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Outline

Guided Waves based Structural Health Monitoring (SHM)

Guided Waves in thin structures

Simulation methods for ultrasonic wave propagation analysis

Open Guided Waves Project

Simulation results

Conclusions and further steps
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Guided Waves based Structural Health Monitoring (SHM)

* GW has become a major topic in research on SHM since ~2000

v'Knowledge about underlying physics in isotropic and
anisotropic materials

v'Simulations @ s
v'Measurement equipment
v'Demonstrators

Fachausschuss Zustandsiiberwachung (FA SHM)
Merkblatt SHM 01

* First technical rules and regulations exist

v'SAE-ARP6461: Guidelines for Implementation of Structural
Health Monitoring on Fixed Wing Aircraft (September 2013)

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

v SAE-AIR6245: Perspectives on Integrating Structural
Health Monitoring Systems into Fixed-Wing Military Aircraft
(September 2019)
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Need for efficient simulation methods in SHM

 For the approval of SHM systems, proof of damage

detection is required - - -~ current
Assembly future
* Enormous effort in development and adaption cannot
be covered by laboratory testing
Component

* Use of model assisted methods is an alternative to
laboratory testing

_ Subcompon./ ,
 Development of numerical methods to analyze Element /i
ultrasonic wave propagation is still a challenge

Coupon/ /
 Detection of typical defects and damages occurring in Material/
fiber reinforced composites by ultrasonic guided - "
waves (UGW) Physical tests Virtual tests

- Aim: Simulation strategies for UGW propagation in complex composite structures
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Guided waves in thin structures [WILLBERG2013, WILLBERGZ2015]

» Appearance of Lamb waves in thin elastic shells and plates

* Dispersive properties of Lamb wave modes 8 e
o poify
tan(ﬁh) + 4156162 —0 T —— g : : ':
tan(gh) = (k? — p?)2 i== =22 304
(a) Sp-mode 2 h
tan(gh) = (k? - p*)> o ‘
— ﬂ L i i 1 1 1 1

tan(ﬁh)+ 4pqk? =0 % %%3 0 05 1 15 2 25 3 35 4

(b) Ag-mode f+h(MHz-mm)
2 w 2 2 2 w 2 2 Fig.1 Lamb wave mode shapes (1) Phase velocity dispersion curves
p = 2 o k ’ q = 2 _ k Fig. 2 Dispersion curves for the first two symmetric and anti-
CL CT symmetric Lamb modes in an aluminum plate (E=710"" N/m?,
v =0.33)

c;, cr...longitudinal, transversal wave velocity
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Elastodynamic Finite Integration Technique (EFIT)

[SCHUBERT2004, TSCHOKE2018] ] N
T Ave(t“’) ® 0..(i, ))
 Discretization scheme to model elastic waves (Finite Volume Method)
O, j) ve(i, j)
* EFIT uses a velocity-stress formalism on a staggered grid A Gﬁ j) :
» The time integration scheme is an explicit Leapfrog scheme 1
f Ax i
Cauchy‘s 1. Calculate v in space
equation of o o P P
motion 2. Update v in time using v pvh 2 - F 7, z,fh 2
_1
vy = v+ At - v, 2
Hooke'‘s law 3. Calculate ¢ in space
4.Update o in time usings G = F'(v',f)
1 1
k45 —=
o, =0, %+ At- 6}
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Finite shell elements in b2000++pro

SMR
Engineering'&
Developnztefit

..  sstb2000 ”“ Finite Element Analysis Environment

(https://www.smr.ch)

L] -

* 4-node and 9-node shell elements following

First Order Shear Deformation Theory (FSDT)
[REDDY1999]

* MITC — Mixed Interpolation of Tensorial

u(x, yr t) — uO(xi y; t) + Zd)x(xr yr t)
Components [BATHE2002]

v(nyr t) — vo(x,y, t) + quy(x,y, t)

y 3 ] W(x;y;t) =W0(x)y1t)
S S
~I—br 6 94—3!, *8 .
y . « Lamb wave Aj,-mode — shell bending mode
3 4 3 7 4
Q4.S.MITC Q9.S.MITC

Lamb wave S,-mode — shell membrane mode
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Open Guided Waves Project [MoLL2020]

“Rely on Collective Data, Emphasize Your Work!”

Provides a transparent data set of wide-range
measurements that is freely available

Focused on guided wave inspection techniques
for carbon fiber reinforced polymers

http://openguidedwaves.de

(a) Wave field plate (with stringer) (b) SHM plate (with stringer)

https://doi.org/10.5281/zen0d0.5105861

GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

FASERINSTITUT

IND AIRBUS
Universitit
(i ‘#;?R "g'E'G‘EE“"‘S'TAT 500 mm x 500 mm
%Fraunhofﬁz € 1m  Piezoelectric transducers

« 3D Laser Doppler vibrometer
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Plate with stringer — material and composite lay-up [MoLL2020]

