularly challenging when dealing with the non-
linear phenomena extended to the interface, which makes the convergence of such

problems a difficult task. As a consequence, many researchers over the past two
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decades have focused on developing more flexible and versatile coupling techniques
between the two scales. One prominent development in this field is the use of con-
current solvers. In the literature, this group of DDMs is referred to as "concurrent

multiscale methods", and we will discuss them in detail in the following section.

2.3.2 Concurrent multiscale methods

According to [168|, when modelling heterogeneous materials with domain decom-

position methods, the main computational challenges that we encounter are

e utilising an appropriate coupling technique for linking the two sub-domains

with the same or different length scales,

e performing the spatial discretisation of the interface separating the two sub-

domains.

Here, we initially discuss various techniques to deal with the first challenge mentioned
above using concurrent multiscale solvers. The majority of these techniques were
introduced within conforming discretisation methods in their early developments. In
the following, we will also discuss the challenges and available methods for discretising

concurrent multiscale methods in a non-conforming fashion.

2.3.2.1 Conforming concurrent multiscale methods

Since the early development of the domain decomposition methods within sub-
modelling techniques, several concurrent solvers have been invented for coupling the
models with the same or different scales. In concurrent multiscale methods, we do
not, however, pass information between models. Instead, we couple the fundamental
quantities in the solution of each model, such as the displacement field.

The concurrent multiscale methods are categorised into two main groups based on
their coupling techniques: (1) overlapping and (2) non-overlapping. In the overlap-
ping concurrent multiscale methods, the two models with either the same or different

length scales are allowed to coexist in a finite overlapping region. Figure shows
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a typical overlapping region in concurrent multiscale methods, which is also referred
to as a transition region. This handshake technique shows acceptable efficiency for
coupling multiple models such as continuum-continuum [16], continuum-atomistic
[11), 12, 13] and continuum-molecular |14} 15|, which is demonstrated to reduce the
oscillatory irregular numerical solution fields over the transition region. The well-
known examples of overlapping methods are the Arlequin method [17, 18], the bridg-
ing domain method [19, 20] and the works developed by [21], 22] 23].

The non-overlapping techniques, in contrast, link the two models along a sharp
interface, also referred to as interface coupling [14], [169] (see Figure [1p). Therefore,
here, the coupling between the two models happens along an interface rather than
over an overlapped region. The s-method [9] and the mortar method [I0] are popu-
lar non-overlapping coupling techniques that have demonstrated acceptable precision
for coupling various models with the same and different length scales. It is worth
mentioning that for both overlapping and non-overlapping approaches, the inter-
face conditions are implemented in a framework of coupling operators, such as the
Lagrange multiplier approach [6] that is extensively used in the Arlequin method
[16, [170] and Nitsche’s approach [7, [§], which imposes interface conditions weakly.

In contrast to the mentioned coupling techniques that are all intrusive, Gendre
et al. [I71I] introduced a non-intrusive strategy for coupling global and local models.
In this approach, the local model is superposed over the global model without mod-
ifying it. All the computations for both models are performed with standard FEMs
and communicated with each other using an iterative algorithm. Recently, [I72] em-
ployed second-order homogenisation kinematics to improve the iterative algorithm
for highly localised problems. This approach has been successfully applied for various
global /local problems with crack propagation [173, [174], localised deformations [I75]
as well as multiscale analysis in time and space [25, [I76]. We also mention another
family of non-intrusive techniques based on hierarchical enrichment algorithm using
GFEM [I77]. Both families are computationally efficient for large-scale problems

with nonlinear phenomena occurring locally in small portions of the total domain.
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2.3.2.2 Non-conforming concurrent multiscale methods

The conventional conforming discretisation methods for concurrent multiscale
models impose outstanding computational costs in the pre-processing meshing stage,

in particular, when
e the heterogeneous material owns complex microstructure,

e the phenomenon occurring is progressive (such as crack propagation), which

requires the microscopic region (zoom) to be updated during the simulation.

These restricting factors can be easily tackled by employing suitable non-conforming
discretisation techniques. In the non-conforming concurrent multiscale methods,
the aim is to bypass the meshing of heterogeneous materials requiring local high
resolution fine scale models in the region(s) of interest (e.g. regions with cracks, strain
localisation) and low resolution coarse scale models elsewhere. Unlike conforming
methods, the computational mesh is decoupled from the geometry of the multiscale
model that is comprised of two types of interfaces: (1) the microstructure interface
for representing the microscopic inclusions and (2) the interface between two models
or micro-macro-interface.

This has several practical advantages. Firstly, the zoom interface that separates
the two models is not required to be meshed or aligned with the elements’ edges. This
helps to locate the zooms in the desired locations easily and facilitates their relocation
during the simulation, which is typical for time dependant problems. Secondly, the
geometry inside the zoom regions that usually possess heterogeneous properties with
complex microstructures is not meshed explicitly. These prominent advantages can
be utilised for stationary and moving zooms.

The early work of non-conforming meshes or interfaces is related to a domain de-
composition method proposed by [I78]. In this framework, the two meshes are linked
together over a non-matching interface based on the idea of employing elements with
modified basis functions that satisfy the interface discontinuity conditions. Later,
authors in [I79] developed for the first time a non-conforming version of the non-

intrusive global/local models [I7I]. They introduced a virtual interface framework
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based on radial basis functions interpolation and localised Lagrange multiplier that
demonstrated to effectively link global coarse meshes and local fine meshes in a non-
conforming way. On the other hand, [180] also introduced an overlapping technique
for the non-intrusive global/local models that could handle non-conforming meshes.
The fine local model comprises two sub-regions in their overlapping technique. The
first sub-region represents the region of interest where the local phenomenon hap-
pens, and the second sub-domain introduces an overlapping region responsible for
linking the two models in a non-conforming fashion. In the case of multi-component
structures, [59, 28] recently developed a non-conforming multi-mesh framework based
on the CutFEM, wherein each component is allowed to possess a separate mesh. The
framework allows a simultaneous overlapping of three or more meshes over a fixed

background mesh.

2.4 Multiscale methods for fracture problems

A fundamental understanding of fracture and failure phenomena requires small
length-scale simulations at dislocation cores and crack fronts, particularly when deal-
ing with heterogeneous materials. The fracture behaviour in these materials is typ-
ically dominated by the underlying microscale features, including the type of mi-
crostructure constituents. Besides, computational models at the macroscale with ho-
mogenised properties often result in inaccurate predictions of the fracture behaviour,
which accentuates the necessity of analysing such problems at the microscale level.
Nevertheless, as discussed earlier, employing a direct numerical simulation to such
heterogeneous structures with complex behaviours, including the fracture process at
the microscale, is not affordable in terms of computational costs.

For instance, in the case of the phase field fracture model, these costs may be far
beyond the capacity of computing machines. Compared with discrete crack mod-
els, the phase field method suffers from demanding extremely refined meshes in the
regions where the crack happens to resolve high damage gradients and maintain accu-
racy. Also, in brittle fracturing, where discrete cracks are prevalent, we require highly

refined elements to recover them through phase-field models, which creates a high
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computational burden, particularly in large models with engineering applications.

In view of this situation, a common approach to tackle the computational costs
of phase-field modelling is the multiscale frameworks [I81] [182]. Computational ho-
mogenisation is one of the primary multiscale methods that has been applied for
several fracture and damage problems in recent decades. However, due to the lack
of scale separation and high deformation gradient in the cracked/damaged regions,
the standard computational homogenisation is not a suitable choice. Later, [I83]
proposed a second-order homogenisation method to relax the scale separation as-
sumption in the critical regions by considering a linear variation of the deformation
field in the RVE. Their strategy can account for the size effects of microstructure
and allow for moderate localisation of macroscale deformations [184] [185]. However,
it is still inappropriate for fracture problems with high localised deformations.

The multiscale methods mentioned above are valid until two assumptions are
satisfied: (1) the separation of scales is prominent, and (2) an RVE can be well-
defined. Following these assumptions, an accurate homogeneous description of the
microstructures is inevitable. Despite that, when the microstructure is highly het-
erogeneous (the microstructure heterogeneities are not homogeneous), the effective
description is expected to be impacted by a coupled behaviour of the damage and
the microstructure. This restrains the above methods from accurately up-scaling the
information. Moreover, in the context of non-separated scales, a proper setup and
interpretation of fracture phase-field models in the presence of holes and inclusions
are still challenging and under-developing research topics. Recently, [186] proposed a
computational homogenisation framework to provide a more in-depth interpretation
of this topic. They follow the work by [187] to identify the different parameters of the
homogenised phase-field model by fitting a typical force-displacement response on a
heterogeneous model. In other words, they construct an inverse problem based on
microscale and macroscale phase-field models and then predict the macroscopic frac-
ture energy release rate. Their results show that the captured homogenised models
can correctly reproduce the crack path and force curve.

Apart from homogenisation techniques developed for the phase-field models, the

concurrent multiscale method is another family of multiscale methods that can deal

28



Chapter 2 — Multiscale methods for heterogeneous structures

with the high computational costs and tackle the above-mentioned homogenisation
barriers. The concurrent multiscale method is particularly appealing for problems
where the fracture occurs in a small portion of the domain. The method divides
the computational domain into macroscale and microscale subdomains. This way,
the scale separation assumption will no longer be needed as the critical regions are
modelled directly (explicitly) with a microscopic model. Recently, [I88] proposed a
concurrent multiscale method based on the s-version coupling technique for phase-
field modelling of structures with complex microstructures. They solved localised
phase-field problems with prior knowledge of the crack path and showed that the
s-version of concurrent multiscale modelling is accurate as long as the crack is kept

inside the microscale region.

2.5 Conclusion

In conclusion, this chapter provides a literature review on hierarchical multi-
scale modelling techniques for heterogeneous structures, with a particular focus on
homogenisation techniques and concurrent multiscale methods. The homogenisa-
tion techniques discussed in this chapter aim to calculate the effective properties of
materials by considering the characteristics of the microstructure. Self-consistent
approaches, unit cells, and representative volume elements are commonly employed
to determine these effective properties. Additionally, the computational homogenisa-
tion method is another famous technique which utilises the FEM to solve both macro
and microscale boundary value problems. However, these techniques face challenges
when applied to highly nonlinear problems with critical regions, such as localised
deformations, plasticity, damage, and fracture. To address these issues within ho-
mogenisation methods, enhancements are proposed such as second-order extensions
of computational homogenisation that has demonstrated to capture such complex
softening phenomena accurately.

Conversely, concurrent multiscale methods, a popular class of domain decomposi-
tion methods, offer an alternative approach to address the modelling of complex and

highly nonlinear problems. These methods partition the computational domain into
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macro and microscale regions, in contrast to homogenisation techniques that aim to
compute effective properties throughout the entire domain. By directly modelling
(or explicitly considering) the regions experiencing local intense nonlinear mechani-
cal phenomena, such as strain localisation, within the microscale region, concurrent
multiscale methods allow the remaining regions to be modelled using less computa-
tionally expensive macroscopic models. Furthermore, these methods can adaptively
update the size and location of microscale regions to capture progressive phenomena,
such as fracture propagation. However, selecting the appropriate microscale region in
concurrent multiscale methods can be challenging and may require robust techniques
for optimisation purposes.

In summary, each category of multiscale techniques has its own advantages and
drawbacks. The selection of the most suitable method should be based on the un-
derlying mechanical mechanisms, scale of the problem, and computational capacity
limitations. By understanding the strengths and limitations of these multiscale tech-
niques, researchers and engineers can effectively address the challenges posed by het-

erogeneous structures and highly nonlinear phenomena in computational mechanics.
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Chapter 3

Concurrent multiscale analysis with

smoothed micro-macro interface

3.1 Introduction

3.1.1 Motivation

As discussed in chapter [T} classical FEM is not efficient for problems with time-
dependent and complex geometries, which are prevalent features in microscale mod-
els. For such problems, we require mesh refinement and regeneration to maintain
the accuracy of solutions within the FEM. Nevertheless, it still might be problem-
atic when modelling large-scale problems due to the limited computational resources.
One common remedy is to replace FEM with fictitious domain methods such as the
CutFEM. As explained in chapter [I} in CutFEM, the geometry is decoupled from
the finite element mesh (background mesh), which facilitates the discretisation of the
problems with varying geometry and complex architectures. Then, the geometry is
defined in terms of an analytical signed distance function or a given surface mesh.
When dealing with large-scale structures, the signed distance function or surface
mesh of the model is projected over a multiresolution background mesh to gain a
balance between computational costs and accuracy. A refined mesh is adopted in the

regions where the microscale phenomena occur, which is also referred to as regions of
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interest (ROI) or "zooming regions", while a coarse mesh is used for the surrounding
region.

Using an adapted background mesh, however, is not always sufficient in the con-
text of CutFEM. In fact, a straightforward projection of the singed distance functions
over the adapted background mesh can give rise to the random appearance of geomet-
rical artefacts in the coarse mesh area. These geometrical artefacts with jagged edges
can create unrealistic stress singularity. Thus, in this chapter, the main motivation
is to alleviate this issue by developing a multiscale CutFEM framework.

In our multiscale framework, we replace the signed distance function description
in the coarse region with a homogenised domain. Then, we introduce a smooth
mixing technique to couple the fine microscale region (as the ROI) with the coarse
macroscale region. We use a smoothed interface instead of a sharp interface because
the arbitrary intersection of the porous domain by a sharp zooming interface can
result in bad conditioning for the assembled system matrix. Our smooth coupling
technique is based on a decaying weighted average function that takes the average
of the two models in their smooth interface.

In the following, we first discuss the drawbacks of the CutFEM with multireso-
lution meshes. Subsequently, we propose our concurrent multiscale framework that
has already been published in [189].

3.1.2 Introduction of the multiresolution level-set-based Cut-
FEM

This section provides a brief illustrative two-dimensional analysis of the CutFEM
formulation with a multiresolution background mesh for modelling heterogeneous
structures. Here, the CutFEM formulation begins with the definitions: domain par-
titioning of heterogeneous structures, strong and weak form of governing equations
for the linear elasticity problem and the corresponding discretised formulation.

Let Q be the computational domain of a micro porous heterogeneous medium

comprised of a matrix subdomain €2; and a pore subdomain 25, as illustrated in
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Figure 3.1: Domain partitioning for heterogeneous domain 2 partitioned into matrix subdomain
Q; and pore subdomain Q5 (2 = Q4 U Q) with interface T’y

Figure [3.1 and
QO CRY =12, d=2, (3.1)

where the interface between §2; and {2, is determined by a continuous level set func-

tion ¢ defined as follows

>0 I'GQQ,
P1(z) = =0 x eIy, (3.2)
<0 ,TGQl.

The normal vector in x € 'y, pointing from 2 to €2y, is given by

Vo (z)
V()|

In the previous definition, ||z|| denotes the Euclidean norm ||z|| = /x - z.

(3.3)

ny =

We consider linear elastic behaviour for 2 and look for the deformation field
u: Q — R? which satisfies

dive+f=0 in€Q,  with o(u):=D:Vu (3.4)

where f is the volume source term, V,. = (V. + (V.)T) is the symmetric gradient
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operator, and D € (R%)* is the fourth order Hooke tensor of isotropic linear elastic

material defined as

D : Vg = ATr(V)l + 2uVs. (3.5)
where Tr is the tensor trace operator, A = (1+V)E(+2u)’ o= ﬁ are the Lamé

parameters expressed by the Young’s module £ and the Poisson’s ratio v.

