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(1) Relationship between damping of
mechanical waves and physico-mechanical
properties of wood
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* Wood material is complex to characterize due to its biological origin
* In the context of NDT&E, It is necessary to study the relationships between the mechanical and
physical characteristics of wood, and the corresponding acoustic properties

Anisotropic Heterogeneous Hygroscopic

s
— S u\\

L — longitudinally
T — tangentially
R — radially

R | dsh . X-ray CT reconstruction of 3D density distribution in Characterl.;tlc shr‘ljnkfzge and d/stort:jog og f lat, .
efinition of normal- (o) and shear- (t) stresses in sawn wood and timber laminates, Sanabria (2012) square, and round pieces as affected by direction

different directions in wood, Design of timber of growth rings, Wood handbook (2010)
structures — Volume 1 (2022)

T Uni ité apig
MY INSA e~ [ Juoieste, @ L &5 21/10/2025

ool Mines-Télscom TouLousE S U P A ERO



|CA\ Objectif ;

INSTITUT CLEMENT ADER

Evaluate the effect of the variation of physical-mechanical
properties of wood associated with structural deterioration,
such as the modulus of elasticity (MOE), and density, on the

attenuation of acoustic waves propagating in wood.

Compression
and bending

MOE and
Attenuation
coefficient

Ultrasonic
free-vibration
tests (BING)

testing
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e A batch of 58 tropical wood specimens was taken from CIRAD’s wood collection

* Broad range of densities from 205 to 1287 kg/m3

* All specimens were stabilized in a climate-controlled room with 65% relative humidity and a
temperature of 20°C and with theoretical moisture content at equilibrium of 12%

236 mm 150 mm
Two different lengths
for each specimen
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* For acoustic tests, BING® device was used, relying on a free-vibration analysis
* Outputs: MOE (bending and compression), loss tangent (tan 6)

Steel ball

Flastic tube to guide Maraphone

. Elastic supports .

m‘i“ B

Signal process analysis using
BING
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e For ultrasonic tests, a through-transmission configuration was used with sensors at a resonant
frequency of 500 kHz
* Outputs: MOE, tan §, attenuation coefficient a

Pulse Emitter | 1

1 ps
puter] A
re Pico |
B Amplifier x
100 volts
Steel Rod (10 M)

Sensor (500 kHe input)

‘Wood sample

Sensor (500 kHz output)

Amplifier
+560 dB
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Comparison between MOE from acoustic Comparison between MOE from
measurements for bending and ultrasonic and acoustic (bending)
compression measurements
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MOE (MPa) - Acoustic

* Good agreement between the values obtained in compression and bending for the acoustic tests
* Also good agreement from the ultrasonic and acoustic (bending) tests
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Comparison tan 6 acoustic

Bending and compression Comparison tan 6 acoustic and ultrasonic
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tan & - Bending tan & - Acoustic

 Good agreement between the values obtained in compression and bending for the acoustic tests
* In the case of ultrasonic tests, tan 6 values were larger compared to the acoustic ones
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Comparison MOE ultrasonic and density Comparison attenuation coefficient o and density
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 MOE values were larger for species with higher density
* For the attenuation coefficient a the relationship was the opposite with decreasing values
as the density of the sample increased
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* The viscoelastic behavior of wood was studied through a set of experiments using
acoustic and ultrasonic methods

* Good agreement was observed for the MOE and tan 6 obtained either by comparing
compression and bending in the acoustic case, or by comparing ultrasonic and
acoustic measurements

* Density is a key parameter affecting MOE and attenuation

* Numerical modeling techniques could be a valuable tool to study the effect of the
wood physical and mechanical characteristics in the propagation of elastic waves
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(11) Modelling wave propagation using the
transmitting sensors’ responses
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Ultrasonic chain of measurement

4 N\ 4 N\ 4 N\ 4 N\ 4 N\
Sensor + Sensor +
Electrical amplifier + Sample amplifier + Output
impulsion coupling h (t) coupling signal hy(t) hy(t) _
S(t) m y(t) Receiver
he () he ()
G J L J \_ J \_ J \_ J

y(@) = ((h * s) * hyy) (2)

How to include the sensor transfer function on the
numerical modelling of mechanical waves propagation to
improve the accuracy?

h;: auto-convolution of the transducers impulse response h;(t), including the response of the amplifier,
and considering the transmitter and receiver transducers responses with coupling to be identical?

