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Abstract — The object of this study is to estimate the viscoelas-
tic parameters (compressional velocity and the intrinsic atten-
uation factor Q) of lavae samples in acoustic tomography ez-
periments by the use of an asymptotic viscoacoustic diffraction
tomography method developed by Ribodetti et al 2000. 2.5-D
common-offset ultrasonic ezperiments are performed in a wa-
ter tank laboratory.

Keywords — intrinsic attenuation, asymptotic and Born
approzimation, wiscoacoustic medium,diffraction tomography
method.

1. INTRODUCTION

In laboratory, the methods generally used for measuring
attenuation can be separated into the following categories:
free vibrations, forced vibrations, observation of stress-
strain curves and wave propagation methods (see [3], [7],
[11] for a review). The method presented in this paper
belongs to the category of wave propagation method.
The use of this method in the lower ultrasonic frequency
range is of particular interest since the loss parameters
involved closely parallel to those measured in field exper-
iments.

In general, wave propagation experiments can be classi-
fied according to whether they make use of pulse-echo or
through-transmission methods. These methods assume
the amplitude of seismic wave (generally considered to be
a plane wave) decays exponentially with distance or time
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and that one can correct for losses other than intrinsic at-
tenuation. The extraneous losses include beam spreading,
coupling losses, diffraction losses, and wedging losses. For
the pulse-echo technique, the attenuation is found by mea-
suring the amplitude decay of multiple reflections from a
free surface. The advantage of this method is the use of
the absolute amplitude which allows to analyze easily the
behavior of the pulse decay. This method has been used
successfully for determining Q value of single crystals and
to study some fine-grained limestones (Peselnick and Zi-
etz, 1959).

In transmission experiments, the transducers are located
at the opposite ends of two samples of different thickness.
The attenuation obtained represents an average along the
variation of the thikness. In many cases, diffraction losses
may become important. Because of beam spreading, in-
ternal reflections and mode conversion may occur, inter-
fering with the direct wave. Diffraction may cause prob-
lems even with pulse transmission techniques. These tech-
niques are fraught with experimental and interpretational
difficulties. The viscoacoustic tomography provided both
a velocity and @ images of the target. We verified the
efficiency of the inversion by comparing the observed and
the computed data after one iteration. An excellent match
between the two data sets was obtained after several iter-
ations.

This paper is organized as follows. In the part II, we
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the computed data after one iteration. An excellent match
between the two data sets was obtained after several iter-
ations.

This paper is organized as follows. In the part II, we
present the experimental setup to image the rocks sam-
ples. In the third part, we recall the method used to
extract the rheological parameters. The results on lava
samplesafter one iteration (andesite of Volvic see [1]) are
presented in the last part.

II. CALIBRATION AND EXPERIMENTAL
DEVELOPMENT

Experiments are performed in a water tank (dimensions
2.x1.6x1.5m) Laboratory at Rennes. The cylindrical lava
sample to be imaged (10cm of diameter and 50cm of
lenght) is immersed in the center of the tank. In order
to image the whole samples lava, the source/receiver sys-
tem should rotate around the object that is what has been
done in previous experiments. For reasons of convenience
and of accuracy, it is here the object that rotates and not
the transducers, which is obviously equivalent if the axis
of rotation is the center of the cylindrical object.

To avoid the multiple parasite reflections on the walls of
the tank, we performed experiments between 342kH z <
fe<668kHz and 518kHz < fc < 1.01M Hz. This needs
to have a good precision in translation 10~?mm and in ro-
tation < 1°. Diffraction and transmission experiments are
first carried out on homogeneous PVC samples in order
to obtained a calibration of the emission-reception system
(referency imaging of the source, spectral emission, sam-
pling frequency), and geometrical configuration (rotation
and shifting precision, offset source-receivers, sampling ac-
quisition), see Fig.1, Fig. 3.

The wavelenght of investigation is between 4,33mm and
0,148mm in water, with a water velocity of 1482.89m/s
[4], and attenuation coefficient a = 23.107°Neper/m.
The source signal generated by the synthetizer is a Ricker
function in time (seconde derivative of a Gaussian func-
tion), for two different central frequencies fc = 500kH z
and 750kH z before to be amplified and send to the di-
rectional hydrophone-source. The attenuation factor @ is
then respectively around 46055.7 and 69083.5.

The object to be imaged is constituted by a cylindrical
lava sample set vertically in the water tank Fig. 2.

The hydrophone-source emits ultrasonic waves towards
the object, and the scattered pressure field is then mea-
sured by a second transducer. 72 seismograms per
common-offset gather are recorded see Fig.4, with an
angular step of 5 degrees. For each step we average
over 16 recorded signals and one complete acquisition
(0 < 8 < 360°) takes around 30mn. These response are
digitazed with a sampling rate of 2.107%s and recorded
by the A/D converter (50000 samples per trace), before
to be stored on the computer.The transducers have an az-
imuthal offset of 20° and are located from the lava sample
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Fig. 1.

Geometric configuration for the system source-receiver

Fig. 2. Water tank experiment, computer-based control and data
acquisition systems

center at 34cm. The whole sample is then insoned by the
wave front issued from the directional source. Beforehand,
the source signal is measured and recorded in the same
conditions (sample frequency (50M Hz), distance source-
receiver, temperature of water 20.2°C, ambiant noise) to
performe a deconvolution of data experiments.