We define the corresponding variational equation to find u : Q — R4, v € HY(Q),
satisfying

o(u): Vsode = [ f-vde+ T vdx, (3.6)
J IR

for all test functions v : Q — R v € H}(Q) which satisfy the homogeneous Dirichlet
boundary condition v = 0 on €2,. In the previous equation, 7 is the traction applied

at the Neumann boundary.

We introduce triangulation 7T for the background domain €2 and then define the
corresponding finite element space of continuous linear function as
Q= {w e ') :w|x € PYK),VK € T}, (3.7)
where K represents the individual elements or triangles in the triangulation 7 and
PL(K) refers to the space of piecewise linear polynomial functions defined on each
element K. Here, the related physical domain, Q" is approximated as

Q" = {r € Q|¢"(z) > 0}, (3.8)

Now we can present the approximate interface I'”

= {zcQ"|¢"(z) = 0}. (3.9)

Here, we will not provide details on definitions of the fictitious domain and the
stabilisation technique corresponding the CutFEM technique (for such details see the
study by Burman et al. [5]). Instead, we will focus on numerical results to highlight

the issue regarding the discretised I'" over coarse mesh regions.
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Figure 3.2: (a) Schematic depiction of 2D rectangular domain with a quasi-uniform distribution
of micro pores. (b) CutFEM full high resolution discretisation (h = Ay = 0.054). (¢) CwtFEM
multi-resolution discretisation (Amin/hmaz = 0.015).
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Figure 3.3: Displacement component u, for a) uniformly refined background mesh and b) adaptive
background mesh.

Hence, we consider the heterogeneous structure shown in Figure to carry out
a compressive mechanical test. We restrict the displacement at the bottom edge and
prescribe the traction 7 = (0, —0.01) along the top edge of the domain. We assume

the corresponding mechanical properties as following: £ =1 and v = 0.3.

Here, we define the geometry by a piecewise linear signed distance function over
two types of background meshes. As depicted in Figure [3.2p,c, the first background
mesh, as a reference model is uniform and fine everywhere; however, the second
background mesh is fine only in regions of interest and coarse elsewhere, and the
corresponding adaptive mesh refinement scale is s = 1/4. The zero level set function
I'" represents the pore interfaces which intersect the background mesh arbitrarily. For
both mesh configurations, the mesh size is defined as h = h, = h,, with Ay, = 0.005.

We perform a mechanical compression test and consider the model with the uni-
form fine mesh as a reference. As shown in Figure [3.2k, using the signed distance
function in the coarse domain leads to the random appearance of geometrical arte-
facts. The comparison of the displacement field component u, in Figure shows
that the response in the fine mesh region of CutFEM is acceptable; however, in the

coarse mesh region, the geometrical artefacts impose unrealistic additional stiffness.
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3.1.3 Outline of the chapter

The remainder of the chapter is structured as follows: Section introduces the
governing equations of the concurrent multiscale method with a smoothed micro-
macro interface. In this section, we first define our domain partitioning approach
and then present the strong and weak forms of the equations for the concurrent
multiscale model. Then, in section 3.3 we derive the discretised formulations, where

the microscale model is discretised with CutFEM and the macroscale model with
FEM.

In the last section (|3.4)), we present the numerical results of the concurrent mul-
tiscale framework. We first test the performance of the proposed smooth mixing ap-
proach in a simplified multiscale problem, with micropores distributed locally in the
domain, thus, homogenisation is not essential outside of the ROI. Then, we demon-
strate the efficacy and robustness of our smoothed concurrent multiscale framework
for 2D and 3D elasticity problems that require a homogenised model outside of the
ROI. In our 2D simulations, we use an analytical signed distance function to define
the geometry. In contrast, in our 3D case study, we use a mesh surface derived from
micro-CT image data to describe the geometry of a trabecular bone with a complex

microstructure.

3.2 Governing equations of the concurrent multi-

scale method with smoothed micro-macro model

3.2.1 Domain partitioning

Let 2 be the computational domain of a micro porous heterogeneous medium
comprised of a matrix subdomain €2; and a pore subdomain {25, as defined in the
introduction (section 3.1.2) and illustrated in Figure [3.1]

In this section, we define the microscale zoom region €2, for our multiscale analysis
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Figure 3.4: Domain partitioning for the smoothed concurrent multiscale method: computational
domain € is _partitioned into macro subdomain Q0 and micro subdomain {2, (Q=Q0mUQ,).
Here, Qm = QZ \ Q2 denotes the porous micro domain.

by a continuous level set function ¢ given by

=0 x €Iy, (3.10)
<0 T € (AZZ,

>0 oz,
Pa() = {

whose zero isoline defines the boundary of the zoom. The macro domain, denoted
by Q M, 18 the domain outside of the zoom. For an illustration see Figure , with

(), shown as the shaded area. Furthermore, the normal vector on the interface I'y

pointing from Q. to Q M 18 given by

V¢2(l‘)
IV a(z)]|

Furthermore, let SAZm = ﬁz \ Qy = SAL N €24, denote the microscale region without the

(3.11)

No =

pores. The porous microscale domain can be expressed by a combination of the two

level set functions

Q ={x € Q:¢1(x) <0 and ¢o(z) < 0}. (3.12)
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3.2.2 The boundary-value problem

Let us consider linear elastic behaviour for the macro domain € M and the porous
micro domain €,,. In our multi-model, we are seeking the deformation field wu :
O % Qo — RE x R? which satisfies

divoy + =0 in O, (3.13a)
divo, + f=0  inQ,, (3.13b)
where
om(u) == Dp: Vsu (3.14a)
om(u) := Dy, : Vu (3.14b)

The boundary of the background domain €2 is partitioned into 0¢2, and 02,
(092 = 09, U 09,,), where OS2, is the part where the body is clamped and 0f; is the
part where traction ¢ is applied with 9Q; N 99, = 0.

In the expressions above, f is the volume source term, V. = $(V. + (V.)7) is
the symmetric gradient operator, and D € (R%)* is the fourth order Hooke tensor of

isotropic linear elastic material defined previously in equation [3.5

On the zooming interface, I'y, between micro and macro model, the traction is

required to satisfy the following coupling condition

Om " Mg = Opq " N on Is. (3.15)

Integrating governing equations (3.13h)-(3.13b) over the given domains, i.e. macro
domain Q M and micro domain Qm, the weak form of the multiscale elasticity prob-

lem is given as follows. We seek a displacement field u : Qu x Qn — RY x RY,
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u e H' Q) x HY(Q,,), satisfying

/A UM(u):std:U—l—/A am(u):stdx:/A frvdr+
¢ " fm (3.16)
A fwdx%—/ T-vdr,

09

QT’L

for all test functions v : Qg x O — RY x RY v € HE Q) x HY(,) which satisfy

the homogeneous Dirichlet boundary condition

v=>0 on 0f,. (3.17)

3.3 Discretisation for smoothed concurrent multi-

scale problems

In this Section, we introduce a CutFEM-based approximation scheme of the mul-
tiscale elasticity problem proposed in Section using a novel smoothed cut finite
element approach. The arbitrary intersection of the porous domain by the sharp
zooming interface, I's, can result in bad conditioning for the assembled system matrix.
To alleviate this problem, we introduce a mixing strategy between the macroscale
and microscale regions. In this smoothed approach, we create an overlap between
the two models. We refer to the overlapping domain as "transition domain", as
highlighted in Figure in yellow.

For mixing purposes, we extend the macro and micro domains defined in the
previous Section into the transition region. First we extend the macro domain by
Qg = (AZM UQp. Then we extend the micro domain inside zoom to €2, := Qm UQr,
where (27 is the transition domain. In this framework, {2, and €2,,, are overlapping in
the transition domain. The transition domain is determined by the level set function
¢o, which is the signed distance function to I'y. We set the width of the transition
region to 2e¢, which is given by the signed distance from —e to +e. We define a

smooth weight function « for the mixing, as shown in Figure [3.5b, and express it in
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Figure 3.5: Transition domain in the smoothed multiscale method (a) and the distance dependent
weight function, a, in the transition domain (b).

terms of ¢9 by

S if —e < go(x) <e, (3.18)
1 if ¢o(x) > €.

In the previous expression, S is a smooth function varying from 0 to 1 inside the

a(z) =

{ 0 if ¢2<x) < —¢,

transition zone, and as shown in Figure [3.5p, —e and +¢ are the lower and upper
bounds of {27 inside micro and macro domains, respectively. We will blend and mix

the macro and micro models using the weights o and 1 — a.

3.3.1 Multiscale finite element space

Here we discretise the weak form (3.16) of the multiscale model, which locally
modifies a global problem by using only one mesh, unlike other similar methods such
as the Arlequin method [16] and multi-mesh CutFEM [60] that superimpose a high
resolution mesh onto a coarse background mesh. In our framework, we introduce

triangulation 7 for the background domain €2 and then define the corresponding
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finite element space of continuous linear function as

Q= {w € C°(Q) : w|x € PY(K),VK € T}, (3.19)

where the corresponding smoothed multiscale model physical domains, Qi’w and Q

are approximated as
Uy = {r € Qelh(a) > e}, (3.20)

OF = {z € Q¢l(z) <0 and ¢j(x) < €}. (3.21)

Furthermore, we approximate the transition domain Q% as

Qh ={rec Q| —e<oh(z) <e}. (3.22)

In (3.20) and (3.21)), ¢"(x) € Qy is the piecewise linear approximation of the

level set function ¢; and ¢4 (z) € Qy, is the piecewise linear approximation of level
set function ¢,. By using these level set functions, we define the position of the
microscale features and pores over a single fixed mesh arbitrarily (in a nonconforming

manner). Now we can present the approximate interface I'}

1 = {z € Q| ¢ (x) =0}. (3.23)

The pores with arbitrary geometries can have non-zero intersection with either
macro or micro domains, where all the elements of 7 intersected by I'* will be

grouped in set

T = {KeT:KnT"+#0}, (3.24)

where the corresponding domain is defined as T} = Kerh K.
Furthermore, let TpH denote the set of all elements, which are fully inside the pores,

i.e. ¢ > 0 in all vertices of the element.
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Figure 3.6: Schematic presentation of the discretised domain for the smoothed multiscale method.

3.3.2 Fictitious domain

First, we define a set of all elements in the background mesh 7 which have a

non-zero intersection with Q% or Q%

Thi={KeT:Kn(Qh uah)£0n}. (3.25)

Note that, this fictitious domain mesh consists of all elements in the background
mesh except for the elements fully inside the pores outside of the transition region
(elements shown in white in Figure [3.6). The domain associated with this set of
elements is called fictitious domain and is denoted by Q7 := Ke(@h,uan) K.
Notably, all elements inside the pores in the transition region are contained in
the fictitious domain mesh. These elements are not integrated over in the micro
domain and therefore yield a zero contribution in the system matrix. Therefore,
these elements rely mainly on the stiffness of the macro domain. However, if almost
the full weight is on the micro domain, i.e. a =~ 0, in the transition region there
is very little contribution from the macro domain inside the pores and this yields
ill-conditioning.
In addition to this source of ill-conditioning, we can obtain ill-conditioned matrix
entries through the integration of elements which lie almost entirely in the pores in
the micro region and therefore contain very little material from the micro domain.
We address these two sources of ill-conditioning by introducing two ghost penalty

regularisation terms. The first one is used for the elements intersected by I'? in the
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microscale region Q" | and is applied to the elements edges (shown in red in Figure

3.0) given by

Fo={F=KnNK :KeT,and K' € T, FNT{" £ §}. (3.26)

The second ghost penalty regularisation term is applied to the edges of elements
in the transition region Q% that are intersected by I'? or are inside the pores. These
ghost penalty terms extend the solution of the micro domain into the pores. It
gives the elements in the pores a stiffness, which alleviates ill-conditioning, while
maintaining the consistency and accuracy of the solution (i.e. terms vanish with
optimal rate with mesh refinement and continuity of the solution). The corresponding

edges are shown schematically in Figure in purple and are defined as

Far ={F=KNK' :KcT,and K' € T,,, FN(T{7 UT) # 0}, (3.27)

where T is the domain related to the set of all elements of 7 intersected by pores
in the transition domain defined as T4 = | KeTp K, where the set of elements T2 is

given by,

T :={KeT:KNQ#0and (K €T or K € TI")}. (3.28)

In this contribution, since we use one adapted background mesh for the multiscale
problem, the displacement field is continuous throughout the whole domain. For its

discretistion, we choose the vector-valued continuous piecewise linear space

U" = {u e C'0r) :ulx € P (K) VK € Tp}, (3.29)

where s denotes the spatial dimension, s = 2, 3.
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3.3.3 Stabilised multiscale formulation

The mixed finite element formulation for the proposed multiscale method is the
following: find u" € U", such that

an (U, v") 4 ap (U, o) = Ly (") 4 L (V") (3.30)

for any v € U" satisfying homogeneous Dirichlet boundary conditions. The bilinear

form a,, and linear form [, of the macro model are given by

ay(u”; v :/ "Dy V"V ol dr, (3.31)
%
Iy (") = / ol f ol dr +/ o't vl ds. (3.32)
ok, aQk

h

where a" is the discretised form of weight function a. In the previous problem

statement, the regularised bilinear form a,, is defined for the micro scale model as

(", 0") = / (1—a"D,,Vau"Va" do +
Q

2 (/F OJJM[[DWSU"H [Dn V"] dS) , (333)

FeFqg m
Here, the second term, called ghost-penalty, ensures a uniformly bounded condition
number for the system matrix and [z] denotes the normal jump of quantity = over
the facet F', and B denotes the Ghost Penalty stabilization parameter that needs
to be large enough to guarantee the coerciveness of bilinear form a,, [5, [7] on the

fictitious domain. The linear form of the microscale model is given by

L (v") = /Q (1—a™f-o" da. (3.34)

h
m
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3.4 Numerical results

This section has two objectives: (1) to verify the applicability of the proposed
smooth mixing framework, (2) to demonstrate the capability of the proposed smoothed
concurrent multiscale framework for 2D and 3D linear elasticity problems. For the
first objective, we choose a heterogeneous structure with a local distribution of micro
pores, which is a simplified case due to it’s homogeneous microstructure outside of
the ROI. For the second objective, we adopt more complex heterogeneous structures
(2D and 3D) where due to the distribution of micro pore over the entire domain,

homogenisation outside of the ROI is required to improve the accuracy of results.

3.4.1 Smooth mixing approach adopted for a 2D locally porous
medium

Here, we investigate the performance of the proposed smooth mixing approach

in a 2D locally porous medium, shown schematically in Figure [3.7 This structure

is a simple case for multiscale modelling, as homogenisation is not essential in the

coarse domain due to the local distribution of micro pores.

u=(0,—-0.1)

u=(0,0)

Figure 3.7: Schematic presentation of 2D rectangular domain with locally distributed pores.

