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Abstract

In this paper, we first describe an original experimental device, which enables us to isolate shear waves and thus 
to evaluate their attenuation by a plane-wave angular spectrum decomposition of the transmitted beam. 
In a second step, we propose a method to characterize the material's stiffness tensor in its complex form, the 
imaginary part of the elastic constants being a function of frequency. Toward this end, the overall transmission 
coefficient, including the infinite series of internal reflexions, is calculated in oblique incidence and in 
immersion using the recursive stiffness matrix method coupled with the Stroh formalism. This modeling was 
chosen because it showed to be computationally stable and efficient for any anisotropic medium, even beyond 
the critical angles. Experimental results obtained on orthotropic austenitic stainless steel samples will be 
presented, and discussed.
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1. Introduction

The attenuation plays an important role in investigating waves propagating in dissipative, 
isotropic or anisotropic media. For the prediction of waves propagation in such media, it is 
necessary to estimate the attenuation in the relevant frequency domain [1-4]. 
In the past, ultrasonic methods were established to measure the attenuation in anisotropic 
polycrystals [5]. Usually, authors address this problem through the analysis of a transmitted 
ultrasonic beam in normal incidence. Some of them proposed diffraction correction in order to 
account for the beam spreading. In practice, as both paraxial longitudinal and shear waves 
propagate into the solid, the measured quantity nevertheless represents the overall attenuation 
experienced by the two kinds of waves that compose the beam.
Finite element codes like ATHENA developed by EDF, dedicated to the simulation of UT 
control of welds, require accurate values of attenuation as an input. This attenuation 
information can either be the overall attenuation experienced by an ultrasonic beam at a given 
frequency, or the complex stiffness tensor [6].
In this paper, we first describe an original experimental device, which enables us to isolate 
shear waves and thus to evaluate their attenuation coefficient by a plane-wave angular 
spectrum decomposition of the transmitted beam.
In a second step, we propose a method to characterize the material's stiffness tensor in its 
complex form.
In the following section, we describe the method to evaluate the overall attenuation 
experienced by the ultrasonic beam transmitted for a steel sample.
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2. Experimental evaluation of the global attenuation coefficient

The immersion  device  developed in a previous  work,  [5] is  presented in Figure 1 .  It  is
composed of two broadband transducers (Ø1" both with 5 MHz central frequency, and 1”
diameter for the emitter and 0,5” diameter for the receiver) . The sample, is a thick plate with
parallel faces and is located in the far field of the emitter.

Figure 1. Experimental setup
The receiver scans a rectangular area of 49x51 mm² with a step of 1 mm, in a vertical plane
plane z=z0 parallel to the emitter face for the acquisition of a signal  s(t,x,y,z0) at each point
(x,y) of the plane. Each signal is then Fourier transformed and gives the frequency spectra
S(ω,x,y,z0). For a given angular frequency ωo, the spectral harmonic image of the beam is
calculated.  Then a 2D spatial  Fourier-transform gives the so-called harmonic plane waves
angular spectrum in the k-space domain U (ω0,kx , k y , z0 ) .

In  our  experiments,  two  different  planes  are  scanned.  First  the  incident  field  is  mapped
without any sample. The receiver moves in the plane containing the front face of the sample
(z=L0). Then the sample is inserted and the transmitted field is mapped in a plane close to the
sample's back face ( z=L1≈L0+d ). For a given frequency, the plane waves angular spectra
U inc (k x , k y ,ω0, L0 )   (example on Figure 2a ) and U tra (k x , k y ,ω0, L1 )  (example on Figure 2b)
are calculated.

(a) (b)

 Figure 2. Plane waves angular spectrum modulus : (a) incident beam, (b) experimental
transmitted

A quasi-theoretical  transmitted  plane  waves  angular  spectrum  U 'tra (ω0,k x , k y , L1 )  (Figure

3a)is  obtained  by  multiplying  U inc (ω0,k x , k y , L0 )  by  the  transmission  coefficient

T (ω0 , kx , ky ,C ij ,φE ,θE ,ψE ,ρ , d ) calculated in the k-space domain (Example on Figure
3b), where C ij ,φE ,θE , ψE ,ρ , d , are the stiffness tensor the 3 Euler angles, the density and
the thickness of the sample respectively.



