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SIMULATION OF NON DESTRUCTIVE INSPECTION BY GUIDED WAVES

Context and motivations

Simulate guided waves propagation in a domain containing several localized defects (cracks, corrosion, cavities)

= direct and inverse problem Emitter - Excitation
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WAVEGUIDE AND MODAL FORMALISM

Modal Formalism

2 The elastodynamic field is represented by a superposition of modes at a given frequency @

Emitter - Excitation

Amax in the computational domain in Signal
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2 Auld reciprocity : measurements on pristine and perturbepg\‘ﬂ’a)‘?@s% get measurement deviation
2 Computation of the response in the frequency domain and way-back in time domain by a Fourier synthesis



WAVEGUIDE AND MODAL FORMALISM

Dispersion curves for the representation of all modal quantities over a frequency range
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3 MODULES TO UNDERSTAND AND SIMULATE THE PHYSIC OF GUIDED WAVES

Modes Computation <5 CIVA
2 Determination of the modes propagating in the structure in the frequency domain ND=|
2 Modal characteristics (phase/energy velocity, wave number, attenuation...) represented in the

form of dispersion curves

Field Computation
2 Determination of the elastodynamic field radiated by a source in different sections of the structure

2 Modal Excitability of the source (dispersion curves)

Inspection Simulation
2 Determination of the time signal received by the receiver
2 Modal conversions related to the perturbations/defects of the structure (energy dispersion curves)
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SCATTERING IN ELASTIC WAVEGUIDE : PART 1

Transparent Boundary Conditions (TBC) in elastic waveguide

V. Baronian, A-S. Bonnet-Ben Dhia and E. Lunéville, TBC for the harmonic diffraction
problem in an elastic waveguide (2010)

2 Coupling FE/Modal representations, XY formalism = YtoX operator

(generalization of DtN map), arbitrary localized perturbation
P Code : MELINA
2 Exact Condition (No spurious reflection) - Non local TBC (lost of sparsity)

2 Orthotropic medium (orthogonality « Fraser »)

2 Gives the scattering matrix : Modes conversions and sensitivity toward

the defect are known
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@ A. Maurel, V. Pagneux, Lamb wave propagation in inhomogeneous elastic waveguide (2002)

V. Pagneux, A. Maurel, Scattering matrix properties with evanescent modes for waveguides in fluids and solids (2004)




SCATTERING IN ELASTIC WAVEGUIDE : PART 2

TBC for 2D elastic waveguide with obliquely incident wave (L.
Taupin - 2008/2011)

L. Taupin, A. Lhémery, V. Baronian, A-S. Bonnet-Ben Dhia, Scattering of obliquely
incident guided waves by a stiffener bonded to a plate (2011)

2 Coupling FE/Modal representations, XY formalism = YtoX operator
P Code : MELINA = XLIFE++

2 Linear flaw (translational invariance)

2 Anisotropic medium (lost of orthogonality « Fraser »)

modal finite modal
expansion element expansion

strlnger

transparent transparent
boundary condition boundary condition
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X L i F E++ computation flaws
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CHRONOLOGY OF CIVA : THE BEGINNING (2012)

5 CIVA

N-D=110.1

Development of 3 modules (Modes/Beam/Inspection) to simulate propagation in
elastic waveguide

K. Jezzine, Approche modale pour la simulation globale de controles non destructifs par ondes guidées (2006)
2 Geometry : 2D cartesian and axisymmetric
P Flaws : vertical crack only
Z Numerical methods : SAFE (modes/beam computation), Modes Matching (modes

interaction) and Modal synthesis (time domain)
2 Isotropic material ﬂ( )L B —— ﬂ ( )L .
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CHRONOLOGY OF CIVA : YTOX PART 1 (2014 : +5 YEARS...) s Egylﬁ

1st implementation of YtoX method / automatic 2D meshing

C. Geuzaine, J-F. Remacle, Gmsh: a three-dimensional finite element mesh generator with
built-in pre- and post- processing facilities (2009)

P Geometry : 2D cartesian and axisymmetric specimens for modes interaction

P Flaws : arbitrary perturbations
2 Numerical methods : 2D Hybrid FE/Modal coupling (modes interaction)

2 Isotropic material
P Contribution : K. Jezzine (2006) - V. Baronian (2009) - GMSH (2D mesh)

+ Weld
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i
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% Mesh of the FE zone
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' % Snapshot of the time propagation in the
FE zone (velocity modulus)
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* Maximum amplitude R 1 4
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CHRONOLOGY OF CIVA : Y2X PART 2 (2016 : +2 YEARS...) S EDI.X‘ZA(‘”G