We define the rectangular domain as 2 = [0,12] x [0, 10], comprised of matrix

domain ; = O\, and pore domain Q5. We block the displacement at the bottom
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edge and insert displacement u = (0, —0.1) along the top edge of the domain. Then,
we set the macro and microscale mechanical properties to Eyy = E,, = 1 and
Upm = Vpy = 0.3.

We test three structured background meshes consisting of one uniform and two
adaptively refined meshes generated independently of the pore and zoom interfaces.
We employ linear Langrangian elements, with a uniform background mesh size h =
h, = h, and the regularisation parameter set to 8 = 0.005. The corresponding
discretisations of the physical domain €2; are shown in Figure |3.8] The zero level set
functions of I'? (shown as black lines) and I'? (shown as red line) represent the micro
pore and the zooming regions, respectively. The corresponding discretised domains
in Figure 3.8 show the arbitrary intersection of the interfaces with the elements,
where the zooming interface determines the middle of the transition region {27 and

the mesh is refined inside the zoom.

£\
N i
N

@ )

Figure 3.8: Computational mesh for the physical domain of the 2D model with locally distributed
pores a) uniform meshing, b) adaptive meshing type-1, ¢) adaptive meshing type-2.

In this thesis, we choose the following smooth weight function to mix the two

models inside transition region €,

S = %(1 +sin( 2 6(x). (3.35)

Here, the function S needs to possess infinite differentiability (C'*°) when at-
tempting to utilise small blending lengths. The reason for this requirement is that

a higher degree of smoothness ensures a more gradual transition between the mul-
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tiscale and homogenised regions, minimising any abrupt changes or artifacts in the
solution. While functions with lower smoothness properties, such as C* or C?, may
be sufficient in certain cases, employing a C'* function offers greater flexibility and
control over the blending process. It allows for a smoother transition, resulting in

improved accuracy and reduced numerical errors associated with the blending effects.

Figure [3.9 illustrates how the scalar function «y, is distributed in the discretised
physical domain with different mixing lengths. Note that our multiscale mixing
approach operates over a single mesh, and its mixing length is defined in a mesh-
independent manner. The displacement field component u, for two smooth mixing
lengths 2¢ = 0.1,1 and the finest adaptive mesh with h,,;, = 0.2 are shown in
Figure[3.10k, d. We choose standard FEM and unfitted CutFEM as reference models
and present the corresponding u, in Figure 3.10p, b. As expected, we find that
our CutFEM displacement field converges to the FEM displacement field, verifying
our single-scale unfitted method. For the smoothed multiscale model, u, inside the

zoom is similar to the corresponding references and exhibits smooth behaviour in the

transition domain Q.
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Figure 3.9: Smoothing weight function a contour over finest adaptive mesh, a) e = 0.1, b) e = 0.4
and ¢) e = 1.

The energy distribution inside ()7 is the average of the FEM macroscale and the
CutFEM microscale model. Next, we will investigate how the mixing approach via
the weight function ([3.35]) impacts the stress field in the physical and the fictitious
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Figure 3.10: Displacement component u, contours for different methods: a) FEM, b) CutFEM, c)
smoothed multiscale model with 2¢ = 0.1, d) smoothed multiscale model with 2¢ = 1.

domains. The stress field is given by

oM if x in Qu\Qr, (3.36)

Om if zin Q,,\Qr,
O-mix(l') = {
(1 —a(x))om + a"(x)orm if zin Q.

As shown in Figure @,b, the stress component o,, in CutFEM converges to
its FEM counterpart. We compute o,,;, given in for two smoothing lengths
over the physical and fictitious domains in Figure [3.I1Tc{3.11f. Our results show that
Omix 11 7 1s smooth and without oscillations.

For the purpose of quantitative comparison, we evaluate the oy, at two distinct
points within the zoom region and compare them to the corresponding values ob-

tained from the reference model. The first point, denoted as A and located at
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coordinates (6,6.4), resides inside the zoom area and aligns with the larger circular
pore. The second point, referred to as B and positioned at coordinates (7.9,4.5), is
also within the zoom region and lies exactly between the larger and smaller circular

pores.

At point A, the values of the mixed stress component, iz 4y, for the smoothed
multiscale model with 2e set to 0.1 and 1, are —2.8x 10~ and —4.0x 10~ respectively.
In comparison, the corresponding value of oy, for the full FEM (serving as the
reference model) is —3.05 x 107%. The comparison of these results reveals a more
satisfactory level of agreement for the sharp smoothing length (2¢ = 0.1), while the
wider smoothing length results are adversely affected by the blending effects of the
homogenized model. A similar quantitative comparison is performed for point B.
The computed 0z, values, with 2¢ equal to 0.1 and 1, are -0.0245 and -0.0232
respectively, with the corresponding reference value being -0.0261. The results at
point B exhibit a satisfactory agreement for both smoothing lengths. The higher
errors observed for 2¢ in both cases can be attributed to the smoothing effects within
the transition region. Overall, the quantitative comparisons yield satisfactory results,

confirming the accuracy of our approach in capturing the desired response.

To enhance the stability of our multiscale framework, in the microscale model,
we regularise the elements inside the porous domain in addition to the intersected
elements by I'?. Then we compute the condition number of the multiscale system
matrix to investigate the stability by using SLEPc [190] which finds the ratio of the
maximum to the minimum eigenvalue of the system matrix (i.e. Ajaz/Amin). We
use a sequence of uniform and adaptive meshes with different mixing lengths and
then compare them with the CutFEM reference model. In Figure [3.12h, we find
that the behaviour of our smoothed approach with different mixing lengths is well
conditioned and similar to the standard CutFEM approach. In Figure [3.12p, we
investigate the impact of extending the ghost-penalty regularisation to the inside of
the pores (in addition to the cut elements by the pore interfaces) on the condition
number of the multiscale system matrix. As expected, this technique improves the
condition number effectively. Also, we find that the corresponding behaviour with

respect to mesh refinement for our smoothed approach is proportional to A=2 for
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Figure 3.11: Stress component oy, contours, a) FEM model, b) CutFEM model, ¢) smoothed
multiscale model in physical domain with 2¢ = 0.1, d) smoothed multiscale model in physical
domain with 2e = 1, e) smoothed multiscale model in fictitious domain with 2e = 0.1, f) smoothed
multiscale model in fictitious domain with 2e = 1.

both regularisation approaches, which are very close to the "pure" CutFEM results.
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Figure 3.12: The condition number of the system matrix versus mesh size, for different mixing
lengths: a) ghost penalty regularisation is applied to cut elements only, b) ghost penalty regular-
isation is applied to every element inside the porous domain in addition to cut elements. In both
cases, the regularisation parameter is chosen as g = 0.005.

3.4.2 The smoothed multiscale method for a 2D quasi-uniform

porous medium

In this section, we consider the quasi-uniform porous domain given in Figure
for our smoothed multiscale analysis. As discussed in section 4.1, structures
with uniform heterogeneity require homogenisation in the coarse domain to avoid
geometrical artefacts which yield unrealistic stiffness and stress singularities. Hence,
here, we replace the signed distance function in the coarse domain with a homogenised
domain and use the smooth mixing approach to couple the fine and coarse scale
domains.

In our smoothed multiscale framework, we construct the homogenised model by
using the modified Mori-Tanaka technique (MMTT) approach [I91] to reproduce
the effects of micropores in the homogenised macro model. Employing the MMTT]
homogenisation approach for 2, with n circular pores of different radii, the effective

Young’s modulus will be computed as follows.
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where F', and Ej\jll are the homogenised Young’s modulus with inclusion of i** and

(i — 1)* circular pores, respectively, and ¢; is the i** porosity parameter defined as

¢ =V, Vi, (3.38)

where V' is the void volume with ¢ number of pores and V; is the total volume. L; is
the Eshelby parameter given for circular inclusions in [192]. To calculate the effective
elastic modulus of a domain with n pores, we add the inclusions one by one, and

in each step number i; we update Equation |3.37, For more details regarding the

MMTT] see [191].

3.4.2.1 The smoothed multiscale with one arbitrary zoom

Here, we use the smoothed multiscale framework with one zoom and compare
it with the equivalent adaptive CutFEM approach discussed in Section 4.1. The
zooming interface is projected over the background mesh and shown with a red line
in Figure 3.13] The material properties and boundary conditions are the same as
in the adaptive CutFEM model from Section 4.1. To compute the homogenised
material properties, we consider the pores in the entire domain €2. We use Equation
[3.37 for this purpose and then calculate the corresponding effective Young’s modulus
as Fy = 0.78.

N / NS S
N\ X m;//
NP \.
/4<§ A
/ P\
Vs NNV
/ RN N /

Figure 3.13: Background mesh with projected pores and zooming interfaces of the smoothed mul-
tiscale method.
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We test two length sizes for the transition region, 2¢ = 0.2,0.8. The displacement
field component u, for both e is shown in Figure When compared to the
full microscale model as a reference, shown in Figure [3.3h, the smoothed multiscale
method with homogenisation is much closer to the reference solution in comparison to
the adaptive CutFEM approach, shown in Figure|3.3p. Therefore, using homogenised
models in the coarse domains is necessary when the signed distance functions fail to

detect the microstructure precisely.

e
o

COOO0000L00000000
1=
S

T —

Figure 3.14: Displacement component u,, for a) smoothed multiscale, 2¢ = 0.2, and b) smoothed
multiscale, 2¢ = 0.8.

3.4.2.2 The smoothed multiscale with two arbitrary zooms

Next, we investigate the efficiency of our smoothed multiscale approach for the
same quasi-uniform porous domain (see Figure ) using two separate zooms. The
displacement at the bottom edge is blocked and u = (0, —0.1) is applied along the top
edge of the domain. We consider the following microscale material properties: FE,, =
1 and v, = 0.3, while for the macro scale, we derive effective material properties by
using homogenisation Equation [3.37} Like in the previous Section, we compute the
effective Young’s modulus based on the pores in the entire domain 2 as Ey = 0.78.

For this example, we employ the same background meshes as for the locally
porous domain (Figure and show the corresponding discretised domain and
generated interfaces in Figure[3.15] The smooth indicator function with three lengths
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is computed for the finest adaptive mesh in Figure [3.16] In Figures [3.15] and [3.16],

we observe the independency of the microstructure, zooming geometry and mixing

length to the computational mesh, which creates a straightforward preprocessing

pipeline and saves mesh regeneration costs.

(©)

Figure 3.15: Computational mesh for physical domain of 2D model with quasi-uniform distributed
pores, a) uniform meshing, b) adaptive meshing type 1, ¢) adaptive meshing type 2.

We compute displacement field component u, for two smoothing lengths 2e =
{0.1,1}, and show the corresponding results over the physical and the fictitious
domains in Figure [3.17c-f. The results prove a high relevance of the multiscale
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Figure 3.16: Smooth weight function field «y, over finest adaptive mesh with a) e = 0.1 b) e = 0.4
c)e=1.

framework in the microscale domain to the corresponding reference models (depicted
in Figure ,b). In the transition regions, u, as a global response is smooth for
both mixing lengths and outside the zooms (homogenised domain) the trend is similar

to the references.

Next, we inspect the distribution of the smoothed stress field for two zooming
problems. The results obtained for stress field component oy, for two smoothing
lengths and over physical and fictitious domains are given in Figure [3.18 The com-
parison with reference models (see Figure shows that the stress does not suffer
from any oscillations neither in cut elements nor in the transition area. The ghost
penalty regularisation, which extends the solution from the physical domain to the
fictitious domain alleviates the oscillations successfully while ensuring an accurate

stress solution.

The condition number of the multiscale system matrix for different mesh con-
figurations and smoothing lengths are compared with the counterpart CutFEM mi-
croscale model in Figure 3.19h. The comparison shows that our multiscale assembled
matrix is well-conditioned under various smoothing lengths and mesh sizes and con-

verges proportional to h~2 that is similar to the CutFEM convergence.
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Figure 3.17: Displacement field component u,, a) FEM model, b) CutFEM model, ¢) smoothed
multiscale model with € = 0.1, d) smoothed multiscale model with € = 1.

3.4.3 3D smoothed multiscale modelling of trabecular bone

This numerical example illustrates the efficacy of the proposed smoothed mul-
tiscale framework in 3D simulations. We use a 3D bone sample with a trabecular
microstructure which is transferred directly from a micro-CT medical image. The
corresponding 3D reconstructed micro-CT image is presented in Figure We use
the 3D reconstructed image to compute a surface mesh (STL mesh data) which will
be converted into a level set function. For more information on the digital pipeline
that we have used to convert STL mesh data into a level set function, see [55]. Using
our proposed zooming technique, we select the zoom region and apply the mixing
scheme to the bone as shown in Figure 321 The red and black lines represent the

zoom surface and the upper/lower bounds of the mixing regions, respectively. The
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bone microstructure is defined by the zero level set function I'f and the corresponding
surface meshing and the CutFEM cell subtesselation are depicted in Figures
and [3.21Ip, respectively.

We employ the to compute the macroscale effective material properties.
The mixing approach uses the level-set-based indicator function a4, defined in Equa-
tion (3.35)), as shown in Figure |3.22 For the homogenisation, we obtain the volume
fractions of trabecular bone from [I93], where the bone volume fraction is reported
as B, = 0.192. Assuming the microscale properties as F,, = 1 and v, = 0.3, we
derive the homogenised properties as Fry = 0.15 and v = 0.3.

We perform a compression test for a full microscale FEM (as reference) and the
smoothed multiscale method with one zooming region in an arbitrary location. The
displacement field component u, of these computations is shown in Figure m For
the smoothed multiscale approach, the 3D simulations are carried out for two dif-
ferent smoothing lengths (2¢ = 0.01,0.1) to study the mixing technique’s stability
for both sharp and wide transition regions. The comparison between full microscale
and multiscale results shows that our level-set-based multiscale method can be suc-
cessfully applied for 3D complex problems, in a mesh independent manner, and the
mixing technique is stable for both types of transition regions.

To further investigate the accuracy of numerical results, we show the variation
of stress component oy, for two smoothing lengths in Figure [3.24] The results show
that the response inside the zoom is consistent with the corresponding FEM reference
model.

We also study the condition number of the 3D smoothed multiscale system matrix
for different smoothing lengths and element sizes. The results in Figure [3.25 show

that the condition numbers stay stable for various smoothing lengths and mesh sizes.
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Figure 3.18: Stress component oy, contours, a) FEM model, b) CutFEM model, ¢) physical domain
for the smoothed multiscale model with € = 0.1, d) physical domain for the smoothed multiscale
model with € = 1, e) fictitious domain for the smoothed multiscale model with ¢ = 0.1 and f)
fictitious domain for the smoothed multiscale model with € = 1.
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Figure 3.19: Condition numbers for CutFEM model and smoothed multiscale method for different
smoothing lengths and mesh configurations. The regularisation parameter is chosen as § = 0.005.

