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5% Fracture of ‘homogeneous’ materials ~ "-I"

Question: when should a structure be inspected for flaws?

Outer surface:
appllcanon of the

Supor-eumcn_r_ zﬂ?ff =

mesh l,

ad hoc mesh -
refinement

Assembled
mesh for the
. ; whole problem
7 ‘.§ Element size

2.0mm

PSR SPAB and B. Moran, Engineering Fracture Mechanics, 2006
KN\ V.P. Nguyen et al. XFEM C++ Library IUNME, 2007

Industrial applications of extended finite element methods

See also E. Wyart et al, EFM, [UNME, 2008
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Question: How to control accuracy and simplify/avoid
meshing?

Cenaero

) K. Agathos et al. IJNME 2016, CMAME 2016, IJNME 2017,
T CMAME 2017 with Eleni Chatzi and Giulio Ventura

~— How can we use large enrichment radii?

H w agwm - - B
X. Peng et al. IUNME 2016, CMAME 2017 ow can we control conditioning in large

Enriched Isogeometric Boundary Elements scale enriched FEM?
How to avoid meshing completely How can we use higher order terms in the
for crack propagation simulations? expansion?
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Fracture of homogeneous materials: error
estimation and adaptivity with CENAERQO
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After: determine mesh refinement adaptively using a (goal-oriented) error estimate

Y. Jin, O. Pierard, et al. Error-controlled adaptive extended finite element method for 3D
linear elastic crack propagation Comput. Methods Appl. Mech. Engrg. 318 (2017) 319-348
M. Duflot, SPAB, IUNME 2007, CNME 2007, IUNME 2008.
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Discretization: XFEM m
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Extended Finite Element Method (XFEM)
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Real-time simulations with XFEM

Bilger et al, MICCAI, 2011 Courtecuisse et al, Med. Image Anal., 2014

Talbot et al. SIGGRAPH. 2015 Hamzé et al, Comput. Med. Imag. Grapezr()(;S
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Brain shift and electrode implantation
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Wilbur and Orville Wright

Wright Flyer

10:35am Dec 17,
1903
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Wilbur and Orville Wright

On Dec 14 Wilbur
won the coin toss,
made the first attempt
and stalled

Orville made the first
flight on Dec. 17

12 seconds & 120 ft
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Alrcraft safety

20,000 years
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Worldwide statistics

[1959-2001] 1,307 o=
commercial jet aircraft =.
losses LBl

Today:

1 accident per
1,000,000
departures
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Acclident rates and tatalities/year
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Acclident rates and tatalities/year
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Learning from intuition & theory
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Learning from experience
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Learning from experience

The Liberty Ships




Learning from experience

‘ Utilization

At IOW ] Transition .{
temperatures, steel

becomes more
brittle

Toughness (joules)
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New materials for more payload

Introduction of
composite materials .

NP

have reduced the
weight of structures
by 20%

Continuous Fibers Discontinuous Fibers, Whiskers

Over 1,000km savin &
of 8,660kg of fuel
[A340-300]




Material complexity

100 plies
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Material complexity

100 plies
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Heterogeneous & multi-
functional

Experiments required to attain
sufficient confidence in their
behavior are increasingly

costly
32



Material complexity

100 plies

0.125 mm

~
N — —

Heterogeneous & multi-

functional

Experiments required to attain - Lack of similitude
sufficient confidence in their between testing
behavior are increasingly -

costly (experimental) and

Factor-of-Safet operating
actor-of-Safety or AL B
probabilistic based methods conditions _a|SO
cannot handle unknown encountered in

unknowns geophysics... .