» Material stringer: « Lay-up plate * Lay-up stringer
Hexply ® M21/34%/UD194/|MA'12K material 3 type laminate material 5 type laminate
. . 0.125 +45 2 0.125 =45 1
material 1 type orthotropic 0.125 40 2 0.125 40 1
2; é;é;oo 0.125 -45 2 0.125 +90 1
nul2 0.324 0.125 490 2 0.125 +45 1
g12 5882. 0.125 -45 2 0.125 +90 1
g13 5882. 0.125 +0 2 0.125 -45 1
923 3331. 0.125 +45 2 0.125 -45 1
density 1.58e-09 0.125 490 2 0.125 +90 1
ond 0.125 490 2 0.125 +45 1
0.125 +45 2 0.125 +90 1
0.125 +0 2 0.125 +0 1
e Material p|ate: 0.125 -45 2 0.125 -45 1
0.125 +90 2 end
Hexply ® M21/34%/UD134/T700/300 0.125 -45 2
0.125 40 2
material 2 type orthotropic 0.125 +45 2
el 125462. end
e?2 8701.
nul2 0.372
gl2 4200.
gl3 4200.
g23 3000.
density 1.571e-09
end
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Input/output setup of test plates

Excitations
Wave field plate SHM plate (modulated unit force)
470 mm é u iT i i L Unit force (central frequency 40 kHz)
© 450 mm & : 1.0 1 — input signal
400 mm ® = 0.5 -
E 0.0 1
S
_0.5,
300 mm ES 1ol
o 250 mm 00000 00001 0.0002 0.0003 00004 0.0005 0.0006 0.0007
Time [s]
i 200 mm Unit force (central frequency 100 kHz)
1.0 4 —— Input signal
© 150 mm
0.5 1
z
G
© 50 mm E sl
30 mm © 0 Ot L4 © 9
% i Tt i 1 1 0.

00000 00001 00002 0.0003 0.0004 00005 00006 0.0007
Time [s]

¥ o Transducer/excitation o Evaluation
« © Other transducer positions F(t) = Fsin? (2”fct> sin(rf.t), n=5
2n ’
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Wave field plate — f, = 40 kHz, Displacement amplitudes (normalized)

t=0.7E-4s t=2.1E-4s t=3.5E-4s
EFIT

FEM
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SHM plate - f. = 40 kHz, Displacement amplitudes (normalized)

t=0.7E-4s t=2.1E-4s t=3.5E-4s

EFIT

FEM
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» Chart 13

DLR.de

SHM plate - f. = 40 kHz, Out-of-plane displacement in path T3 - T9
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Wave field plate — f_. = 100 kHz, Out-of-plane velocity amplitudes

Scanning laser doppler
vibrometry [KUDELA2022] Simulation (EFIT) Simulation (FEM)

Normalized magnitudes of velocity att = 1.4E-4 s
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Wave field plate — f_ = 100 kHz, out-of-plane velocity

Wave field plate (central frequency 100 kHz); x = 250 mm, y = 200 mm Wave field plate (central frequency 100 kHz); x = 250 mm, y = 150 mm
o —— OGWP data 1.0 —— OGWP data
E' -------- simulation EFIT E' -------- simulation EFIT
iv] ---- simulation FEM iv] 0.5 4 ---- simulation FEM
o o -
] ]
> > :
e e 00 h ] ]
] ] B HHE
N N Fal
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Wave field plate — f, = 100 kHz, Experimental out-of-plane vs.
simulation radial in-plane wavenumber profiles

» Transformation from time-space domain to frequency-wavenumber domain by applying 3DFFT

Data from scanning laser doppler

vibrometry [Kudela2022] Data from simulation (FEM)
200 - 200 -
f = 100 kHz
100 | 100
% 0 - SH - mode % 0 -
& &
S, - mode
-100 A -100 |
-200 A -200 |
1 1 1 1 1 1 1 1 1 1
200 -100 0 100 200 200 -100 0 100 200
K /o [1/m] K /o [1/m]
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SHM plate — f_ = 40 kHz, Artificial reference damage

 Elliptical steel disk of 1 mm thickness and different
axes sizes fixed on plate’s surface

« Elliptical shape corresponds to the characteristics of
impact damages on composites

FEM t=1.5E-4s

[MoLL2020]
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Conclusions

» A concept to simulate the propagation of Ultrasonic Guided Waves in shell-like composite
structures was developed by introducing the Elastodynamic Finite Integration Technique (EFIT) and
finite shell-elements (FEM).

« Time-transient simulations were performed regarding different excitation frequency levels.

 Test structures and related data sets coming from the Open Guided Waves Project (wave field plate
and SHM plate with stringer) were taken into account.

« 3DFFT was used to transform results from space-time domain to wavenumber-frequency domain.

* For further visualization purposes Matlab as well as the DLR-tool vampire in combination with
ParaView was used.

Vampire — Versatile mesh and postprocessing interface (https://qitlab.dlr.de/fa_sw/vampire)
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Further steps

» Improvement of b2000++pro finite shell-elements regarding Lamb waves simulation purposes (linear
varying displacement in out-of-plane direction)

« Simulation performance improvement by using CARA capabilities in parallelization
(CARA — Cluster for Advanced Research in Aerospace — TU Dresden / ZIH)

« Augmenting model complexity
v'Geometry and discretization (elements and time steps)
v'Physical phenomena and interactions — imperfections, damages

* Model assisted probability of detection
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Thank You!
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