Figure 3.20: 3D trabecular bone with zoom: (a) Micro-CT image 3D reconstruction, (b) CutFEM
interface.
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(a) (b)

Figure 3.21: 3-D trabecular bone mesh with zoom: (a) surface mesh of micro-CT image, (b)
CutFEM surface subtesselation for A = 0.036.
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Figure 3.22: Smoothing weight function «;, used for the 3D bone example with a) 2e = 0.01 and b)
2e = 0.1.
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Figure 3.23: 3D and 2D representations of FEM and smoothed multiscale displacement field com-
ponent u,, a) 3D FEM reference model, b) 2e = 0.1, ¢) 2¢ = 0.01, d) 2¢ = 0.1 and e) 2e = 0.01.
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Figure 3.24: Stress component oy, a) FEM with A = 0.036, b) smoothed multiscale model-A with
hmin = 0.036, ¢ = 0.01 and only cut elements regularised, and c¢) smoothed multiscale model-B
with hp,n = 0.036, € = 0.01, cut and porous elements are regularised.
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Figure 3.25: Condition numbers for smoothed multiscale models with various mesh sizes and
smoothing lengths.
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3.5 Conclusion

In this chapter, a framework was proposed to construct an unfitted concurrent
multiscale model for heterogeneous structures. In our methodology, we proposed a
mixing strategy using a single background mesh to couple micro and macro scale
models. Unlike domain decomposition methods where an interface condition is re-
quired between macro and microscale models, the interface constraint is not needed
in our mixing technique.

We demonstrated the validity of our smoothed concurrent multiscale framework
for linear elasticity in 2D and 3D. We first tested the idea of a functional description
of the whole heterogeneous structure by projecting it onto a fixed background mesh
which is fine in ROI and coarse outside. The projection of the functional description
onto an adapted background mesh was carried out successfully by CutFEM, where
the geometry was approximated by a piecewise linear signed distance function in
each background mesh element. We showed that the accuracy of results in the fine
regions is acceptable. However, the very coarse elements outside of the ROI give
rise to the random appearance of geometrical artefacts in the coarse region, yielding
stress singularities. Next, we tested the same problem within the concurrent multi-
scale framework where an equivalent homogenised domain was adopted in the coarse
region. The results showed that employing the multiscale approach improves the
results in the coarse domain. We extended our framework to 3D elasticity problems,
where a given surface mesh of trabecular bone was used to define the microscale
geometry. The obtained results show a good agreement with the corresponding ref-
erence model in terms of global and local responses. Moreover, the corresponding
multiscale system matrix remains well-conditioned under various transition region

sizes.
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Chapter 4

CutFEM-based multiscale techniques

for phase field fracture problems

4.1 Introduction

4.1.1 Motivation and objectives

The phase field method has shown two outstanding advantages over discrete crack
models. First, it can reproduce arbitrary cracks geometry without using enrichment
techniques or explicit functions. Second, it is straightforward to implement, particu-
larly when one desires to simulate complex fracturing processes. However, compared
with discrete crack models, the phase field method suffers from demanding extremely
refined meshes in the regions where the crack happens to resolve high damage gra-
dients and maintain accuracy. This is due to the length-scale-based regularisation
of the phase field method that regularises steep damage gradient within bands. As
discussed in chapter [2] several techniques are available to reduce the computational
costs of the phase field methods, including adaptive meshing and multiscale mod-
elling. In this chapter, we focus on multiscale techniques to address the issue.

The chapter is divided into two parts: the first part discusses the extension of the
concurrent multiscale method developed in chapter 3 for phase field problems, while

in the second part, further investigations are carried out for the homogenisation of
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phase field models. The second part of the chapter extends the recent homogeni-
sation framework based on inverse problem analysis by [I86] to study the effects of
different factors on homogenisation, such as the mesh-size, microstructure and error

functional.

4.1.2 Introduction of the phase field approximation for quasi-

static brittle fractures

/1] /1[0

\\\ (9,/9 \ 8119
(a) (b)

Figure 4.1: Schematic presentation of fracture problems: original discrete problem (a) and phase
field approximation (b).

Here, we cover the fundamental formulations of the phase field approach for brittle
fracturing that will be extended for multiscale techniques in the following sections.

Let Q be an arbitrary domain, shown in Figure[d.Th, including a pre-existing crack
I' with corresponding crack surfaces. Within the framework of thermodynamics, the
variation of the total energy II is a function of the elastic strain energy density ¥
and the energy W necessary for the formation of two new surfaces. We propose the

variation of the total energy in the absence of external forces as follows:

dil_ dv  dW _
dA  dA  dA

where the second term is defined in terms of the critical energy release rate g and is

0 (4.1)
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a positive parameter. [120, 121] represented the previous equation in a variational

form as follows

= /Q W(e)dV + /F gdl (4.2)

here, the crack surface I' is unknown, which imposes difficulties in the calculation
of the second term of equation. In the phase field approach, we approximate the
sharp geometry of discontinuity in a diffusive manner (see Figure .b). We define
the phase field variable d € [0, 1], with d = 0 as the undamaged region, and d = 1
as a full damaged region. The diffusive approximation involves regions owning the
following property: 0 < d < 1. The phase field approach replaces the second term
of equation integrated over surface I' with a term that is integrated over the all

computational domain 2. Thus, equation can be rewritten as

M, — /Q Uy(e, d)dV + /Q Ty(d, Vd)dV (4.3)

where W,(e,d) is the damaged/cracked solid strain energy function and defined as

follows

W(e,d) = (1 —d)*¥(e) (4.4)

where (1 — d)? is the degradation function applied to the ¥(e), which is denoted as

() = %)\(tr(e))z e e) (4.5)

where \ and p are the Lame’s constants.

In equation [4.3] the term Ty is defined as the crack density function and given by

1 l

Ly(d,Vd) = —d* + =

a(d,Vad) 57 + 5

Here, ¢ is the length scale parameter representing the width of the phase field re-

Vd|? (4.6)

gion. This equation plays a critical role in modelling of crack propagation, which is

contingent upon the phase field d and its spatial gradient Vd.
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According to the phase field algorithm, we minimise the total energy (4.3]) with
respect to the displacement field v and phase field d. Equation can be written

as a coupled system of equations where we look for displacement field u and phase
field d,

V- o4(u,d) =0, where o4(u,d) = (1 —d)*o(u) (4.7)
g(% —(Ad) +2(1—d)yH =0 (4.8)

Here, equation is the linear momentum equilibrium equation for the cracked
body €2 and equation refers to the corresponding phase field equation. In above
equations and , o denotes the Cauchy stress tensor and Ad indicates the
Laplacian operator. For a traction 7, the natural boundary conditions readily follow

as

(1—d?oc-n=r7 on 02 (4.9a)
Vd-n=0 on o2 (4.9b)

where n denotes the outward normal to the boundary 0f).

In equation , the condition of (% — EAd) > 0 must always be satisfied that
makes the phase field model thermodynamically consistent. Moreover, the term H
refers to the history field function which is a positive parameter related to the crack

driving force and needs to be updated at each time step when the crack grows. We

define H as follows:

T (e) = %K(tr(s))i (e cdev) (4.11)
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where (a); = 3(a+ |a]) and K is the bulk modulus.

4.2 Concurrent multiscale governing equations for

phase field fractures

In this section, we apply the concurrent multiscale method proposed in the pre-
vious chapter for the phase field brittle fracturing. Within our concurrent multi-
scale context, we will use a fixed single background mesh for the discretisation of
the domain and let the phase fields evolve over micro and macroscale regions in a
fully mesh-independent fashion. In the following, we will define the related domain
partitioning and derive the strong and weak forms of governing equations and the

discretised formulation.

4.2.1 Domain partitioning

The domain partitioning for the concurrent multiscale phase field model is carried
out similarly to the previous chapter, using genuine microstructure inside the zooms

and a homogenised model elsewhere.

Following the previous chapter notation, we define a heterogeneous material with
computational domain €2 that has a matrix subdomain 2; and a pore subdomain €2,.
The corresponding boundary of € is denoted by 0f2 which is given as 92 = 9,Q2U 0,12
and 9;Q2 N 0,02 = (). The corresponding homogenised domain for the heterogeneous

domain 2 is denoted by €23 and shown in Figure [£.2p.

Now, we separate the computational domain into two subdomains, including
the microscale region ﬁm and the macroscale homogenised region Q M- A schematic
presentation of the subdomains is shown in Figure 4.2, where the phase field fracture

has occurred over both subdomains.
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Figure 4.2: Schematic presentation of the phase field fracturing and the corresponding domain
partitioning: heterogeneous domain ) comprised of matrix subdomain 2; and pore subdomain 2,
(a), homogeneous domain €23 (b) and partition of domain € into macro homogenised subdomain

Q¢ and micro heterogeneous subdomain €,,.

4.2.2 Field equations: strong and weak forms

This section presents the strong and weak forms of the governing equations for
the phase field fracture problems in the context of the proposed concurrent multiscale

framework in chapter
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4.2.2.1 Multiscale phase field problem: strong form

We look for displacement field u : Q M X ﬁm — R? x R? and phase fields d,, :
Q — RY and dy : Q3 — R? satisfying the following equilibrium equations. The
corresponding linear momentum equilibrium equation for the cracked heterogeneous

structure is defined as follows:

V- oam(t,dy) =0 in Q, (4.12a)
V- og,, (u,dy) = in O (4.12D)
where
Odm(u, dy) = (1 — A )2 (1), om(u) = Dy, : Vu (4.13a)
O’dyM(’LL, dM) = (1 — dM)QO'/\/l(U>, O’M(u) = DM : Vsu (4.13b)

The corresponding micro and macroscale phase field equations are given respec-

tively as,

d

gm(i —lnAdy) +2(1 —dp)Hm =0 in Q (4.14)
d
gM(ﬁ_gMAdM)Jrzu_deM:o in Q3 (4.15)

In above-mentioned equations, the subscripts m and M denote the micro and macroscale,
respectively. The corresponding parameters are defined as follows: ¢ is the critical

energy release rate, £ is the length scale parameter and H is the history field function.

4.2.2.2 Multiscale phase field problem: weak form

Now, we derive the weak form of momentum balance equation by integrating
over the micro and macroscale subdomains. Like the concurrent multiscale elasticity

problem introduced in the previous chapter, we look for the continuous displacement
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field u : O x O — REx RE and u € HY(Qy,) x H' (Qp) (H' denotes the Sobolev
space of order one), satisfying

/A Oam(U,dy,) 2 Vv dx—i—/A oam(u,dym) : Vv da :/A fo-vdz+
Q'm

Q. Qm
fb~vdx—|—/ T-vdx,
QM 8Qt

for all test functions v : O, x Qg — RY x RY v € HH Q) x HL(Qu) which satisfy

the homogeneous Dirichlet boundary condition v = 0 on 9€2,. In the previous

(4.16)

equation, the term f, denotes the body force acting over the macro and microscale
model.

The weak form of the phase field equations are also derived by integrating equa-
tions and over () and 3 as following: We look for microscale phase field
dm Q= R4 d € HY(Q) and macroscale phase field dp : Q3 — RY, d € H'(3) that

satisfy the following equations, respectively

/Q o (j—’” _ fmAdm)q L2 - dy) Mg dr =0 Vg€ HYQ)  (417)

d
/Q gM<ﬁ—EMAdM)q+2(1—dM)HMq,dx:O , VqEH&(Qd) (4.18)

where Vdp-n =0 and Vd,, -n =0 over 0L, and dy; = d,,, =1 over I.

4.2.3 Discretised formulations

In the discretisation stage, like in chapter [3|, we introduce a transition region Qz
for coupling micro and macroscale models, as shown with a yellow colour in Figure
[4.3] Herein, since we solve a coupled problem, we mix both of the solution fields in

the transition region, i.e. phase fields (d,, and dx) and stress fields (o, and o).
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Figure 4.3: Schematic presentation of the phase field fracturing in the context of concurrent multi-
scale analysis

For the concurrent multiscale phase field problem, we use the multiscale finite

element space and the fictitious domain proposed in sections|3.3.1land [3.3.2|of chapter

Bl In that case, we represent the vector-valued and scalar-valued continuous piecewise
linear spaces required to discretise displacement field and phase fields respectively,

as:

U = {u e C'Qy) s ulg € PHK) VK € Tp}, (4.19)

and

D' .= {d € C°(Q7) : u|lg € P(K) VK € Ty}, (4.20)
where s denotes the spatial dimension, s = 2.

The mixed (smoothed) finite element formulation for the proposed multiscale
phase field method is as following: find u* € U", such that

ajﬁ/[(uh, Uh) + afn(uh,vh) + an(uh, Uh) = l}‘vl(vh) + lfn(vh) (4.21)

In Equation [£.21], we add the ghost penalty regularisation term s@ for stabilisation

of cut elements. The corresponding discretised macro and micro bilinear forms are
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given respectively as following:

aj, = (1 —dh )2 Dy Vu"Vwde (4.22)
Ay
a = / (1—a")(1—d")?D,,Vau"Va'"de (4.23)
Oh

m

=D ( / %M(l —d?n)Q[[DmVsuh]][[Dmvsvh]]dr> (4.24)

I'eFq

and the discretised linear forms are also defined as

= ol fy - vhdx (4.25)

h
QM

Ih = /Q (1—a™fy-v"dx (4.26)

)
In equation [4.24] the term 5 > 0 and represents the ghost penalty stabilisation

parameter.

As discussed in the previous section, the macroscale and microscale phase fields
are solved separately, over the entire computational domain. We discretise the mi-
croscale phase field equation (4.17)) as following: find d”? € D" such that

al (dl, q") + s4(dl, q") = 12.(d") (4.27)

In the above equation, the stabilisation term s¢ is added on the edges of the cut
elements accounting the jump of stress in the normal direction, to ensure the stability

of these elements. Also, the bilinear form is defined as

ad (d" . q) = / Il VdE V" + (g—m +2(1 — ah)Hm) d" q"da (4.28)
Qh,uok, lm
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with the corresponding stabilisation term given by

st (dh.q") =" | Blnh [DnV.di] [DmV.q"] dT (4.29)

rerg v

and the linear form presented as

1 (g") = / 21 — M) Hyg" da (4.30)
QruQk,

In equation [4.29] the term § > 0 and represents the stabilisation parameter for
the phase field.

For the macroscale phase field equation (4.18)), we also find d’;, € D", such that

a(dhg, q") = Up(q") (4.31)

where the bilinear and linear forms are defined respectively as

ay(dhnq") = /

Qh Uk,

gl Vdi NV " + (% + 2ahHM> dhq" da (4.32)

19,(q") = / 20" H pqq" dx (4.33)
Qh uak,

The stabilisation terms, s% and s¢ defined above, play crucial roles in stabilising
the cut elements and enhancing the stability of the concurrent multiscale model. The
arbitrary intersection of elements by the interfaces can introduce numerical instabil-
ities and inaccuracies, in particular when the cut is very close to the nodes. These
terms help mitigate the mentioned issues by penalising the cut elements. The ghost
penalty regularisation terms consist of a summation over the cut faces I' belonging
to the set Fg, which represents the interface between the cut elements and the rest
of the mesh.
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4.2.4 Numerical examples

In this section, we study two types of problems; (1) we only investigate the per-
formance of the smoothed concurrent multiscale modelling for phase field problems
and assume that the macro and microscale phase field parameters are predetermined,
while in (2), we assume that we do not have access to the macroscale fracture pa-
rameters besides the full microstructure. In the latter case, we construct an inverse
problem to identify the unknown macroscale phase field parameters. In the inverse
problem, we fit the force-displacement curves of the macroscale homogenised model
(with unknown properties) and the concurrent multiscale model (with the arbitrary

location of zoom).