'I l ' ) T 1 1ni ot Communaute [1] Philippe Lasaygues, Andrés Arciniegas, Luis Espinosa, Flavio Prieto, Lasaygues Philippe. Accuracy of
IMT Mines Albi INWL.“! %%%%.Tﬁmﬁ ) gg !}-’gf,f(',tfse ot Staishempenty coded excitation methods for measuring the time of flight: Application to ultrasonic characterization 012 1/ 10/ 2025

I de Toulouse
Ecole Mines-Télécom

wood samples — %



|CA\ Context t

INSTITUT CLEMENT ADER
Modelling of the sensors:

Transmitting sensor’s response: Normal velocity response on contact surface for Assumption of k(r) based on weight function of various
u80 sensor’3 sensors?
V(t) Vitesse (mm/s)
N N . 8 60
Mechanical vibration response
A 50
( \\ 6 ; k(r) of a5
micro80
- :
£ S o | picot =]
e x ~—— micro80
S(t) ! 20 SAef nano30 ; —
2 A N : < o - R15a
: - D 80 &
Electrical pulse 10 sk
Sensor = .'\\ WD
0 0
0 2 a 5 g R15a L
X (mm]} % 2 4 6 8

Radius (mm)

Sensor response is non-uniform, The sensor response signals v(t):

depending on the sensor's geometry,

spatial variations across the sensor v(t) = lf k(r).vo(t)dS (2)
surface, and operating frequency. S S

v (t): Maximal normal velocity response;

k(r): Real number from 0O to 1.

[1]. T. Monnier, S. Dia, N. Godin, and F. Zhang, “Primary calibration of acoustic emission sensors by the method of reciprocity, theoretical and experimental considerations,” Journal of Acoustic Emission, vol. 30, 152—-166, 2012.
[2]. N. Boulay, “Modélisation des capteurs d’émission acoustique en vue de la simulation d’un contréle,” Ph.D. thesis, Univ. Paris-Saclay, 2017.
[3]. L. Goujon and J. C. Baboux, “Behaviour of acoustic emission sensors using broadband calibration techniques,” Measurement Science and Technology, vol. 14, no. 7, 903—908, 2003.
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Aims:
= Characterisation of the response in terms of the normal vibration velocity of AE sensors often

used in wood testing : resonant sensor (R3a, R6a, R15a), and wideband sensor (F15a) (from

Physical Acoustics, USA)

= Determination of the aperture function indicating the relationship between the sensitivity of AE

sensor response with spatial deviation on the contact surface

= Development of the 3D models for AE wave propagation caused by the transmitting sensors by

experiment and numerical simulation
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Experimental approaches:

Measurement of the sensor’s response using laser vibrometer

Table 1. Sensor characteristics. Laser vibrometer system

I

Sensor Operating - g o |
Type of sensor AE 3 a
models frequency range sensor 33
.g -
R3a Narrowband resonance 25 kHz — 70 kHz Controller : L A
. Computer
....... I I
R6a Narrowband resonance 35 kHz — 100 kHz
PicoScope

. AE sensor 100 voltage, 100 ns
Clamping E‘

units

R15a Narrowband resonance 50 kHz — 400 kHz

4
Displacement A Ultrasonic
system generator

Wideband with a flat :
F15a 100 kHz — 450 kHz Spacing: 0.2 mm
frequency response
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Experimental approaches:

Measurement of wave propagation using the transmitting sensor in isotropic material (for reference)

Specimen:

[ Laser vibrometer , e

| '.
|
I =
\
1

; [\

Controller +» PicoScope Computer

——————

¢ Aluminum, 500x500x2 (mm);

e L=30and 90 (mm).

Transmitting sensor

. Ultrasonic
Transmitting sensor “
generator
Laser focal point !
1
— S

Testing setup for normal velocity measurement of AE waves generated by transmitting sensor.
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Numerical approaches:

3D models for simulation of wave propagation used sensors’ response.