2nd implementation of YtoX method / automatic 3D meshing

C. Geuzaine, J-F. Remacle, Gmsh: a three-dimensional finite element mesh generator with
built-in pre- and post- processing facilities (2009)

2 Geometry : 3D cylinder of arbitrary cross section for modes interaction
2 Flaws : arbitrary perturbations (complex surface crack, cavities)

2 Numerical methods : 3D Hybrid FE/Modal coupling (modes interaction)
2 Isotropic material

P Contribution : K. Jezzine (2006) - V. Baronian (2009) - GMSH (3D mesh)



FEATURED FLAWS
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Rectangular crack
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Spherical

CAD-contoured crack
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Multi-faceted defect

Branched defect
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SCATTERING IN ELASTIC WAVEGUIDE : PART 3

New TBC in elastic waveguide (A. Tonnoir - 2011/2015)

V. Baronian, A-S. Bonnet-Ben Dhia, S. Fliss and A. Tonnoir, Iterative methods for scattering
problems in unbounded anisotropic waveguides (2016)

2 Coupling FE/Modal representations, XY formalism, Overlap = YtoR
operator & OtoR operator (modal « Outgoing » transmission condition)

2 lterative solver GMRES, reduction of memory cost

P Code : Antoine, Prototype CEA

2 Anisotropic medium
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HALF SPACE MATCHING (HSM) METHOD : PART 1

Transparent boundary conditions for 2D acoustic/elastic media
(A. Tonnoir - 2011/2015)

A-S. Bonnet-Ben Dhia, S. Fliss and A. Tonnoir, The Halfspace Matching Method : a new
method to solve scattering problem in infinite media (2018)

P Geometry : 2D acoustic/elastic (no modes)

2 Multi-domain formulation, Compatibility relations, integral operators
2 lterative solver GMRES, reduction of memory cost

P Code : Antoine

2 Anisotropic medium
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CHRONOLOGY OF CIVA : OTOR & ITERATIVE SOLVER (2020)

Implementation of OtoR operator

P Geometry : 3D elastic waveguide

P Flaws/Sources : arbitrary perturbations, complex sources (EMAT, multi-arrays)

2 Overlap = YtoR operator & OtoR operator (modal « Outgoing » transmission condition)
2 Iterative solver GMRES, reduction of memory cost

2 Anisotropic material PP
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# CIVA

CHRONOLOGY OF CIVA : MULTI-BOX ND= | 2021
Implementation of the multi-box architecture to combine several FE/Modal box computation

P Geometry : 3D elastic waveguide

P Flaws/Sources : arbitrary perturbations,

C6 % Energy in pIatg@
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DEFECT IMAGING IN ELASTIC WAVEGUIDE : PART 1

Linear Sampling method for imaging defect in elastic waveguide (A. Recoquillay - 2015/2018)

L. Bourgeois, B. Chapuis, A. Recoquillay, V. Baronian, Linear Sampling Method applied to Non Destructive Testing of an
elastic waveguide : theory, numerics and experiments (2018)

Geometry : 2D/3D elastic waveguide

Flaws : cracks and surface/core defect type

YX formalism = YtoX operator to get the scattering matrix coefficients (direct problem)
Cross section to surface data, harmonic to time domain data
Code : XLIFE ++

Y V9V VvV VY

LEEELEELLS

A -‘ ““O .. Surface data, time domain experimental
o . r —_— e
@ .......................... . ——— S 27
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HALF SPACE MATCHING (HSM) METHOD : PART 2

Transparent boundary conditions for 3D elastic plate (Y. Tjandrawidjaja - 2016/2019)

Y. Tjandrawidjaja, Some contributions to the analysis of the Half-Space Matching
Method for scattering problems and extension to 3D elastic plates (2019)

P Geometry : 3D elastic plate (modes are back : £ modes) —

transform, & modes (bi-orthonality)

2 Direct solver, high memory cost
P Code : XLIFE++
2 Anisotropic medium
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CHRONOLOGY OF CIVA : MODES IN SUBMERGED WAVEGUIDE (2020) i EDI_Q/,‘ZA(‘,ZO