4.2.4.1 Validation of the concurrent multiscale method for phase field

cracking

Here, we employ the concurrent multiscale method for numerical modelling of
periodic porous lattice, shown in Figure 4.4} with available microscale and macroscale
mechanical and fracture parameters. The microscale properties are as follows: E,, =
2.1x10°, v, = 0.3, ¢, = 2.7, 4,,, = 0.04. The corresponding macroscale homogenised
material properties are computed by and considered as Eny = 0.51E,,,vp =
0.3. We also assume that the macroscale fracture parameters are predetermined
and given as gy = 1.50, £,y = 0.04. Moreover, the radius of micro circular-pores is
adopted as r = 0.02.

In order to accurately capture the phase field, which demands a fine mesh res-
olution, we perform mesh refinement in the regions expected to undergo cracking.
The meshing is performed using the CutFEM algorithm, where the smallest element
size is set to Ay, = 0.007. The selection of mesh refinement areas is guided by prior
knowledge obtained from a full fine scale simulation, serving as our reference model.
Consequently, the mesh size of the reference model is adopted for the refined regions.
Figure [4.5] illustrates the discretised domains for both the full microscale CutFEM
and smoothed multiscale models, showcasing the refined mesh configuration.

Figure presents the results obtained from the full microscale CutFEM (as a
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Figure 4.4: Schematic presentation of the heterogeneous structure with periodic micro pores and
the corresponding boundary conditions.

Figure 4.5: Computational meshes: a) full microscale CitFEM, b) smoothed concurrent multiscale
model.

reference model) and the smoothed concurrent multiscale method. The phase field
growth path for the multiscale model is in good agreement with the reference model.
The force-displacement curve in Figure [4.7 also depicts a similar trend in the global
responses between the two models. Moreover, we verify the results by examining the

maximum reaction force, which serves as an appropriate indicator for comparing the
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ultimate bearing capacity of the two models. We should also mention that the sharp
jumps observed in the curves are a result of the micro pores, which lead to sharp
unloading behaviours in the softening regime.

Finally, we proceed with a comparison of the computational costs associated with
the two models. The full microscale CutFEM requires approximately 22 minutes
of computational time, whereas the smoothed multiscale model completes within
19 minutes. This comparison clearly demonstrates the enhanced efficiency of our
smoothed multiscale approach in terms of computational costs. However, it is impor-
tant to note that the advantages of our approach become even more pronounced when
considering three-dimensional and larger structures. In such cases, the computations

become significantly more affordable, making our smoothed multiscale approach even

more appealing.

1
I 0.9
— 0.8

(b)

Figure 4.6: Phase field contour in the last time step: (a) full microscale CutFEM (d,,) and (b)
smoothed concurrent multiscale model (d,, and da).
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Figure 4.7: Force displacement curve.
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4.2.4.2 Identification test for the phase field parameter gy,

Here, we intend to identify the fracture parameter g, for the heterogeneous
porous structure in the previous example (shown in Figure . This way, we can
illustrate whether the predetermined parameter has been selected correctly or not.
To do so, we follow the work by [I86] to construct an inverse problem that aims to
fit the force-displacement curves in the full macroscale and full microscale models
while finding the optimised value of g‘j\f’f. The corresponding computational meshes
for the full microscale CutFEM and full macroscale FEM are presented in Figures
[4.8a,b, respectively.

The microscale material and fracture properties of the heterogeneous structure
are B, = 2.1 x 10°,v,, = 0.3, g,, = 2.7,¢,, = 0.04. For the macroscale mechanical
properties, we employ [MMTT] and derive as following: Ey = 0.51FE,,,vp = 0.3.
The macroscale length parameter is also considered as £, = 0.04.

We aim at identifying the optimised value for g, that minimises the following

error functional:

1

J=3 /Ot [fin — frd]dlt (4.34)

where f is a force defined as an integral of normal traction along the of top edge of
structure projected in z direction. We use the BFGS (Broyden Fletcher Goldfarb
Shanno) search algorithm [194] for optimisation purposes from SciPy library. The
BFGS algorithm is a widely employed method for solving unconstrained optimisation
problems. It belongs to the class of quasi-Newton methods, which approximate the
Hessian matrix of the error functional without explicitly computing it. Instead, the
algorithm estimates the Hessian using gradients of the error functional. To calculate
the gradients, the BFGS algorithm utilises finite differences or automatic differen-
tiation techniques. In our implementation, we employed automatic differentiation
provided by the SciPy library, which efficiently computes the gradients numerically.
This approach avoids the need for manual derivation and coding of gradients, thereby
reducing the potential for errors and enhancing computational efficiency.

Figure [4.9 shows the J — gy¢ curve and the corresponding optimised value is
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gf\ﬁt = 1.52, while the microscale counterpart value was g,, = 2.7. The corresponding

phase field contours for the last time step are shown in Figure [£.10k,b, respectively.
The results demonstrate the high accuracy of the macroscale phase field in terms of
thickness, growth direction and length. Additionally, the force-displacement curves
for the full microscale CutFEM and full macroscale FEM models are shown in Figure
The good agreement between the global responses shows that the derived
homogenised value for the g is correct. Thus, we conclude that our predetermined

value for the gus in the previous example was accurate.

b
a8

(a) (b)

Figure 4.8: Computational meshes: (a) full microscale CittFEM and (b) full macroscale FEM
model.

81



Chapter 4 — CutFEM-based multiscale techniques for phase field fracture problems

9.00E+02

8.00E+02

7.00E+02

6.00E+02

5.00E+02

4.00E+02

3.00E+02

2.00E+02

1.00E+02

0.00E+00

Figure 4.9: J — gaq curve for the periodic porous lattice structure shown in Figure

(a) (b)
Figure 4.10: Phase fields: (a) full microscale CutFEM and (b) full macroscale FEM model
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Figure 4.11: Force-displacement curves: (a) full microscale CittFEM and (b) full macroscale FEM.
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4.2.5 A new self-consistent identification algorithm for macroscale

fracture parameters

When the macroscale phase field parameters are unknown, we follow the ho-
mogenisation technique proposed in [I86] for identification purposes. However, when
we access only a small portion of the microstructure, we can not use the previous
methods, which require a full microscale domain as a reference model. Therefore, we
here propose a new self-consistent technique using a smoothed concurrent multiscale
method as our reference model. In this framework, our inverse problem aims at
fitting the force-displacement curve of the homogenised phase field model with the
corresponding concurrent multiscale model (as an exact solution). We perform the

optimisation problem by minimising the following error functional:

1

J=5 /Ot [f. — fud] alt (4.35)

where f, is the smoothed concurrent multiscale model force, and fus is the ho-
mogenised model force, defined as integrals of normal tractions along the top edge of
the structure projected in x direction. Furthermore, the macroscale fracture parame-
ters, e.g. ga in both models, are unknown. We use the search algorithm [194]
for optimisation purposes from the SciPy library and compare the corresponding

result with a direct search method in Figure 4.12]

In our self-consistent approach, we consider the same shear test for a porous
lattice in the previous example. A displacement u, = 0.025mm is applied at the top
edge of the plate while it is fixed at the bottom, in = and y directions. Unlike g,

the rest material parameters are similar to the previous example.

We perform the optimisation problem for the equation [£.35 where in each iter-
ation g is updated for both models, i.e., in full FEM and multiscale model. We
calculate the optimised homogenised energy release rate as gy = 1.50. This optimi-
sation problem is based on only one parameter for simplification purposes. However,
in the last part of this chapter, we will also study the effects of £, as an optimisation

parameter on the results.
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Figure 4.12: J — gaq curve for the self-consistent simulation with two methods: [BFGS| and direct
search methods

The force-displacement curve, as well as the crack path in Figures and
show that we can reproduce suitable results for both macroscale FEM and smoothed
multiscale model by only accessing the microscale features inside the zooming region.
This self-consistent strategy can be used to predict fracture behaviour, in particu-
lar, for large structures where only a small portion of microstructure is accessible.
However, the location and geometry of the zooming region in the multiscale model
can tremendously affect the accuracy of results and require further considerations in
more complex examples. When the zooming region has been selected in a proper
way, our new identification approach will leverage the computational efficiency of
the smoothed concurrent multiscale method. This is because the full microscale ref-
erence model in the conventional identification approach [186] is replaced with the

concurrent multiscale model, which requires less computational efforts.
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Figure 4.13: Phase field contours for the last time step: (a) full macroscale FEM and (b) smoothed
concurrent multiscale model
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Figure 4.14: Force versus displacement curves for the three models: blue curve represents the full
microscale CutFEM model as reference model, yellow curve represents the concurrent multiscale
and the grey curve depicts the full macroscale homogenised model.
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4.3 Further investigations on the homogenisation of

phase field parameters

The homogenisation of fracture properties is not straightforward in comparison
to the homogenisation of mechanical properties. This is mainly due to the intrinsic
non-linearity of the fracture parameters, which adds more complexity. One com-
mon approach for computing the homogenised fracture properties is to use inverse
problem frameworks that typically involve minimising a parametric cost function.
[186] constructed an inverse problem to study the role of microstructural features,
including different types of inclusions, in homogenising the fracture energy release
rate parameter. They showed that the parameter is a material-dependent property
and can be used for other problems with different settings but featuring the same
material.

In this part of the chapter, we perform further investigations following the work
by [186] to study the effects of other parameters on the homogenisation of fracture

properties (i.e. ga, {aq). These parameters are as follows:

Mesh-size: we investigate the effect of mesh coarsening on homogenisation results.

Boundary conditions: we study the effect of boundary conditions on homogenised

fracture parameters.

Microstructure: we discuss the impact of microstructural parameters onto ho-

mogenised fracture parameters.

Error (Cost) functional: we test various types of error functionals for the ho-

mogenisation problem.

Investigations on these four factors will be complementary to the work done by
[186], and the corresponding conclusions can be employed directly in the concurrent

multiscale framework proposed in the previous section.
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4.3.1 Numerical results

In this section, we initially carry out identification tests to capture the unknown
homogenised fracture parameters using inverse-problem analysis. Then, we validate
the acquired homogenised parameters by testing them on a new problem with new

boundary conditions.

4.3.1.1 Effect of mesh coarsening on homogenisation

Identification test. In this section, we investigate and identify the effects of mesh
coarsening on the homogenisation of fracture parameters, i.e. £, and gps. A better
understanding of the relationship between the macroscale model mesh-size h,, and
the homogenised fracture parameters can provide us with new perspectives regarding
the properties of the homogenised fracture parameters. This will also allow us to
obtain a range of values for the h,, leading to accurate homogenised fracture models.
The large value of the h, will demonstrate to what extent we can perform the mesh
coarsening, which can still provide us with an accurate homogenised model.

The geometries and boundary conditions of the heterogeneous microscale and
the homogenised macroscale structures with initial cracks are shown in Figure [£.15]
The full microscale model, as a reference, is discretised by the CutFEM, as shown in
Figure [£.16h. For the homogenised model, we adopt five different meshes with differ-
ent mesh sizes; see Figure [£.16p-f. The microscale material and fracture properties,
besides the macroscale material properties, are the same as in section [4.2.4.1] Here,
we aim to determine ¢, and gus for each mesh configuration in the homogenised
macroscale model. The smallest element size of the mesh in the micro and macro
scale subdomains are denoted by Ry, pmin and kg min, respectively.

The inverse problem analysis is carried out between the microscale model and the
macroscale model with five different h,,,;,. We find optimised values for the unknown

gam and £ by minimising the following error functional:

1

J=3 /Ot [fin — fra]dlt (4.36)
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where f,, is the full microscale model shear force, and f, is the macroscale shear force
along the top edge of the structure. The calculated gy, and £, for the homogenised
model for each analysis is reported in table [4.I] The results reveal that the mesh
coarsening has slight effects on the value of guq, while for £, a direct dependency

on the value of A g min is obtained.

h/\/l,min gj)\}/)[t Elj)\}/jlt
0.007 (=hmmin) | 1.50 | 0.038
0.014 1.50 | 0.053
0.028 1.48 | 0.073
0.035 1.46 | 0.082
0.047 1.45 | 0.092

Table 4.1: Optimised values for the gas and £ of inverse problem analysis between full microscale
and full macroscale models.

The corresponding phase fields for each set of optimised gp, and ¢, besides the
reference model are shown in Figure It can be seen that by mesh coarsening, the
structures become stiffer, and the phase field tends to propagate with less curvature.
When we compare the phase field contour of the reference model results with the
corresponding macroscale homogenised models, we observe that with a twice coars-
ening of the mesh, we can still reach acceptable results, which is shown in Figure
[4.17c. With further coarsening, the phase field growth path tends to deviate from
the correct one, which is not acceptable. Therefore, an acceptable value for the h
will be within the range of [h,, — 2h,,].
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Figure 4.15: Schematic presentation of geometry and boundary conditions for the identification test
models: a) full microscale structure, b) full macroscale homogeneous structure.
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(e) (f)

Figure 4.16: Computational meshes: a) Full fine scale CitFEM reference model (h,;, = 0.007),
b) Macroscale FEM with h,;, = 0.007, ¢) Macroscale FEM with h,,;, = 0.014, d) Macroscale
FEM with Ay, = 0.028, e) Macroscale FEM with A, = 0.035 and f) Macroscale FEM with
homin = 0.047.
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Figure 4.17: Phase field contour for the last time step: a) Full fine scale CutFEM reference model
(hmin = 0.007), b) Macroscale FEM with A, = 0.007, ¢) Macroscale FEM with Ay, = 0.014,
d) Macroscale FEM with h,,;, = 0.028, e) Macroscale FEM with h,,;,, = 0.035 and f) Macroscale
FEM with Ay, = 0.047.
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Validation tests. Previously, we showed that the fracture parameter £, is highly
dependent on the macroscale mesh size (hp(). However, we intend to carry our
further investigations over the relationship between h,, and £, by using the derived
values of gjo\ﬂt and ff&t in a new problem. This way, we can ensure that our results
are general and not problem-dependent. Therefore, here, we use the material and
fracture parameters from the previous example in a new problem shown schematically
in Figure [4.18h. This example has double initial cracks on each side of the structure
and is under tension loading over the top edge. Moreover, we keep the mesh sizes
similar to the identification tests (see Figure [£.19).