Table 2. The information of numerical models?.
3-Dimensional modelling

setup Longitu-

Young's . , dinal Shear Rayleigh Dampin Raylel-gh
Poisson’s wave wave damping

[kg/m3] modulus ratio wave velocity | velocity g factor coefficien

Density

1
v(t) = Ejfsk(r).vo(t) as (2)

Observed positions 'L_ T 1. Experiment [GPa] velocity (n)
" 3 x - [m/s] [m/s] ts
Transmitting sensor position ~o . |:| Simulation [m / S]
((3152) ’d’ \\ \\\
- ~ ~ =
N o = 30000
S ‘\\‘900 2700 72 0.34 6407 3154 2944 0.002
Low-reflection - RN 2, 8=0
condition - ‘Dé‘/g/ RN
”’ ' \\\\\\ 0 oe .—0—L=-30mm
- ~ ~ —&—L =40 mm
- N N - —6—L =100 mm
- ~ ~ ) 0.4
AN SO 3 5
_ 2
N . - - @ 3 20 fj E
S ,\‘\ ’a ”,v 8 g, § é:.(l.:i
e N A -7 < E 15 z % .
Zh o~ g .- & £ g 2 Ratio: R =3
s N\ S P g § ";’; © 0.2 i
" ,J/ - N > o 2 g £ % Mesh element size: 1 mm
X \ ~ - Low-reflection 5 o Time step: 0.15 us
O N - Pid i 5 8
- SPTII condition
- - - 0 n L L
g &0 1 2 3 4 5 6 ’ % 2 3 4 5 6
- i Ratio (R) of Wavelength/Mesh size Ratio (R) of Wavelength/Mesh size

[1] T. Le Gall, “Simulation de I'émission acoustiql‘;e: Aide a l'identification de la signature acoustique des Mesh element Converganes simulation tests

mécanismes d’endommagement,” Ph.D. thesis, Univ. Lyon, 2016.
- - ay » C'(Jn-!mun,auté
m INSA‘ ls H EW T Unl\lel‘Slte @ lJ gtuér:;:lgﬁﬂsstgrsnents 2 1/10/2025
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Sensor response in terms of normal velocity measured at the centre of the surface

R3a R6a R15a Fi15a
6 T 6 T 6 6
4 1 4- 4 ﬂ !
E,Zi r / A Ez lwﬂ ﬂ }'\ NF Mo F\ ‘%2 ‘\ H ‘\l‘ \l \ }I/ %’27 "H | M no
N N , 1 | A f |1 VANA N f I\ A nn]
:ﬁ%”” W \J AL A ARy LTI 2o e
3] b5} | h S k3]
5 \ 8% 1 £ I k 5 [
> > > > |
4 -4 - 4 -4
- ! -6 ' -6 -6
-50 0 50 100 150 -50 0 50 100 150 -50 0 50 100 150 -50 0 50 100 150
Time (ps) Time (ps) Time (ps) Time (ps)
0.5 1000 0.5 05
0.4 800 0.4 < 800 0.4
T

600

400

Frequency (kHz)
Frequency (kHz)
Frequency (kHz)

Frequency (k

200

0.5
0.4
0.3
0.2
0.1
-50 0 50 100 150 -50 0 50 100 150 -5

Time (us) Time (us) Time (us) T|me (HS

* The normal velocity response varies depending on the type of sensors used, peak amplitude for R3a> R15a > F15a > Réq;

The responses of the resonant sensors (R3a, R6a, and R15a) maintained their energy at resonant frequency longer than those of the wideband sensors with a
flat frequency response (F15a);

* The energy distribution of the velocity response depends on the operating frequency characteristics and internal structure of sensor.
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Distribution of peak velocity response across whole surface and aperture effect function k(r)
R3a R6a

1.2 T T
—e—R3a sensor
—e—R6a sensor
—&—R15a sensor
—8—F15a sensor

[N)

o

@
T

Vertical profile (mm)
) o

w
Peak Velocity (mm/s)
Vertical profile (mm)
~
Peak Velocity (mm/s)

k(r) factor
o
[e2]

o
~
T

' ' 0 L
-8 -6 -4 2 0 2 4 6 8 0.2

Horizontal profile (mm) Horizontal profile (mm)

R15a F15a L R TR R R

Sensor radius (mm)

35 Aperture effect functions

N
N

* Peak velocity response significantly depended on spatial deviations, with the higher
values concentrated at the central area and decreasing towards the edges;