Material complexity

100 plies

0.125 mm

~
N — —

Heterogeneous & multi-

Move away from

functional o _

| | | heuristics and experience-
Experiments required to attain based engineering
sufficient confidence in their
behavior are increasingly -+ Develop fundamental
costly understanding of physical
Factor-of-Safety or processes (degradation,
probabilistic based methods ...)

cannot handle unknown

unknowns - lack of similitude, Reduce weight
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A bolted joint

courtesy: EADS
Pierre Kerfriden

35



0.125 mm
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Pierre Kerfriden
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One single bolted joint

0.125 mm

« 5 elements through the thickness of a ply => 0.025mm/element
« 50mm bolted joint area => 2,000 elements

« 50mm x 50mm x 100 plies => 2,000 x 2,000 x (100 x 5)

=> 2 billion elements

39
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Large structures

whose behaviour is governed by
small-scale effects

=> intractable problem size
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How can the problem size
oe reduced but The
accuracy controllede



Challenge

&

® Reduce the problem size
® Preserve essential features

r

.

Reduce computational

expense

Control the error

J

[

Physics based model
reduction a.k.a. Multiscale
Methods

S

Algebraic based model
reduction a.k.a. Machine
Learning

300
350 |

400

|«
450 F

150 200 250 300 350 400 450 500
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Challenge

® Reduce the problem size
® Preserve essential features

U J
Reduce computational
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Mathematical Modelling

Continuous
Problem

Model Error

Mathematical
Model

Discretization Error

Discrete Problem

Numerical Error

Numerical
Solution

e« RealTCut

48 Stéphane Pierre Alain BORDAS, Department of Computational Engineering & Sciences University of Luxembourg and Cardift’ University



Physics-based
model reduction methods

multi-scale methods
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Full-scale
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(Or discrete
model)

i' Homogenisation

PDE with
constant coeff.

Multi-scale methods

Replace the
heterogeneous fine-
scale model by an

equiva
mode

ent smoother
at the scale

where the predictions
are required




Concurrent methods
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Fine-scale zone

-* exists concurrently
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Akbari, Kerfriden, Bordas, 2014

e scale zone
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Concurrent methods

Fine-scale zone
.-" exists concurrently

adaptive coarse-fine
interface = = = = = = = = w=

" to the coarse scale zone

Akbari, Kerfriden, Bordas, 2014
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Concurrent methods

Continuum Coarse-graining
: : ]
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Hierarchical methods FEA2
Solve a Finite

n Element Problem
I .
at each material

“ e point of the coarse
R scale Finite Element
. Problem

~ ~. =

c/
E

L
UV,

S/N N N N N N NN
o0 Coarse scale

Akbari, Kerfriden, Bordas, 2014
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Hierarchical methods FEA2

C

‘o

VAR ISR R
oQp Coarse scale

Loading

RVE
Stress-Strain curve
| »

Feyel, Chaboche, 2000 - Akbari, Kerfriden, Bordas, 2014
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Hierarchical methods FEA2

C

‘o

VAR ISR R
oQp Coarse scale

Loading

RVE
Stress-Strain curve

Feyel, Chaboche, 2000 - Akbari, Kerfriden, Bordas, 2014
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Hierarchical methods FEA2

C

‘o

VAR ISR R
oQp Coarse scale

Loading

RVE
Stress-Strain curve

Feyel, Chaboche, 2000 - Akbari, Kerfriden, Bordas, 2014
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Hierarchical methods FEA2

C

‘o

Peak

VAR ISR R
oQp Coarse scale

Peak

RVE
Stress-Strain curve

Feyel, Chaboche, 2000 - Akbari, Kerfriden, Bordas, 2014
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Hierarchical methods FEA2

Tangent stitfness

"
a
e
.....
e
"
e
.

VAR ISR R
oQp Coarse scale

Unloading

RVE
Stress-Strain curve
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Hierarchical methods FEA2

VAR ISR R
oQp Coarse scale

Unloading
RVE does not exist

Tangent stitfness

"
a
e
.....
e
"
e
.