The mechanical tension tests are done for the reference and homogenised models
(shown in Figure , b, respectively) with the fracture parameters captured from
identification tests. The corresponding phase field results in Figure [£.20b-d show that
the inputs g% and £}y work effectively in the new sample, when they are compared
with the corresponding reference result in Figure [£.20h. We also achieve the same
level of accuracy in the force-displacement curves that are shown in Figure [4.21]
These results show that the derived values for the g% and (% from the previous
example can be employed for new examples, as long as the microstructure, properties
and A min (shown with A, in the corresponding Figures) do not change. Thus, we
identify the parameters g% and ¢% as "material properties", which is also consistent

with results of authors in [186].
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Figure 4.18: Schematic presentation for the verification test models: a) full microscale heterogeneous
structure and b) full macroscale homogeneous structure.
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Figure 4.19: Computational meshes used for validation tests: a) Full fine scale CittFEM reference
model with Ay, = 0.007, b) macroscale FEM with A, = 0.007, ¢) macroscale FEM with h,, =
0.014 and d) macroscale FEM with h,,;, = 0.028.
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Figure 4.20: Phase field contour for the last time step: a) Full fine scale CttFEM reference model
(hmin = 0.007), b) macroscale FEM with h,,;,, = 0.007, ¢) macroscale FEM with h,,;, = 0.014 and
d) macroscale FEM with h,,;, = 0.028.
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Figure 4.21: Force-displacement curves of tension tests for different inverse problems analysis car-
ried out between heterogeneous and homogeneous structures. The homogeneous model properties
changes as following in each analysis: a) hy, = 0.007, gf\ﬁt = 1.50, f%f = 0.038, b) homin = 0.014,
g% = 1.50, £ = 0.053 and c) hpnsy = 0.028, g% = 1.48 and (3 = 0.073.
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4.3.1.2 Effect of microstructure on homogenisation

In this section, we investigate the effect of microstructural morphology on the
homogenisation of the fracture parameters. The microstructure will change with re-
spect to the pores’ size (radius) while the structure’s porosity is kept unaltered. The
properties and boundary conditions are also the same as in the previous example.
The shear test is carried out for three different microstructures that own the following
radius of pores: r; = 0.02, ro = 0.03 and r3 = 0.04. The corresponding computa-
tional meshes for the three microscale models and the homogenised macroscale model
are shown in Figure [£.22] where the mesh size is the same for all samples.

The inverse problem analysis for each microscale model is carried out to find the
homogenised fracture parameters. We report the corresponding results in table [£.2]
The results show that the variation in the pore’s size does not affect the grs. On the
other hand, ¢, shows dependency and tends to increase for bigger pores.

The phase fields for the microscale and macroscale models are shown in Figure
[4.23] In all three different microstructures, the trend of homogenised phase fields is

very similar to the corresponding microscale reference models.

opt opt
! Im v

0.02 | 1.50 0.038
0.03 | 1.51 0.056
0.04 | 1.54 0.092

Table 4.2: Optimised values for the grq and ¢4 of inverse problem analysis between full microscale
and full macroscale models.
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(@

Figure 4.22: Computational meshes for heterogeneous and homogeneous structures, with h,,;, =
0.007 for all cases: a) heterogeneous structure with » = 0.02, b) heterogeneous structure with
r = 0.03, ¢) heterogeneous structure with 7 = 0.04 and d) homogeneous structure.
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Figure 4.23: Phase fields for heterogeneous and homogenised models: a) r = 0.02, b) r = 0.03 and
¢) r=0.04.
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4.3.1.3 Effect of optimisation error functional on homogenisation

In the previous examples, the error functional used for the inverse problems was
defined as an integral functional during the whole simulation time. However, per-
forming a full-time simulation in each iteration of the inverse problem imposes high
computational costs. In this section, the intention is to reduce the mentioned costs
by replacing the previous error functional with a new functional that mainly de-
pends on the maximum stress and then investigate if we can reach the same level of

accuracy. The new error functional is defined as

2 2
gmat _ ymaz U — U
= |: B mach + | (4'37)
om U,
where 07" and o'{{'* are the maximum stresses for full microscale and homogenised

models, respectively. Also, u,, and ux, are the microscale and macroscale displace-
ments corresponding the o,,%" and o', respectively.

For identification purposes, the heterogeneous structure introduced in section
will be employed here. The same boundary conditions and properties will be
used. Moreover, for mesh coarsening purposes, three different types of meshes are
adopted for the macroscale model.

The inverse problem analysis with mesh coarsening is carried out, and the corre-

sponding homogenisation results are shown in table [4.3]

hM,min gjo\l/)lt gt/)&t

0.007 1.70 0.051
0.014 1.69 0.052
0.028 1.41 0.066
0.035 2.16 0.070

Table 4.3: Optimised values for the gaq and £, of inverse problem analysis between full microscale
and full macroscale models.

For each set of optimised values of the gy and ¢4, the corresponding phase field
contour in the last time step of the simulation is reported in Figure The results

show that the new cost functional can lead to accurate homogenised gn and £,
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which is a more versatile approach in terms of computational costs.

For further analysis, a mesh coarsening for this cost functional is carried out.
When the results are compared with the results of section [£.3.1.1] we observe that
we can achieve a reasonable range of results up to four times in the mesh coarsening.
With the new error functional, the time required for the homogenisation of fracture
parameters reduces up to 60%, which is very satisfactory against about 10% com-
promise in the accuracy. The force-displacement curves for the heterogeneous and
homogeneous structures in Figure illustrate that the captured optimised values

of gm and £y for different hagmin can also produce accurate global responses.
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Figure 4.24: Phase field contours for the last time step: a) Full fine scale CutFEM reference model
(hmin = 0.007), b) Macroscale FEM with h,,;, = 0.007, ¢) Macroscale FEM with h,;, = 0.014, d)
Macroscale FEM with h,,;, = 0.028.
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Figure 4.25: Force-displacement curves of shear tests for different inverse problems carried out
between heterogeneous and homogeneous structures. The heterogeneous model (as reference) has
the following properties for all of the inverse problems: Ay, pin = 0.007, g, = 2.7 and ¢, = 0.04.
The homogeneous model properties alters as following in each analysis: a) haqmin = 0.007, gj’\’/’lt =
1.7, €55 = 0.051, b) hagmin = 0.014, g% = 1.69, £55" = 0.053 and ¢) hagmin = 0.028, g% = 1.41

and Zj’&t =0.055
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4.4 Conclusion

This chapter explored two different categories of multiscale simulations for phase
field problems. In the first category, the smoothed concurrent multiscale framework
developed in chapter 3| was extended and validated for phase field problems with
predetermined homogenised fracture parameters. The framework was also extended
within a new self-consistent approach for predicting macroscale fracture parameters.
In the new self-consistent framework, an inverse problem was developed between
two models; (i) the concurrent multiscale model (as a reference model) and (ii) the
macroscale homogenised model. This framework allowed us to use only a small
portion of the microstructure and compute the homogenised values of the gps and
¢ within acceptable accuracy. These two frameworks were successfully verified for
2D phase field problems.

In the second part of the chapter, additional investigations on the homogenisation
of fracture parameters were carried out following the work by [186]. Here, the effects
of various parameters (including mesh-coarsening and types of microstructure and
cost functional) over the homogenisation were studied. This investigation shed more
light on the properties of homogenised fracture parameters that can be used as an
input in domain decomposition methods. The investigations were carried out mainly
in two parts: the first part covered the identification tests for the g% and ¢}/, where
an inverse problem analysis between two models of micro and macro scale was carried
out. The second part discussed the verification stage using the identified parameters

in a new problem and ensuring that they can still reproduce accurate results.

The results of the mesh-coarsening investigation showed that the value of hy in
the homogenised model has a large impact on the value of /4, and negligible effect
on the value of gp(. The results also proved that grs and ¢, are material properties
and can be used directly in new problems that own different settings or boundary
conditions. Regarding the effect of microstructure on the homogenisation values, our
results depicted that the changes in the pore’s size have no impact on the computed
gm. However, it largely affects the value of £, where with an increase in the radius

of pores, £, also tends to increase. In the last section, we studied the effect of
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optimisation error functional on the homogenisation parameters. We showed that
the type of error functional has a huge impact on the computational costs of inverse
problems and should be considered carefully. Our new error functional reduced the
time required for the homogenisation of fracture parameters up to 60% by only

compromising 10% in the accuracy of results, which can be considered satisfactory.
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Chapter 5

Unfitted hierarchical multi-resolution
analysis based on CutFEM

5.1 Introduction

This chapter deals with another novel concurrent multiscale method based on
CutFEM. In this contribution, the microscale and macroscale subdomains are sep-
arated over a multi-resolution background mesh with a sharp interface which is not
meshed [195]. Like chapter [3] we use CutFEM to discretise inside zoom regions with
microscale features and to discretise the macroscale region, which is homogenised.
However, unlike chapter [3, where a smooth interface was proposed to separate the
two models, we employ a sharp interface and refine the elements inside the zooms
hierarchically. We present the microstructure and the zooming interfaces with two
sets of level set functions in the context of CutFEM. Then, the interfaces are allowed
to intersect the multiresolution background mesh arbitrarily. This gives us an ad-
vantage of geometrical flexibility and enables us to (re)locate the zooms in a fully
mesh-independent way.

The remainder of this chapter is structured as follows: Section discusses the
governing equations of the concurrent multiscale method. Herein, we first define

the partitioned domain considered for our multiscale simulation framework. Then,
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we present the strong and weak forms of equations for the heterogeneous microscale
and the homogenised macroscale models. Eventually, we propose our concurrent
multiscale framework in the discretisation stage. In this stage, we employ CutFEM
to discretise the computational domain and then couple the micro and macro models
with the Nitsche technique.

In the last section (section[5.3), we present the numerical results of the concurrent
multiscale framework. We verify the performance of the framework with respect to
reference models and then test it for more complicated examples with linear elastic

and plastic materials.

5.2 Governing equations of the hierarchical multi-
scale CutFEM

5.2.1 Computational domain partitioning of multiscale anal-

ysis framework

®°-°
o
& @ I . . 0Q 1)
e O
o°*° ® O ) &
(a) (b) (c)

Figure 5.1: Domain partitioning: (a) heterogeneous microscale model, (b) homogeneous macroscale
model and (c¢) multiscale model (the macroscale model enriched with a zoom including microscale
model)

0

Let us consider that we have a two-phase composite material occupying domain
Q2 with boundary 02, which consists of a matrix-phase €2; and an inclusion phase €2,
(see Figure[5.1h). Here, 2 UQy = Q and Q;NQy = (. The interface between ©; and
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()5 is denoted by I';. Furthermore, let us assume that the two-phase composite can
be represented by a homogenised material, which we denote by €3 (see Figure )
Now, let us introduce zooms in the homogenised domain into the two-phase composite
material. The zoom regions are denoted by €2, = Q; Uy, where Q;, i = 1, 2, defines
the part of ; that lies inside the zoom regions (microscale domain). And Q¢ = 3\
2, denotes the homogenised region without the zoom regions (macroscale domain).
The interface between the matrix phase of the zoom regions and the macroscale
domain is denoted by T'y = Oy N and the interface between the inclusion phase
and the macroscale domain is denoted by I's = Qy N Q) (see Figure )

5.2.2 Heterogeneous elasticity problem: strong form
5.2.2.1 Semi-discrete boundary value problem

The semi-discrete problem of elasticity that we wish to solve is the following.
Time interval Z = [07] into N equally spaced time intervals. At discrete times
in Zar = {t1 = AT, ty = 2AT, ..., ty = NAT = T}, we look for displacement

u = {uf,ub} o Q) x Qy — RP x RP at n'd time step satisfying,

Vie{l1,2}, dive] (Vsw) + fy' =0 in ;. (5.1)

where o7'(Vsul') is the stress tensor, which is a function of strain tensor V u!, and
fit is the corresponding body force.

The boundary conditions of the elasticity problem are

Vie {1,2}, up = uy over 02, N O (5.2)

(2

and

Vie {1,2}, oi(Vsul) -mpq = 71" over 09 N O (5.3)

where 7" denotes the traction vector and ngq is the outer normal to the boundary.
Here, 09 = 0Q,U00Q,,, 092:N0Q, = (). The fields f, u” and ¢} are given time-discrete
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fields.

Linear elasticity If we assume that the two phases of the composite are linear
elastic, time-independent and homogeneous, the stress functions o}’ may be expressed

as

Vie{1,2}, o (Vsul) := Dy : Vul inQ;, (5.4)

where V. = %(V + V7T .) and D; is the fourth-order Hooke tensor of the material
occupying phase i. This tensor may be expressed as a function of the the Lamé

coefficients \; and p; as follows:

Vie{1,2}, D;:V,.=ANTr(V, )+ 2uV,.. (5.5)

von Mises Plasticity We consider the following von Mises plasticity model. The

stress s in the material is given by

s=D:(e—¢) (5.6)

as a function of the strain ¢ (i.e. the symmetric part of the displacement gradient)

and the plastic strain €,. The yield surface is defined as

f(sp,q.p) = \/g(é’p —q): (sp—q) — (Yo + R(p)) (5.7)

where sp denotes the deviatoric part of o, p denotes the cumulative plastic strain and
¢ the back stress. In equation above, Yj is a constant initial yield parameter, the term
R(p) = H p is the isotropic linear hardening function, where H is the corresponding

hardening modulus. Moreover, the plasticity flow rules are as follows:

)\207 )‘f(SD7Q7p> 207 f(sD7Q7p) SO (58)
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Sp — ¢
= (<SD SDQ)Q ) (5.9)

lsp =4l

p=A\.

where )\ is the plastic multiplier and H is a fourth-order kinematic hardening tensor.

In our examples, H will be vanishingly small (no kinematic hardening).

Implicit time integration The previous ODE may be discretised in time using

an implicit Euler scheme. This leads to the following semi-discrete material law.

1 ( 1 +1 +1 ) n+1 —q""
— (D" =" 4+ A n— =
AlT ’ s D“ g+l
- D 5.10)
J— H1:<qn+1_qn> +/\¥IO (
AT ( ) [ — gt
A>0  A(sET TP AAT) =0 f(sBT g p" + AAT) <0

Given (e"*',e7,¢",p"), the previous nonlinear system of equation (the last three
constraints can be recast as a single nonlinear equality using the Heaviside function)
can be solved for (s"*1, ¢"*! \) using the usual combination of operator splitting
and Newton iterative solution scheme. The update of internal variables is performed

according to

n+1 n+1
€n+1 _ 5; + A <M) AT

p ”Sn+1 n+1 ||

Pt = p" + ANAT

(5.11)

The procedure can therefore be summarised as an (implicitly defined) relationship

s"Th = sar (", (€0, ¢, P AT) (5.12)

where p is a real-valued vector containing all the parameters of the constitutive law,

Yy, all the free parameters of tensor A and that of R.
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Semi-discrete implicit stress functions At time ¢, > 0, for any phase index
i € {1,2} of the composite material, we may replace the elastic constitutive law by

the following nonlinear function

op (Vsui) = sar (Vsui, &7 i, AT) (5.13)

where the field of past internal variables £'~' = (e27!, ¢"~',p"™") defined over ©;
are sequentially and locally updated according to the procedure outlined above. We

suppose that at the beginning of the simulation, all the internal variables are null.

5.2.2.2 Macroscale model with homogenised material

Here, we present a homogenised elasticity problem with an equivalent homogenised
material for the two-phase composite material defined in the previous section. The
corresponding computational domain is shown schematically in Figure [5.Ip. Similar
to the heterogeneous elasticity problem, we consider a time-dependent problem with
time interval Z = [0 T divided into N equal time steps. In each time step n, we

look for displacement u% : Q3 — R satisfying the following equilibrium equation

divey(Vsuy) + fir =0  in Qs. (5.14)

where the corresponding boundary conditions are as follows: uf = uj; over 0§2,, N OS2
and o3 - ngg = 7 over d€; N I, where 02 = 9, U 992, and 09, N 9N, = {0}.