(a) (b)

Figure 3. transmission coefficient (a) ,(b)  theoretical transmitted

Transmission coefficients are obtained by solving the Christoffel equation with the 
corresponding boundary conditions at each interface. These calculations only consider the 
first transmitted waves.
The identification of the stiffness tensor and the Euler angles of a material is performed by an 
optimization method based on a Genetic Algorithm as described in a previous work [5]. 
Roughly it consists in minimizing an objective function built with an important set of 
experimental velocities measured for many incidence angles in various incidence planes, for 
longitudinal and shear waves. The studied sample is made of austenitic stainless steel (AISI 
316L) and has been cut in a mock-up presenting very long unidirectionnal grains.
Table 1 details the acoustics parameters of the austenitic stainless steel (AISI 316L), 
recovered on a 12mm thick sample, via this approach.

C11 C22 C33 C12 C13 C23 C44 C55 C66 φ θ ψ

C' (GPa) 264 276 234 106 128 129 99 98 77 23 2 0

Table 1. Characteristics of the material
When this has been done, the attenuation for each direction of propagation (kx, ky) is then
derived from Eq.1. 

α (kx , k y ,ω0 )=
20

d
log [ U 'tra (k x , k y ,ω0, z1 )

U tra (k x , k y ,ω0, z1 )] Eq. 1

Experimental results are presented in Figure 4.

(a) (b)

 Figure 4. Attenuation results : (a) longitudinal, (b) shear



The results of Figure 4 a) have been obtained at normal incidence of the beam, for different 
frequencies. So the attenuation coefficient concerns mainly the longitudinal waves but also 
some shear waves because of the beam aperture and refraction phenomena.
The results of Figure 4 b) have been obtained for an incidence of 19,5° of the beam. This 
angle is larger than the longitudinal critical angle. Thus, the calculated attenuation 
coefficient is related only to the shear waves.
The attenuations are globally increasing with frequency, and is in quite good agreement with 
previous works concerning attenuation of longitudinal ultrasonic waves [7]. On figure 4 b we 
observe very high values for the attenuation of shear waves. These values are somehow 
surprising but of the order of magnitude as those found in Bodian's work [5].
The high distortion of the signals, the sensitivity to the experimental Cij introduced in the 
calculation of the transmission coefficient and to Euler angles are the main drawbacks of the 
approach. The analysis of these possible sources of error are to be further analysed.
Another possibility to characterize absorbing materials is to determine the stiffness tensor in 
its complex form. The tensor real part is related to elasticity while the imaginary part is 
related to the attenuation coefficient. 
A method of determining the imaginary part of the elastic constants is carried out in the 
following section.

3. Determination of imaginary part of the elastic constants

In this section, we propose an inverse method in order to determine the imaginary part of the
elastic  constants of  anisotropic-material.  This  method  is  based  on  waveforms  spectra
reconstruction associated to a physical model describing wave propagation in plates, during
underwater measurements. Here the problem is to obtain the set of nine complex constants
by simulations or experiments.
First, this problem is solved by using the exact values of the elastic constants Cij [8], In a
second phase, a white noise is applied to perturb the simulated spectra  in order to evaluate the
reliability of the method. The last part will be the application to the experimental results. 

3.1Principle of the Procedure 

The purpose of this procedure is to determine the imaginary part of the elastic constants of a

material by minimizing the difference between the calculated theoretical and experimental

amplitude of the spectra. The procedure is based on a genetic algorithm and is sketched in

Figure 5 .

Figure 5. Optimization process



The transmitted spectrum is obtained by multiplying the spectrum of the reference signal by
transmission coefficient. Therefore, it is necessary to calculate the latter. The real part of the
stiffness tensor are first estimated as described in previous section.
The limited thickness of the samples produces successive reflections. In order to take into
account all the corresponding fields, the recursive stiffness matrix method based on Stroh
formalism has been implemented in order to obtain the transmission coefficient [9-12]. Stroh
formalism  is  particularly  efficient  for  the  calculation  of  the  reflection  and  transmission
coefficients of acoustic waves functionally graded material or systems. Associated with the
recursive stiffness matrix methods, it addresses the numerical instability of the conventional
transfer matrix method, and allows remarkable numerical efficiency. The so-called stiffness
matrix  relates  displacements  to  the  stresses  on  both  sides  of  the  sample.  Here,  the
transmission coefficient for a flat sample, of any anisotropic behaviour, and immersed in fluid
is derived from Stroh formalism. 

