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» SHM and Open Guided Waves Project

= Simulations for Ultrasonic Guided Waves propagation analysis
» Solver-independent data handling

» Conclusions and further steps




SHM AND OPEN GUIDED WAVES PROJECT




Guided Waves based Structural Health Monitoring (SHM) A#y
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» Guided Waves has become a major topic in research on SHM
since ~2000.

Merkblatt SHM 01 l

» First technical rules and regulations exist.

= SHM 01 E: Structural Testing with Guided Waves
(December 2014, 56 p.)

= Enormous effort in development and adaption cannot be
covered by laboratory testing.

» Use of model assisted methods is an alternative to laboratory testing
= Simulation strategies for UGW propagation in complex composite structures are still

challenging




Open Guided Waves Project [Moll2020] A#y
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“Rely on Collective Data, Emphasize Your Work!”

= Provides data sets of wide-range coerue §3 lN.k AIRBUS
measurements that is freely available aNRrouT o o Univessie
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(a) Wave field plate (with stringer) (b) SHM plate (with stringer) E R EMEN

http://openguidedwaves.de

500 mm x 500 mm

Piezoelectric transducers

3D Laser Doppler vibrometer
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SIMULATIONS FOR ULTRASONIC GUIDED WAVE

PROPAGATION ANALYSIS




Guided waves In thin structures [WILLBERG2013, A#y
WILLBERGZ2015] DLR

= Appearance of Lamb waves in thin elastic shells and

plates
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Finite element simulation using b2000++pro

ss°b2000 ”“ Finite Element Analysis Environment
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Lamb wave A,-mode — shell bending mode
Lamb wave S;-mode — shell membrane mode
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= 4-node and 9-node shell elements
following First Order Shear Deformation
Theory (FSDT) [Reddy1999]

= MITC — Mixed Interpolation of Tensorial
Components [Bathe1996]

Shear horizontal SH,-mode — shell in plane shear mode




Plate with stringer model — material and composite lay-up A#y
[MoLL2020] DLR

= Lay-up plate = Lay-up stringer  » Material plate: Hexply ® M21/34%/UD134/T700/300
material 3 type material 5 type
laminate laminate - I I . 0 _
e e It e Material stringer: Hexply ® M21/34%/UD194/IMA-12K
0.125 +0 2 0.125 +0 1
0.125 -45 2 0.125 +90 1
0.125 +90 2 0.125 +45 1
0.125 -45 2 0.125 +90 1
0.125 40 2 0.125 -45 1
0.125 +45 2 0.125 -45 1
0.125 +90 2 0.125 +90 1
0.125 +90 2 0.125 +45 1
0.125 +45 2 0.125 +90 1
0.125 +0 2 0.125 +0 1
0.125 -45 2 0.125 -45 1
0.125 +90 2 end
0.125 -45 2
0.125 +0 2
0.125 +45 2
end

B Layup plate
- Layup stringer

B Layup plate + stringer



Excitation and evaluation

Wave field plate SHM plate
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Wave field plate — f_. = 40 kHz, Total displacement ‘#7
amplitudes (normalized) DLR

t =50 us




Wave field plate — f_ = 80 kHz, Total displacement ‘#7
amplitudes (normalized) DLR

t =50 us

t = 200 pus
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SHM plate — f. = 40 kHz, Total displacement amplitudes A#y
(normalized) DLR

t =50 us




SHM plate — f. = 80 kHz, Total displacement amplitudes A#y
(normalized) DLR

t =50 us
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Wave field plate — f_ = 100 kHz, Out-of-plane velocity A#y
amplitudes DLR

Scanning laser doppler

vibrometry [KUDELA2022] Simulation (FEM)

t = 150 ps

Normalized
magnitudes

* Need for handling simulated as well as measured data




Wave field plate — f_ = 100 kHz, Out-of-plane velocity

Wave field plate (central frequency 100 kHz); x = 250 mm, y = 200 mm
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* Time-domain data recording at particular points
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Wave field plate (central frequency 100 kHz); x = 250 mm, y = 150 mm
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Wave field plate — f. = 100 kHz, Out-of-plane wavenumber A#y
profiles DLR

Data from scanning laser

doppler vibrometry [Kudela2022] Data from simulation (FEM)
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» Transformation from time-space domain to frequency-wavenumber domain by applying 3DFFT
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Virtual product development A#y
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= Multiple simulation steps

= Using different analysis methods
Digital @ As = Numerical
Design ~ designed ] = Semi-analytical

= Analytical
Virtual As » Specific model for each step is
Manufacturing built | needed

» Introducing SHM considerations
Virtual As into product development process
Testing tested

* Including experimental data to
set-up and validate the process

2 Common Source
=i Software Engineering,

= Solver-agnostic CSM model & result data format required




Implementing VMAP-Standard A#y
_ 0 DLR
* Nodes Heavil data ((é) VMAP

* Elements Standards Community
Numerical . i
il el VMAP = Standard for CAE
data / A .
. Results P Interoperability
1 © .
| © = Coordinated by
| @
. - D Fraunhofer SCAI
Connecting Sections i S:’
» Loads & BC |
’ Light' data

. Materials ﬁ = Java Mechanics Suite (DLR)

dealization | COMPOSItes = Conversion from & to solver-
data e specific formats using io-
plugins

* Virtual Material Modelling in Manufacturing (www.vmap.eu.com)




Vampire library ‘#7
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= Versatile mesh and postprocessing interface

= |ibrary for convenient mesh handling, FEM result evaluation and
post-processing (failure analysis, visualization) written in Python

Mesh handling - Global aircraft design

VTK-Export ™= JJf paraView
FE-Result handling

B2000++pro Nastran Failure evaluation

Code-Aster Ansys Helping routines

Vampire library
Multiscale Analysis

= Modular approach for particular implementations




Architecture concept

___________________________________________________ ‘: DLR

| Visualization

NEVE]

XDME . JI ParaView
VMAP2XDMF amivhers) 8

Results / experimental data

Python

simples + X

pynastran + X » |MeS-suite to convert tool-depending model data

» Python-based Vampire routines for data handling
(model, results, measurements) and visualization
purposes

» Usage as input/output for several DLR tools




CONCLUSIONS AND FURTHER STEPS




Conclusions #
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= A concept to simulate the propagation of Ultrasonic Guided Waves in thin-
walled composite structures was developed by introducing finite shell-
elements (FEM).

» Experimental data sets from the Open Guided Waves Project were taken
Into account for simulation validation.

» For visualization the DLR-tool Vampire in combination with ParaView was
used.

» A data handling set-up based on the VMAP standard was created
Incorporating jMeS and Vampire routines.




Further steps A#y
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* Improvement of b2000++pro finite shell-elements regarding Lamb waves
simulation

= Augmenting model complexity
= Geometry and discretization
* Physical phenomena and interactions
— imperfections, damages

[MoLL2020]

= Model assisted probability of detection

» Straightforward data handling based on VMAP-standard and Vampire
routines
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