In €3, we introduce a surrogate material model with slowly varying parameters
in space. If the coarse material is elastic and homogeneous, it is characterized by
constant tensor D3 (which may be obtained, for instance, via some form of homogeni-

sation of the composite material), whose action reads as

D3 : Vs .= >\3TI'(VS . )I[ + Q,UCVS . (515)
The resulting stress function is
03(Vsug) := D3 : Vug in Q3. (5.16)
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If the coarse material is plastic, we define the associated stress update at the n'”
time increment, n € {1,2,..., N}, by
ol (Vous) = sar (Veuy, &7 pus, AT) . (5.17)

The solution approach for equation above is similar to the approach presented

for heterogeneous plasticity problems in the previous section.

5.2.3 Multiresolution problem in weak form

In this section, we are going to introduce the weak formulation of our multires-
olution problem. As mentioned above, we split our background domain 2 into two

non-overlapping domains: the fine domain €2,, and the coarse domain €24, as shown

in Figure [5.Tk.
In the following, we present the weak form of governing equations for the mi-
croscale and macroscale problems separately. However, due to the concurrent multi-

scale modelling, both problems will be solved simultaneously.

5.2.3.1 Microscale model in weak form

Now, the microscale problem of elasticity at time t,, € Zar reads: We look for a

displacement field u,, 1= {uy,us} : Q1 x Qy — RP x RP satisfying

A (U, Um) + Qo Uy Um) = U (V) (5.18)

In the previous variational statement, arbitrary v, = {uy,us} : QO x Qy —

RP x RP is required to satisfy the homogeneous Dirichlet conditions
Uy =0 over Oy := 02, N O, (5.19)
In Equation [5.18], the bilinear form a,, is defined as,
Ay (U, V) = / Om(Vstm) : Vv, dx (5.20)
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The corresponding linear form [, is given by,

L (V) = / fo - U dx + / T Uy dx, (5.21)
Qm Ot
where

The bilinear form a,, s in Equation introduces the coupling terms related to
the Nitsche’s method to glue together the microscale sub-domains, i.e. €y and o,

and is expressed as,

amm(um,vm) = 71@1/ [[Um]]l'[[vm]h dz
Iy

- / {t} (um) - [vm]r do (5.23)

'y

-/ RUNCHRCR

where
[um]1 = w1 — ug (5.24)

which denotes the jump in the displacement field across I';. In Equation [5.23] v, > 0,
w; and {t}, are Nitsche related parameters for the microscale model that will be
defined in the discretisation stage.

5.2.3.2 Macroscale model in weak form

Now, for the macroscale problem of elasticity at time t,, € Zar reads, we look for

a displacement field up : Q¢ — RP satisfying

arm(upag, vam) + apg(ung, vag) = (o) (5.25)

where the trial function vy @ Qy — RP is required to satisfy the homogeneous

Dirichlet conditions

vpm =0 over 0, 1= 0, N O (5.26)
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The bilinear form a,, in equation 5.25 is defined as follows,

anm (Upg, Vaq) :/ om(Vsupn) @ Vo de, (5.27)

Qm

The corresponding linear form [ (unq, vaq) is defined as,

(o) = fb-dex—i—/ T-opmdr, (5.28)
Qam aQM,t
where

The bilinear form a4 (up, dupq) presents the Nitsche’s formulation for coupling
microscale and macroscale models over two types of interfaces; I's and I'3, which is
denoted by

CLM7ﬁ(UM, ’UM) = aw(uM, UM) + (137;1(’&]\/[7"0/\4) (530)

where for i € {2,3}, the Nitsche’s formulation over I'; reads

aig(Unm, vpm) = %’wi/r‘[[u/w]]z‘ - [vum]i d
[ h ) foadlide (5.31)
[ h ) fusdlide.
where ~; > 0, w; and {t}; are Nitsche’s terms and we have
[umli = um — (5.32)

which denotes the jump in the displacement field across T;.
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5.2.4 Level-set-based descriptions of sub-domains and inter-

faces

In this contribution, we define sub-domains §2; and €25 implicitly via the values
of a time-independent continuous level set function ¢; € C°(Q2). More precisely, we

suppose that

Q1 ={z € Q¢ (z) <0}

. (5.33)
Qy ={z € Q|p1(z) > 0}

Here, we define two sets of level set functions ¢; and ¢, and show how they
describe the subdomains and interfaces in our multiresolution setting. The interface

that separates the two subdomains is denoted by I'; and given in terms of ¢; by

In the proposed multiresolution scheme, coarse domain {2, is defined as

Qe = {2 € Q| po(z) > 0} (5.35)

where ¢, € C°(Q) is a continuous level set function.

Similarly, fine domain (2, is defined as

Q= {2 € Q| da(x) < 0} (5.36)

where €2, is comprised of micro pores (or micro inclusions) and matrix. The subdo-

main corresponding micro pores or inclusions inside the §2,, is defined as

Oy ={2eQ|i(x) =0, ¢o(z)< 0} (5.37)

The subdomain corresponding matrix inside the €2,, is defined as

Qo ={r€Q| () <0, dolx)<0} (5.38)

Now, we introduce the interface between different subdomains defined above. The
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corresponding interface between coarse and fine domains is expressed by

The interface I'y5 is comprised of two separate interfaces; '3 = I'y U I's, which

are defined as

FQ = {l’ € Flg | le(x) > 0}

) (5.40)
I3 = {r € I'a| ¢1(zx) <0}

5.2.5 Discretisation of the multiresolution problem
5.2.5.1 Discretisation of the geometry

Let us introduce a coarse triangulation 7 of domain 2. The tessellated domain is
denoted by QF . Furthermore, let us introduce the finite element space of continuous

piecewise linear functions, i.e.

O = {w e (") : w|x € PHK),VK € TH} (5.41)

We now define the finite element approximation of coarse domain 2, as

Oy = {x € Q" [ 6f (x) > 0} (5.42)

where ¢ (r) € QF is the coarse nodal interpolant of ¢,.
Let us now introduce a hierarchical subtriangulation 7" of T, with h < H.
Due to the hierarchical structure, the union of all triangles of 7" is the coarse finite

element domain 7. We define space

QUM = fw e C*(Q") : w|x € PY(K),VK € T"} (5.43)

With this definition, domains €2; and €2, are discretised as follows.

Q" = {z € | ¢ (x)

(x) < 0}
O = {2 € Q7| ¢ (x) '

() = 0}

<0, "
<0, ¢ (5.44)
<0, ¢f

117



Chapter 5 — Unfitted hierarchical multi-resolution analysis based on CutFEM

We define the interface between the fine domains as

™ = {r € 07 |9}/ () <0, 6" (2) = 0} (5.45)

and the interfaces between the coarse and the fine domains as

I ={z e Q") (2)
Hh

Iy = {z e T | l(x)
H,h

P{"" = {x € T | ¢l (x)

0}
0} (5.46)
0

}

Notice that finely discretised quantities are parametrised by a pair of mesh charac-

VAN

Vv

teristics H = (H, h). This is due to the hierarchical structure of the multiresolution
scheme that we have introduced (the coarse domain “overshadows" the composite
material). To simplify the notations, the coarse sets and variables that only depend

on H will also be written to be dependent on H.

5.2.5.2 Overlapping domain decomposition

For the three different domains of the multiresolution scheme, we need to define
appropriate extended domains. Such an extended domain is composed of all the
elements that have a non-void intersection with its non-extended counterpart. Hence,

the set of all elements of 7% that have a non-zero intersection with Q% is

T ={KeT": KN} #0} (5.47)

The fictitious domain domain corresponding to this set is Q%A =U KeTH K. Similarly
for the fine domains,

Vie{1,2}, T ={KeT":KnQ+0} (5.48)

The domains corresponding to these sets are denoted by QZ{ = Ugein K, fori=1

and for i = 2.
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5.2.5.3 Extended interface FE spaces

We will look for an approximation u’ = (ult,u}f,u}t) of the multiresolution

elasticity problem in space U™ = UM x Ut x U, where

UM =Ul = {w e CO(O%) : w|x € PHE)VK € T} (5.49)
Vie {1,2), U= {we Q) wlx € PUK)VK € TH) |

Notice that «™ is multi-valued in the elements that are cut by the two embedded

interfaces. This feature allows us to represent discontinuities at the two interfaces.

The field of internal variables £, for any n € [0 N] and for any i € [13], will be
defined over the corresponding approximated domain Q. These fields do not need

to be extended to the fictitious domain.

5.2.5.4 Additional sets

We now define some additional sets, which is required to introduce the stabilisa-

tion strategy for our implicit boundary multiresolution formulation.

For stabilisation purpose, let us denote all elements which are intersected by I'?%
by

G ={K e T" | KNT £ 0} (5.50)

The domain corresponding to this set is denoted by f’% =U KeG, K. Similarly for
the fine domains, for i € {1, 2},

GH ={KeT" | KnTk+0} (5.51)

and the corresponding domains will be denoted by fzi = Ugegn K. We now define

the set of Ghost-Penalty element edges for fictitious domain QT‘

FE={F=KnK :KecT*and K' € T}, FNT? # 0} (5.52)
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and for fictitious domain Q7. i € {2,3} as

Fé={F=KnK :KeT"and K' e T FNTT#0} (5.53)

5.2.6 Implicit boundary finite element formulation

The finite element multiresolution formulation is as follows: for any v* € Y™

satisfying the homogeneous Dirichlet boundary conditions,

a (u*, 0™) 4 alf (u ") + af (W 0™) = ™). (5.54)

In the previous formulation, the bilinear form a* is defined by

3
at(ut ™) = Z/ oi(Vsult) : Voultdo . (5.55)
im1 /ol

and the linear form [’ is as follows:

3 3
=> Qﬂfbwzidx—l—Z/aQHT-UZ{dx, (5.56)
=1 i =1 tyi

Term ag“‘ is composed of terms that allows gluing the three domains together, using

Nitsche’s method. It is further expanded as

a?(u”,vﬂ) :am( H H)—l—a 4(u M H)—i—aw( oMy, (5.57)

where the first term is for the interface between matrix and inclusion, while the

second and third terms are for the interfaces between the coarse and fine (i.e. matrix
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and inclusion, respectively) subdomains. We have that

M) = i, / [ - [o*]; de
r

- {t}; (") - [v"]; d

r
- {t}; (") - [u™]; da.
i
where
[[UH]]l = urfl - U;{,

[[uH]]Q = ui{ - u?’f )

[[uH]]3 = ’U/;{ - U;{ )

(5.58)

(5.59)

denotes the jumps in the displacements across I'}t, T3 and '} respectively; and {¢} ;

denotes the following weighted averages

{t}, = wio1(Vaui') - ni + wios(Veuih) - na
{t}, = w%al(vsui{) "Ng + w303(VSU§{) "N,

{t}3 = w§02(vsu§) "Ny + w§U3(VsU?) * N,

N _ Ve
where ny = Nol "2 T TNl
E, E,
1= ) 1=
E,+ E, E,+ E;
Es £
1 _ H 2 h
V2T E L B 2T B B
h H h H
E3 Ey
1 _ H 2 h
YT E B ST H B
h H h H

(5.60)

(5.61)
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. E\Ey
w = b
" h(E + By)
By By
UA}2 - ElH hE37 (562)
T H
By By
~ H h
W3 =%, | B
TH

Finally, a¥ is an interior penalty regularisation term that reads as, for i €
{1,2,3},

alt(u™ suM) = Z </ BH [V u[Vs(v*)] dx). (5.63)

FeFE F
where f3; > 0 is the ghost penalty parameter, and [z] is the normal jump of quantity
x over the F'. As explained in |7, 5], the ghost penalty term extends the coercivity

from the physical domain into the discretised domain.

5.3 Numerical Results

This section first verifies the proposed multiscale framework for a simplified mul-
tiscale elasticity problem. Then, we adopt von Mises material for the multiscale
model and assess it for two types of hard and void micro inclusions. Eventually, we
assess the performance of the framework for the zooms that are time-dependent and

relocate during the simulation.

5.3.1 Verification test for an elasticity problem in a quasi-
uniform porous structure

In this section, the proposed multiresolution framework is assessed for a hetero-

geneous structure with micropores and then compared with a full microscale FEM

model and a smoothed concurrent multiscale method proposed in [I89]. We consider

the same quasi-uniform porous medium given in [I89] which includes circular pores
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distributed all over the domain (as depicted in Figure [5.2)). The material behaviour
is assumed as elastic and isotropic. According to [I89], the material properties for

matrix are given as F; = 1 and 14 = 0.3, and for the homogenised model are derived

by MMTT] [192, 191] as following: Es3 = 0.78 and v3 = 0.3.

T = (0,—0.01)

T=(0,0)

u = (0,0)

Figure 5.2: Boundary conditions and geometry of a heterogeneous structure with compression test

The computational meshes for the FEM and multiresolution models are shown in
Figure [5.3h,b, which contain linear Lagrangian elements with the smallest element
size of h = 0.054. The element size inside the zoom area is the same as in reference
models for verification purposes, while in the coarse region it is set to H = 0.11.
As shown for the discretised domain in Figure , the three types interfaces, FgH’h),
FéH’h) and FgH’h) intersect the background mesh in an arbitrary fashion. The ghost
penalty parameters for the intersected elements are specified as g1 = By = f3 =
0.005. Additionally, the Nitsche’s penalty parameters used to couple the micro and
macroscale models are v5 = 3 = 10.

A compression test is conducted for the heterogeneous structure where the dis-
placements are fixed along the x and y directions on the lower end, and traction
7 = (0,—0.01) is prescribed along the top edge. The FEM displacement component
u,, contour is obtained and used as a reference solution, see Figure |5;5|a The same

test is carried out for the multiscale model. The corresponding displacement field
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(a) (b)
Figure 5.3: Discretised domains; a) FE conforming mesh and b) CutFEM non-conforming mesh.

'F 1(H,h)

Figure 5.4: Discretised domain for the multiscale CutFEM including F(lH’h), I‘gH’h) and I‘gH’h). The

coarse elements cut with I‘éH’h) and FéH’h) and the fine elements cut with I‘gH’h) are shown with

their sub-triangules that are used for the integration purpose.

component is shown in Figure[5.5b. When our multiscale model is compared with the
FEM and smoothed concurrent multiscale models, a close similarity of u,, is observed
inside the zooming region. Outside of the zoom, again, a satisfactory agreement is
achieved.

We compute the stress field component oy, in Figure . Here again, a good
agreement is achieved between the multiscale and reference models. The homoge-

neous model adopted in the coarse domain of the multiscale model smooth out the
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00000000000 00000
a

(a) (b)
Figure 5.5: Displacement field component u,; a) FEM and b) Multiscale CutFEM.

fluctuations produced by the coarse pores, and the overall trend in this domain is

captured very well.