Loss of material stability
o Localization

RVE
Stress-Strain curve
C
g

Feyel, Chaboche, 2000 - Akbari, Kerfriden, Bordas, 2014
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Hybrid methods

‘f’ finescale, O/

P
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NN N NN N NN\ N\
coarse scale, (2°

Akbari, Kerfriden, Bordas, 2014
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Example

Adaptive Multiscale method

Direct Numerical Solution
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in 3D

Adaptive Multiscale method

Direct Numerical Solution
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20-100 times fewer unknowns in 2D ~ 1000 times fewer
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Results: uni-axial tension

x 10~

< Sizes are in mm
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Results: uni-axial fension

von-Mises stress (Pa) ™"

< 100X (magnification of displacement) ( il L
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Results: uni-axial fension

von-Mises stress (Pa) ™=

< 100X (magnification of displacement) ( ani.In L
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Results: uni-axial fension

von-Mises stress (Pa)

< 100X (magnification of displacement) ( ani.In L
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Results: uni-axial fension

von-Mises stress (Pa)
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Results: uni-axial fension

von-Mises stress (Pa)

< 100X (magnification of displacement) ( ani.In L
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Open problem

- model selection and error
control

Possible approach

- machine learning and
statistical inference, e.g.
Bayesian statistics



Open problem

- statistical variabllity at the fine
scale (geometry, material
oparameter)

Possible approach

- Identification through small-
scale experiments (costly, difficult
to characterize interfaces)

- Monte Carlo



Algebraic model
reduction methods

Use precomputed solutions to accelerate online simulations
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Example - parametric problems

Method of separated representation
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Lattice beam problem

NI Y%
SREEERRE:
SRBERR
SRR

P

XIXIX
Up

Aim: accelerate the simulation using

pre-computations
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Lattice beam problem

Compute solutions for several loading conditions
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Lattice beam problem
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Lattice beam problem
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Lattice beam problem

+ ng loads

Perform singular value decomposition - POD
to obtain “most energetic modes”
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Reduced basis
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Beyond the elastic limit
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mechanics

Highly correlated solution fields

First realisation

Localisation of fracture, uncorrelated

Parametric / stochastic multiscale fracture

| | Second realisation
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Compute particular realisations

(cost intensive) using domain
decomposition (snapshots)

10" (last) timestep
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Adaptive equation-free multiscale modeling of metallic
lattice with geometrical (and material) nonlinearity and
variability

Li Chen 1+

Promoters: Thierry J. Massart, Lars Beex, Peter Berke, Stéphane Bordas

LUniversité libre de Bruxelles

2Université du Luxembourg




Conceptual 1dea of the work

Figure: Metal lattice in the form of periodic mesostructural unit cells

The problem

In case of certain metallic structures the strut nodes (1.e. the locations where
several struts are connected) are relativelyweak.



3d printed structures

Physical research object: Numerical twin:
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Ader et al. (2004)




Conceptual 1dea of the work

2-D Lattice structure

Approach 1: Computational Approach 2: Coupling
homogenization the strut nodes and
struts

AR S
G+

(b) (d)




Finite Element Model

(a) 3D RVE (b) 3D strut node



Beam model from image

Compliant geometry of specific application

Shape & size & orientation of unit cell

Y
Voxel model

Discretization of strut using beam FE |/

Y

Beam model




Beam model

Physical failure mechanism: Numerical treatment:

3D

corotational

beam
=

Plastic
hinge

. model
" 4 2




15t interpolation scheme and summation scheme:
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2"d interpolation scheme and summation scheme:

Q)
O
" 0 “Jé"d‘o/ o

L P

e
v A
< /,J W’ L ‘) ’J‘"’g-f'/

.‘.f, ."* '_'. - :’ ¢ ,_. ) o '
¥ N S g e ey
R .
PORCH o

’

G ";“'/‘;i'.-..r L A P ’ .
\ " W "’. ,““.’ e o "-A’ ?
DASACS

\J . ’

0""“’/ o e o 57 >

\ \ AN 4> "" L
DD




e
&
e
i e
O
7))
 —
S
-
(0
=
=
-
)
—
-
v
Q
&
e
o =
O
wn
c
9
)
(T
O
o
-
e
)
=
2
™

‘.