'
N

Vertical profile (mm)
=
N

N
o
Peak Velocity (mm/s)
Vertical profile (mm)
o
N
Peak Velocity (mm/s)

* The resonant sensors (R3a,R6a and R15a) have higher sensitivity responses
concentrated within a small region at the centre, whereas the wideband sensor
(F15a) exhibited higher sensitivity distributed over a larger surface area;

-8 3 0 -8 0
-8 6 4 2 0 2 4 6 8 < - = 2
Horizontal profile (mm) Horizontal profile (mm)
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Validated results between simulations and experiments of wave velocity after propagation

R3a R6a R15a Fil5a
4 T T T T T . i ] 1 T I —_ T T I I 4 1 1 I I
@ ! I — Experiment » ! ! —Experiment i ol ! ' —Experiment| | @ ; ; —Experiment
E ! ! — Simulation | | E 2l 3 i —Simulation | | E 3 i — Simulation E ol 3 3 —Simulation ||
1 1 1 1 1 1 1
> s } > 0f— > ‘
gl z : z | z ‘
8- | 8- | o | | 8- |
< : ] ‘ O -27 i I ) \
> / = | > A N I N R > |
) 0 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 )
Time (ps) Time (us)
a) At transmitting sensor-to-observation point distance of 40 mm
_ — ‘ ‘ — ‘ ‘ 2 : — ; 2 — — : : ‘ — ‘
w0 ! ' |—Experiment| | 0] ! ' |——Experiment ) : ' |—Experiment @ ! ! |—Experiment
€ : i |=—Simulation £ 11 i 1 [—Simulation | = 1L w I —Simulation | | £ 20 I i |—Simulation ||
E l : E l l E l l € 1 :
N 1 N 1 1 N ] : I
>0 beasy] >0 | | >0 ‘ >0 oAy -
2 : ‘ 2 : . z | = | |
s | | 31t | | 817 | 38 | |
£ 1 [ 7 1 1 Q 1 -2 A
g ! ! g 1 1 > 5 ] g 2 : :
| L | | L | I 2 I | L L L L I _ L L L L L L L L L | L1 | |
0 10 20 30 40 50 60 70 0 10 20 30 40 5 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (us) Time (us) Time (ps) Time (us)

b) At transmitting sensor-to-observation point distance of 100 mm
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Validated results between simulations and experiments of wave velocity after propagation

R3a R6a R15a Fl5a

0 1 0 T T 0 T 0
% ——Experiment % ——Experiment m —Experiment % —— Experiment
S —— Simulation - ——Simulation © —Simulation - ——Simulation
8-20¢ 1 2-20 2-20- - 820 1
2 2 2 2
< < < <
n n n n
i -60 o -60 o -60 o -60

0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)
a) At transmitting sensor-to-observation point distance of 40 mm

0 0 - 0 0
m — Experiment ] —Experiment m — Experiment m — Experiment
o . . © . . o . . © . .
G —— Simulation G —Simulation . = Simulation - ——Simulation
$-20 1 2-20- 1 $-20 %20 1
2 2 2 2
£ -40 £ -40 40 - £-40"
< < < <
n n n n
- -60 o -60 /'/\1 A / - -60 - -60

0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

b) At transmitting sensor-to-observation point distance of 100 mm

In FFT, for vertical axis, 0 dB is referenced at 1 V/(mm/s)
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K}/\ Perspectives on wood .

sttt cLevent aoee. @€0Metry and boundary conditions Results
Properties:

Observation Time=0 ps Volume: Velocity, Y-component

p positions | Type | ash (mmjs)
I(_Sw-recfjltcejcted ;ondl')uons E, 576 MPa
p and down faces
Eq 900 MPa P.2 T~ 1.5
Gpr 180 MPa 1
. v 0.68 0.5
y x P C P 500 Kg/m3 P.1
L X -0.5
Source location (v(t)) 7 1
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vy(0) = 5 [| k) vo0 s 15
. S
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Z s 8 g 1r
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= The response in term of the normal vibration velocity of four AE sensors (R3a, R6a, R15«a, and

F15a) was identified
= The aperture effect functions of the AE sensors was explored

= 3D models for wave propagation using sensor responses were developed by experimental and

numerical simulation

= Perspectives on the use of this modelling in wood material
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