0 [

vy vy
-0.04 -0.04
I: -0.035 I: -0.035
_.0.03 —-0.03
— -0.025 — -0.025
-0.02 -0.02
l -0.015 t -0.015
-0.01 -0.01
-0.005 -0.005
o 0
(a) (b)

Figure 5.6: Stress field component o,,; a) FEM and b) Multiscale CutFEM.
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For further investigations, we study the effects of mesh coarsening in the coarse
region of the multiresolution framework on the energy norm of the error field. The
corresponding mesh layouts for the fine and coarse multiresolution models are de-
picted in Figures and [5.7b, respectively. While the mesh outside the zoom is
different for two multiresolution models, the mesh inside is considered the same size.
Moreover, as shown in Figure[5.7h, a full fine resolution mesh is used for computation
of the error field. We compute the energy norm of the error field with respect to the

reference FE model according to the following formulation.

le]| = \// Vie:Vieds. (5.64)
Q

where € = ter — u. Urer and u denote the displacement for FE and multiresolution

models, respectively.

The energy norm of the error fields for the two multiresolution models is com-
puted as shown in Figure[5.8, where H = 0.11 for the first multiresolution model and
H = 0.22 for the second one. The results indicate that the error norm within the
zoomed region remains minimal for both models, irrespective of the coarsening of the
mesh outside the zoomed area. Furthermore, the analysis suggests that the primary
source of error outside the zoomed region can be attributed to the homogenisation
approximation rather than the mesh size. This assertion is supported by the observa-
tion that the ||e|| remains unaltered in the coarse region despite the mesh coarsening
process.

To facilitate a quantitative assessment, a comparative analysis of the computed
o,y values is conducted between the full FEM and the multiscale CutFEM at four
distinct locations situated within the zoom region, as depicted in Figure [5.7b. These
locations are designated as A(5.7,6.7), B(3.9,5.7), C(4.36,5.15), and D(7.1,5.5), each
carrying their unique significance. The corresponding relative absolute errors at
these designated points are computed and reported in table [5.1, ranging between
5.5% and 13.4%. Importantly, the observed errors within the zoom region fall well
within an acceptable range, with point C displaying the highest deviation and point

D demonstrating the lowest deviation. The slight increase in error on the left side of
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i
HHHHHE
Hi

(a) (b) (c)

Figure 5.7: Computational meshes for; a) computing the error field (hy,;, = 0.054), b) multiresolu-
tion CwtFEM with a mesh size H = 0.11 in the macroscale region and c) multiresolution CutFEM
with a mesh size H = 0.22 in the macroscale region. For both multiresolution CutFEM models
we have h = 0.054. All the cut elements in the multiresolution CutFEM are shown with their
integration subtriangles.

[lell

6.0e-02
0.055
0.05

-~ 0.045

- 0.04 - 0.04
—0.035 —0.035
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- 0.025 0.025
-~ 0.02 002
j- 0015 0.015
0.01 0.01
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0.0e+00 0.0e+00
(a) (b)

Figure 5.8: Energy norm of error field ||e|| for multiscale CutFEM with different mesh resolutions
in the macroscale region; a) H = 0.11 and b) H = 0.22. A uniform mesh size of h = 0.054 is used
for plotting the |e||.

the zoom can be attributed to the proximity of adjacent pores located just outside the
zoom, which introduce certain perturbations within the homogenised model, thereby

influencing the solution within the zoom in the heterogeneous models.
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Oyy Point A | Point B | Point C' | Point D

Full FEM 0.000170 | -0.0125 | -0.0252 | -0.0215

Multiscale CutFEM 0.000159 | -0.0115 | -0.0218 | -0.0227

Absolute error (oy,) 0.000011 | 0.001 0.0034 | 0.0008
Relative absolute error (%) (o) 6.47 8 134 5.5

Table 5.1: Quantitative comparison of oy, between the full FEM and multiscale CutFEM at four
different locations inside the zoom (A(5.7,6.7), B(3.9,5.7), C(4.36,5.15), and D(7.1,5.5)). The mesh
sizes are h = 0.054 for both models, and H = 0.11 for the macroscale region of the multiscale
CutFEM.

5.3.2 S shape heterogeneous structure with elastoplastic be-

haviour using fixed zooms

In this section, we assess the ability and efficiency of the multiresolution CutFEM
in modelling heterogeneous structures with nonlinear material properties and differ-
ent types of heterogeneities. We consider an S shape heterogeneous structure with a
random distribution of heterogeneities. As shown in Figure the heterogeneities
can be either voids or hard inclusions. We assume von Mises elastoplastic material
behaviour for these structures. The material properties heterogeneous structures are:
OB =Ey=2 1 =1y =13 =03, 0% = 0§ = 05 = 0.25 and H’ = HY = HY = 102.
The material properties for the macroscale homogenised model with voids and in-
clusions are calculated by using the [MTT] as follows, respectively: E3; = 0.5,1.3. To
analyse the influence of different microstructural features on the accuracy of the pro-
posed multiscale framework, we consider the geometry and distribution of the voids
and hard inclusions to be similar in the two structures. We restrict the displace-
ment along the z and y directions on the lower end and apply traction 7 = (0, 0.18)
incrementally (in 30 increments) on the top edge along the y direction.

We employ two circular zooms fixed over a background mesh (see Figure .
We refine the mesh inside the zoom regions with a refinement scale defined as s =
%6 (means each coarse element is subdivided hierarchically into 16 fine elements),
where the largest element size is H = 0.06. The discretised physical domain of
multiresolution models in Figures [5.10p,c show that all the three interfaces intersect

the coarse background mesh (see Figure [5.10p) for both models in a fully arbitrary
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manner.

Next, we solve the nonlinear problem and assess the corresponding solution fields.
The displacement field component u, for two models in Figure @ is smooth, es-
pecially in cut elements. Moreover, the stress field component oy, shown in Figure
5.12] is smooth for both structures. However, as expected, the structure with hard
inclusion inherits more stiffness and absorbs more stresses inside and outside the

Z0O011.

1 0.9 0.8 0.7 0.6 0.5 -04 -03 -02 -0.1 0 01 02 03 0.4 0.5 0.6 07 0.8 09 1 1 0.9 0.8 0.7 0.6 0.5 -04 -03 -02 -0.1 0 01 02 03 0.4 0.5 0.6 07 0.8 09 1
1 1 1 1

1 -09 -08 -0.7 -06 -05 -0.4 0.3 0.2 0.1 0 0.1 02 03 04 05 06 0.7 0.8 0.9 1

Figure 5.9: Geometry of the heterogeneous structures; a) heterogeneities are voids, b) hetero-
geneities are hard inclusions
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Figure 5.10: Computational meshes; a) coarse mesh, b) multiresolution mesh for the porous mi-
crostructure, ¢) multiresolution mesh for the microstructure with hard inclusions. The intersected
elements are shown with their integration sub-triangles.
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Uy Uy
1.9e-01 1.9e-01
[ 0.16 [0.16
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— 0.08 — 0.08
— 0.06 — 0.06
0.04 0.04
0.02 0.02
0.0e+00 0.0e+00

(a) (b)

Figure 5.11: Displacement field u, for the heterogeneous structures in the last time step; a) hetero-
geneities are voids, b) heterogeneities are hard inclusions

vy vy
2.4e-02 2.4e-02
I: 0.02 I: 0.02
-— 0.015 — 0.015
—0.01 —0.01
— 0.005 — 0.005

—0 0
[ -0.005 [ -0.005
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Figure 5.12: Stress component o, for the last time step; a) heterogeneities are voids, b) hetero-
geneities are hard inclusions
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5.3.3 S shape porous structure with elastoplasic behaviour

using moving zooms

This section is devoted to the numerical study of a moving zoom for the proposed
multiresolution with a von Mises plasticity material behaviour. We here consider the
S shape microporous structure analysed in section 5.3.2. However, contrary to the
previous section, we will not fix the zooms over the background mesh but relocate
them during the simulation. As shown in Figure [5.13] this relocation is carried out
arbitrarily and independent of background mesh configuration. In this study, we
change the location and size of zooming manually during the simulation to assess
the numerical efficiency; however, using an adaptive approach would be more relevant
from the physics point of view.

We show the displacement component u, field for three different time in Fig-
ure 0.14l The results show that the multiscale solution with a nonlinear material
stays convergent in each time step, even with the relocation of the zooming region.
Furthermore, the global behaviour during simulation stays smooth and without os-
cillations.

Next, we show the results in the form of plastic strain growth during the simula-
tion. We compute the effective plastic strain at three time steps and show the results
in Figure [5.15] The changes in the zooms’ location and size during the simulation

are intended to capture the plastic strain growth.
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Figure 5.13: Computational meshes for the microporous heterogeneous structure with different set
of zooms at various time steps, a) 7 = (0,0.05), b) 7 = (0,0.12) and ¢) 7 = (0,0.18). All the cut
elements are depicted with their sub-triangles (used for their integration).
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Figure 5.14: Displacement component u,, for the microporous heterogeneous structure with different
set of zooms; a) 7 = (0,0.05), b) 7 = (0,0.12) and c) 7 = (0, 0.18).
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()
Figure 5.15: Effective plastic strain &, contours; a) 7 = (0,0.05), b) 7 = (0,0.12) and ¢) 7 = (0, 0.18).
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5.4 Conclusion

In this chapter, we developed another novel concurrent multiscale method based
on CutFEM that couples micro and macroscale models through Nitsche’s formula-
tion over a sharp interface. We utilised three sets of interfaces to approximate the
microstructure and zoom geometries over a multiresolution fixed background mesh.
However, the arbitrary intersection of interfaces with the background mesh creates

stability issues as follows:

e Stability of cut elements by only a single interface, including one of the following

interfaces: FgH’h)’ FéH’h) and Fi())H,h).

e Stability of the cut elements intersected simultaneously by I’ EH’h), FgH’h) and

rm,

In our multiscale framework, we addressed the above-mentioned issues by ap-
plying the ghost penalty regularisation technique for the intersected elements. The
regularisation includes displacement gradient jump term across the interface.

The framework was successfully applied for heterogeneous structures with lin-
ear elasticity and plasticity material properties. The numerical results showed that
our concurrent multiscale technique is capable of modelling heterogeneous struc-
tures with complex microstructures with either micropores or micro inclusions in a
mesh-independent way. The method was stable and accurate for different types of
microstructures with pores or inclusions. Moreover, the relocation of the zoomed

regions during the simulation was carried out seamlessly.
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Conclusion and Future Research

6.1 Conclusion

It has been widely recognised that several macroscopic phenomena, including frac-
ture and failure, originate from the mechanics of the corresponding microstructure.
The properties of microstructure constituents (e.g. the shape, size, volume fraction
and material properties) all have a remarkable impact on the structure’s response
at the macroscale. Computational modelling of such heterogeneous materials is a
challenging task for several reasons. Firstly, due to the multiscale nature of these
materials, various essential length-scale properties need to be linked and reflected
accurately in the computational model. Secondly, the computational resource is a
limiting factor for a direct numerical simulation of large-scale structures. Concurrent
multiscale modelling is capable of alleviating both challenges mentioned above. This
framework is particularly appealing when modelling large structures, where compli-
cated processes such as failure only occur in a small (local) portion of the structure,
while the behaviour of the rest of the domain remains linear.

As discussed in chapters 1 and 2, there is an obvious need to use advanced discreti-
sation methods for problems with complex microstructures and/or time-dependent
geometries to improve the robustness and efficiency of computational analysis. The

advanced discretisation methods, such as the CutFEM technique, approximate the
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solution of boundary value problems with unfitted meshes, alleviating mesh-related
obstacles. This is also crucial when dealing with progressive phenomena in the con-
text of concurrent multiscale modelling, where the corresponding zooming interface
moves or changes during the simulation.

This thesis focused on the application of the CutFEM technique for concurrent
multiscale analysis. The use of CutFEM allowed us to represent the geometries of
microstructure geometry and micro-macro interface mesh independently. Two novel
coupling frameworks were developed for linking the macroscale and microscale models
owning complex microstructures.

In the first concurrent multiscale framework, we presented a mixing technique
to couple the micro and macro scale models over a single computational mesh. We
used a homogenised FEM model in the macro subdomain and the CutFEM model
representing the microstructure in the microscale domain (or zooming region). We
showed that using the homogenised FEM model in the macroscale model alleviates
the geometrical artefacts perceived in the counterpart adaptive CutFEM simula-
tions, which is mainly because of coarse level set functions. Moreover, utilising the
mixing strategy within a smoothed micro/macro coupling interface ensured the well
conditioning of the system matrix, particularly when the micropores were cut by the
zooming interface. We tested the framework for 2D and 3D linear elasticity problems
with complex microstructures. The corresponding results were promising in terms
of accuracy and efficiency.

In the second concurrent multiscale method, unlike the first one, we proposed a
sharp interface between micro and macro scale models for coupling purposes. The
coupling is based on Nitsche’s method. Then, we refine the mesh in the microscale
region hierarchically. Moreover, like the first framework, we employ ghost penalty
regularisation to stabilise intersected elements by two types of interfaces representing
(1) the zooming region and (2) the microstructure. We showed that our results are
stable even when the elements are intersected simultaneously by the two interfaces.
The methodology was applied successfully for linear elasticity and plasticity problems
with stationary and moving zooming interfaces.

In the third contribution that is presented in chapter [4] we applied the smoothed

138



Chapter 6 — Conclusion and Future Research

concurrent multiscale method for phase field fracture problems. The micro and macro
scale phase fields were computed over a single computational mesh and were mixed
through a smooth function in their transition region. The corresponding numerical
results demonstrated that the mixing technique is reliable for phase field problems
that are intrinsically nonlinear. Moreover, the results provided compelling evidence
of the advantages of the concurrent multiscale modelling over employing the full
microscale CutFEM in terms of computational costs.

In this thesis, we developed our computational methodologies within a widely
used open source finite element platform, called FEniCS [196]. The FEniCS is based
on several components including the UFL [197] as is an interface for creating forms
and the DOLFIN [198] as a finite element library. Our CutFEM-based frameworks
were extended in the CutFEM library [5] that has been developed on the FEniCS

platform.

6.2 Future research

This last section discusses the possible extensions of the present work in following

aspects:

e An extension of two proposed concurrent multiscale methods for the problems
that their zooming regions are not known beforehand. This aim requires to
develop an efficient adaptive scheme that dynamically locates the appropriate
zooming regions based on criteria such as error estimators or machine learning

algorithms, reducing computational costs and enhancing accuracy.

e Extension of the CutFEM and concurrent multiscale methods for discrete crack
problems. In such problems, further treatments will be required for the ele-
ments intersected simultaneously by the interfaces related to the crack, mi-

crostructure and zooming regions.

e Large deformation problems. Current multiscale methodologies are limited to

a small deformation regime, which can be extended to materials with large

139



Chapter 6 — Conclusion and Future Research

deformation behaviours, such as soft tissues.

e Investigating the performance of proposed coupling techniques for multiscale
problems with different constitutive models in the fine and coarse regions, for

instance, continuum-atomistic or continuum-molecular.

e Employing high order interfaces within our concurrent multiscale frameworks,
which will improve the accuracy of complex geometries representations with

coarse elements.

e In multiphysics problems, particularly when local progressive phenomena oc-
cur, such as hydraulic fractures. In this regard, a further application of the
phase field fracture model within our concurrent multiscale frameworks can be

investigated.
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