3.2Validation of the Procedure 

In order to validate our approach, we will first use a test material extensively studied in the 
literature [8].  It  is  a  composite  orthotropic  viscoelastic  plate.  We  then  use  the  complex 
stiffness tensor reported in [8] to simulate transmitted spectra in several incident planes and 
incidence.  The  center  frequency  of  the  reference  pulse  is  around  2  MHz.  Signals  are 
measured for incident angles varying from 0° to 60°. The complex stiffness for this material 
account for viscosity which is well known to be linearly frequency dependent. So it can be 
written in the form

Cij=C ij

' + iω η
The real parts C 'ij are independent of the frequency and represent the elasticity constants of 
the material. The set of values η , representative of the damping property. We chose the 
material because the evolution of imaginary part of its elastic constants is perfectly known. 
Table 2 present the viscoelastic properties of the composite material used for simulation.

C11 C22 C33 C12 C13 C23 C44 C55 C66

C' (GPa)
12,10 12,30 132,00 5,50 5,90 6,90 6,15 98,00 77,00

η (GPa µs)
0,043 0,037 0,400 0,021 0,006 0,001 0,020 0,015 0,009

Table 2. Viscoelastic properties of the composite material 

The  method  described  above  is  then  applied  on  these  simulated  spectra.  The  obtained
parameters remain in the range ± 1% around the exact values.
As an example, Figure 6 shows the simulation results.



Figure 6.  Viscoelastic parameteres estimated of the composite material 

in the plane 30.

3.3 Reliability of the Method 

To test the reliability of the method in the perspective of using experimental data that are
slightly different from the theory, the simulation spectra is randomly perturbed with a white
noise in a ± 2.5% range. 
The simulation results are shown in Figure 7.  These
values are given with a maximum error of 3%. The reliability of this characterization can be
investigated a posteriori by comparing the experimental and reconstructed spectra.

Figure 7. Viscoelastic parameteres estimated of the composite material 

versus noise.

3.4 Application to Experimental Data 

The experimental data has been obtained on the 12 mm thick  plate of AISI 316L austenitic 
stainless steel with density =7972 kg/m3,. Signals are acquired for incident angles varying 
from -30° to 30° by a step of 1° in  different incidence planes f͑rom 0° to 90° by  step of 15°. 
The experimental setup presented in Figure 8  and more details can be found in [5].



Figure 8. A schematic diagram of the experimental setup: the sample is immersed in water
and placed between two transducers. 

The process described in Section 3.1 is applied on the different experimental spectra. The 
identified properties are given in Table 3. It can be observed from Figure 9 that the 
reconstructed spectrum matches well with the shape of the measured spectrum around the 
frequency on which optimization was carried. However, slight differences appear between 
the experimental  and calculated spectrum.  These deviations  can be explained by a small 
possible mistake on the real parts of the recovered stiffness tensor.

C11 C22 C33 C12 C13 C23 C44 C55 C66

C'' (GPa) 1,040 3,604 3,721 4,205 0,012 1,301 1,290 1,201 0,000

Table 3.  Imaginary part optimized of the elastic constants

Figure 9.  Experimental and calculated spectrum obtained using the estimated

parameters.

4. Conclusion
In this paper we presented an original experimental device, which enables us to isolate 
shear waves and thus to evaluate their attenuation by a plane-wave angular 
spectrum decomposition of the transmitted beam. Our measurements results carried out 
with this approach show that the longitudinal attenuation is in good agreement with previous 
works. However, the values for the attenuation of transversal ultrasonic wave seem to be 
very high. As described in the literature, the attenuation measurement is very sensitive to 
numerous parameters  and they have still to be deeply analysed.



On the other hand, an original inversion procedure based on waveforms spectra 
reconstruction associated to a physical model describing wave propagation in plates has also 
been proposed. This method allows us to evaluate the complex stiffness tensor of the sample.
The validation of this procedure on simulated data have shown the efficiency and accuracy of 
the optimization algorithm. The suitability of the established inversion method for 
experimental characterization has been examined. A good agreement is found between the 
experimental spectra with those calculated by estimated parameters.
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