Implementation of a mixed formulation for coupled Fluid/Structure waveguide

P Geometry : 2D cartesian and axisymmetric specimens oo,
P Numerical methods : SAFE-PML method -
2 Isotropic material
2 Equation in fluid medium
w? 0P
AP+ —®=0 dans Qy, P=—Pfg = —wprd et v=wu.
¥ 3
? Equation in solid medium 2 Continuity relation
—divo(u) — w2psu =0 dans Q, =S5 xR, o(u) - vy = —pus sur I'yg,
v-vs =V - v, sur I'yg,
2 Mixed Variational formulation !
¢ / o(u) : &(ii) _/ psw2ufi—/ zwpf(fl- v)® = 0 2 Modes expression
Qs Qs AP
\ ~ w2 - ~ u(xs, 2) _ u(Xs) JRR
/ pfVe Ve —/ pf?iﬂb —/ wpr(u-vp)® = 0 L P (x4, 2) PD(xy) ’
\ Qf Qf f Ffs 31




CHRONOLOGY OF CIVA : MODES IN SUBMERGED WAVEGUIDE (2020) i EDI_;II‘ZA(‘,ZO

Implementation of a mixed formulation for coupled Fluid/Structure waveguide

P Geometry : 2D cartesian and axisymmetric specimens 00
P Numerical methods : SAFE-PML method

2 Isotropic material

L]
.....

2 Difficulty : wrong approximation Scholte and Q-Scholte modes with PML

Modes d'Interface symétrique Sfs
et anti-symétrique

AO-

32




CHRONOLOGY OF CIVA : BOUNDED FLUID/STRUCTURE WAVEGUIDE (2021/2024)

e D2=TDFext SECTION C-C [Plan de fiux moyen) SECTIOND-D SECTION F - F SECTION G - G

* D3=FPSint
* D4=FPSext
® Ldg=lamedegaz

Section C-C = TDFi Partie basse — PFM g ey i e il
Section D-D = TDFi Partie basse >
SectionF-F = TDFi Partie Haute i
Section G-G = TDFi Partie Supérieure
o~
e D
{ 6 . L-l ¢ 4 } 4




CHRONOLOGY OF CIVA : BOUNDED FLUID/STRUCTURE WAVEGUIDE (2021/2024)
Implementation of YtoX method for coupled F/S waveguide

P Geometry : 2D cartesian and axisymmetric specimens for modes interaction N-D=|2024
P Flaws : arbitrary perturbations/interface irregularity

© Da=FPsext
 Ldg=lamedegaz

2 Extension of XY formalism (valid for elastic and acoustic waveguide) ::: T

Section C-C = TDFi Partie basse — PFM ey I, L

Section D-D = TDF Partie basse.

V. Pagneux, A. Maurel, Scattering matrix properties with evanescent modes for e —
waveguides in fluids and solids (2004)

...to coupled F/S with bounded cross section

2 Fraser’s bi-orthogonality still valid : (

Mesh of the computational domain

~ solid
f \\/\ \\\\// o~ y /7
fluid
Perturbation designed with )
. solid
CAD editor
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DEFECT IMAGING IN ELASTIC WAVEGUIDE : PART 2

Linear Sampling method for imaging partially submerged elastic waveguide (J-F. Fritsch - 2019/2023)

J. F. Fritsch, Propagation des ondes dans les guides partiellement enfouis : résolution du
probléeme direct et imagerie par méthode de type échantillonnage (2023)

P Geometry : 2D/3D elastic waveguide

B Flaws : surface/core defect type in solid part

B XY formalism for submerged waveguide => YtoX operator with PML, direct and inverse scattering problem
P Cross section to surface data, harmonic data

P Code : XLIFE ++
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HALF SPACE MATCHING (HSM) METHOD : PART 3

Transparent boundary conditions for 3D elastic plate (A. Allouko 2020/2024)

A. Allouko, Hybrid modal - finite elements modeling for ultrasonic testing of an elastic plate. Treatment of
oscillating integrals of the HSM method (2024)

P Geometry : 3D elastic plate (modes are back : £ modes)

? Multi-domain & Multi-trace formulations, Compatibility relations, integral operators, & modes,
Fourier transform

2 Direct solver, high memory cost

P Code : XLIFE++
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DEMO :

MODES MULTI MATERIALS

Epoxy

Plexiglas
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DEMO : JO MODES
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- JO MODES
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DEMO : JO MODES
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DEMO : SCATTERING BY 4 PATTERNS

49



DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + CRACKS
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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DEMO : SCATTERING BY POETS’ PATTERNS + HOLE(MIAM)
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