<&

"'g"#“."r

<,




4th Interpolation scheme and summation scheme:
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POD based hyper-reduction strategy

Figure: ¢1- Refined grid



POD based hyper-reduction strategy

(a) gi- Final grid (b) @»- Initial grid



POD based hyper-reduction strategy

The final gird:

<< &



R

&

Challenges
Reduce the problem size
Preserve essential features

J

r

Reduce computational expense - Control the error

Physics based model reduction

a.k.a. Multiscale Methods

Algebraic based model
reduction a.k.a. Machine
Learning

Adaptive Multi-scale
Methods: hierarchical - semi-
concurrent - concurrent

Adaptive Domain
Decomposition Proper
Orthogonal Decomposition
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WCCM2020 Symposium in Paris il

~ : UNIVERSITE DU
(AFRDYE

LUXEMBOURG

14" Waorld Congress cn Computational Mechanics (WCCM XIV)
Y Europesn Congress on Computational Mathods in Applied Science snd Engineering (ECCOMAS 2020)

July 19- 24, 2020, Paris, Frunce

BENCHMARKING ADVANCED DISCRETISATION TECHNIQUES:
PART I. MESH BURDEN ALLEVIATION WITH APPLICATIONSTO
CAD-ANALYSIS TRANSITION, FRACTURE MECHANICS AND
HIGHER-ORDER PDES

TRACK NUMBER 20

Elena Atroshchenko, Stéphane Bordas, Franz Chouly, Daniel Dias-Da-costa, Jakub
Lengiewicz, Sundararajan Natarajan, Timon Rabezuk. Chongmin Song, Satyendra
Tomar, Giulio Ventura, Eric Wyart

Key words: verification and validaticn, benchmarking, mesh-burden, IGA, XFEM,
embedded discontinnities,

ABSTRACT

The last 50 years have seen the bith of a large number of"special™ approximation methods aiming al
complementing fnite difference and finite element methods and alleviating their intrinsic difficulties,
Major advences have been made, and yet, it is not always obvious 10 identify the most relevant
acvantages and drawbacks of a given approach.

This is the first of a series of symposia organised under the egis of ECCOMAS, IUTAM and
EUROMECH. This serics is organised by various groups involved ir edvenced discretisation
techniques and aims at:

1) providing a set of berchmark problens and associatec protocols for computational mechanics
problems:;

i) providirg a forum for long-tem discussions around the theme of advanced discretisation mecthod s:
ard

i) urifying differert groups o thought in the fielc of advancec discretisation methods.

In this first symposiom, focus will b2 given to Fecture approximation and mesh hurden alleviation,

Stephane P.A. BORDAS and colleagues

Download these slides at: http://hdl.handle.net/10993/39442
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Legato-team

University ot Luxembourg

Desarment of Ce llll[iil'..l'.;."il“.l
Engmneering Sciences

http://hdl.handle.net/10993/39442


http://hdl.handle.net/10993/39442

Open problems

- how 1o define the
reduced areqe

- precomputation time
(offline)
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Material complexity

100 plies

0.125 mm

= ——

Heterogeneous & multi-  Experiments required

functional materials to attain sufficient
Can we optimise the confidence in their
material microstructure behavior are

given macroscopic increasingly costly

objective functions

78



Material complexity

Factor-of-Safety or
probabilistic based
methods cannot
handle unknown
unknowns

100 plies

0.125 mm

N — —

Lack of similitude
between testing
(experimental) and
operating conditions
— also encountered
in geophysics,
medicine...

79



Challenges

100 plies

0.125 mm

N — —

* Move away from heuristics and experience-
based engineering

* Develop fundamental understanding of
physical processes (degradation, ...)

80



Digital twin concept

Actual aircraft Digital aircraft model
Life prediction and Situation awareness
extension
High fidelity modeling Certification and
and simulation design methods

Requires real-time data
assimilation, and model
update...

81



Parallel with medicine
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Mechanics

Macro (wing) - Micro
(carbon fibres)

Environmental effects
(Temperature,
irradiation...)

Experimental condition
dissimilarities

Medicine

Macro (Body,
Physiology) to micro
(microbes, needle/
scalpel...)

Patient’s environment,
living conditions,
habits...

Organ properties
depend strongly on age,
gender, ...

84



Medicine

The average drug
developed by a major
pharmaceutical
company costs at least
S4 billion, and it can be
as much as S11 billion.

Mechanics

The development cost
of the A380

11 billion euros...

of the dreamliner...
S32 billion

83



Patient/plane-specific simulation

Practical early-stage designh simulations (interactive)

0.125 mm

)

* =
» e Am )
< -
- *
" f ‘

» Reduce the problem size while controlling the error (in Qol) when solving very
large (multiscale) mechanics problems

85
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" GEOMETRY

o~

/" DISCRETISATION

| v,
/" MATERIAL MODELS
Phenomenological
Elasticity/Plasticity
Crack growth law (Paris...)
Fracture energy
Maximum tensile strength
Multi-scale
Debonding, Fibre pull-out

Fibre breakage, interface
fracture, grains, dislocations,

Validation & par r identification

Verificati

" NUMERICAL
SOLUTION

CONVENTIONAL APPROACH

nt of Computational Engineering & Sciences University of Luxembourg

-----
........
-----

Rea-ITCut



" IMAGE/MODEL

" DISCRETISATION

/" MATERIAL MODELS

Phenomenological
Neo-Hookean, Ogden, ...
Multi-scale
cutting, fracture,

777

Patient specific 7?77

Validation & par r identification

Verificati




Data-driven Modelling

. o .

fix—oy

The structure of fis known There is no a priori knowledge
but its parameters are not. about the function favailable.

model calibration

model identification

Embrace the conceptual shift from "model through data abstraction”to "data is the model".

127



Assuming the material model is representative, what is the
Influence of each parameter in the model?

» Different methods: Karhunen—Loeve expansion [Adler
2007], Fast Fourler transform [Nowak 2004].

Randoms fields
C1 (MPa,)

4.780e+03
E4338
3896
Esasa

3.012e+03

¥

x—ok . o . .

Realisation 1 Realisation 2
Two realisations of RF, with a log-normal distribution, ‘erc

for the parameter Ci (in MPa).

128 Stéphane Pierre Alain BORDAS, Department of Computational Engineering & Sciences University of Luxembourg Rea lTC th



Confidence level in predicting the target location

Displacement magnitude (m)

0008 0016 0024
\ | | [ - (N ‘

e Initial

@ Dcforn

What is the influence of
material parameters on

computed quantities of
interest?

129 Stéphane Pierre Alain BORDAS, Department of Computational Engineering & Sciences University of Luxembourg

Sphere deformation

B Confidence interval 95%
Bl Realisation 1

1 0-3 [JRealisation 2
15
E 10
N
5
0.575 0.055
0.57 0.05
0.565 0.045
y (m) X (m)
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Possible approach

e DIGITAL TWIN I
" GEOMETRICA ) [ DISCRETISATI |
L MODEL
Scales of ? )
interest 4 \(C
Crack q
= st B8
rate " LEARN " NUMERICAL
MATERIAL SOLUTION
Inspection MODELS | |
interval Mission? =%
which scales? i
4 # etncases | | | --
what parameters? .
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REAL SYSTEM

"

-

Structural
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Cracks



DIGITAL TWIN OF THE PATIENT

Treatment
simulation
Scales of
interest
Disease |\yeopmATION
evolution /
“Inspection” _
interval Fithess

Alex Garland, Ex Machina, 2015

REAL PATIENT

S DATA Environment
A ﬁf T | | : Conditions Health

Organ '

state Disease
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