III. NUMERICAL METHOD.

The technique for recovering the velocity ¢ and the atten-
uation factor Q of rocks samples is based on the high fre-
quency asymptotic ray theory combined with a linearized
method using a gradient method (see [5], [6], [8]).The ray
theory allows the fast computation of the Green’s function
between the source and the scatterer as well as between
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Fig. 3. Schema of the water tank: Geometric configuration and
data acquisition system

the scatterer and the receiver, while the Born approxima-
tion allows us to compute the medium parameters as the
compressional velocity and the intrinsic attenuation. In
order to recover in few iterations these quantities an accu-
rate estimation of the Hessian developed by Ribodetti is
used. The reader will find a complete developement in [9]
[10]. The acoustic case is related in the work of [12], [13].
We just recall the principal step to recover the rheological
perturbations.

Let P(z,w) the acoustic pressure measured at the point
x for the temporal frequency w. We have a linear rela-
tion between the Green’s function G solution of the wave
equation and the source term F:

P(x,w) = /G(s,x,w)f(s,w>ds (1)

Introducing é the complex velocity ([2], [11]), we can tak-
ing into account both the perturbations for ¢ and Q:

1 .
== (1 + % sign (w)) : (2)
For small perturbations of the background medium com-
pared with the wavelength of the source signal, we can
write all quantities as X = X, +0X.

Ol =

The solution obtained from the Born approximation (ie
P(x,t) = P,(x,t) +0(¢?)), for the linearized forward prob-
lem in a viscoacoustic medium and frequency domain is:

§P(s,r,w) = w? / Go(s,2,w)Go(z,r,w)
M
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observed scattered field of lava

Fig. 4. Experimental scattered pressure field measured during 72
acquisitions with a central frequency for the source of 500kHz

K(x,w)( (;55((’;)) )dx

where the integration domain is M and K(z,w) represents
the vector components which depends only on the rheol-
ogy of the background medium. It is obtained after a first
order limited development of (2). The Green’s function G,
taken under asymptotic ray theory, is computed analyt-
ically in the homogeneous background medium (water).
We can write the perturbated pressure in this form:

(5P(S,I‘,w) = ]C(w)/ A(I‘,X,S) eiu)'T'(l',x,s)
M
—a(r,x,s)|w é
€ (=)l lK(wi)( 50(();)) )dx

where A, T and « represent respectively the geometri-

cal amplitude, the travel time and the total attenuation

associated to the ray under asymptotic condition. The
de(x)

perturbation is then
o ) ©

Following the approach of [5], the velocity and the at-
tenuation perturbations are obtained by iterative least
squares minimization of the weighted misfit between the
measured and computed pressure using a quasi Newtonian
algorithm, and it is given by:

6P = G Ty where fa (x) = (



M =[G Q6] QG* (6P, 6 Prat) (4)

meas ~
The iterative inversion is linear since the background
medium is constant over iterations. Q is the weighting
cost function. After diagonalization of the Hessian (see

Ribodetti et al 1999), the perturbations f(z) are obtained
by a weighted diffraction average of the data misfit:

A(SP(¢, UJ) = (5Pmeas(¢, w) - 5P6al(¢7w) (5)

Let the discretized expression calculated over positive fre-
quencies

_ Ab ok
0= RED G0 2 o

e|w+la(€,x)

Re [ie WK (x,wt) e TODAGP (6,0")]

where Re denotes the real part of a complex number, 8
the angular step, k the wave number and R is Hessian
matrix obtained (see [12], [10] ) after diagonalization and
conditionnement to 1.

Since the Hessian matrix is

R=K'K=K_TK_+K,'K,

with
K (x,w) = (a +isgn(w)b c+ isgn(w)d)
and
2 1 2
=—=1-— ] b=——+
Ta ( 4@3) &Q.
1 1
— d — —
2c3Q3 Q%

We can write R under the form:

R—2 A=a?2+b B=ac+bd
- B=ac+bd C=c+d*

Let R, the matrix previously defined and R the well con-
ditionned matrix then
R = NRo,N! where N = ( 8 g )

and

g |detRo|
4]

e=+/4] , f—\/II

Remark: g can be very small but it is essential for the
conditionnement of the matrix, so it must be defined ac-
curatly.
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Fig. 5. Computed scattered field of the lava sample during 72
acquisitions after 1 iteration, fc=500kH z.

IvV. RESULTS

Some previous transmission experiments allowed us to
find a first and average estimation of the velocity and
the attenuation of the object to be imaged. From 2.5D
diffraction experiments of Lava samples from Volvic per-
formed around two central frequencies fc of 500kHz and
750kHz, and frequency range of fc/2, we have obtained
very good images of the scattered pressure field without
multiple reflections of the tank and good ratio signal over
noise. After inversion and deconvolution of those exper-
imental data using the ray Born approximation method
we find in comparison with synthetic images obtained see
Fig 5, a correct localisation of wave front of the object
in each direction (seismic trace). The map of perturba-
tions obtained for lava samples of 10e¢m of diameter are
shown Fig 6 and Fig 7 respectively for the compressional
velocity and the attenuation factor. The deconvolution
reduces the range of velocity and attenuation by a fac-
tor of 107% (Cf.8 and 9. In conclusion the compressional
velocity and the attenuation factor are obtained respec-
tively with a correct estimation for the one, but a more
important deviation in the estimation for the second one
presenting some oscillations.

The heterogeneous nature of the sample shows that for
a complete study a post processing method integrating a
frequency dependance of the object is perhaps necessary
but this previous results on real data are encouraging.
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Fig. 6. Map of compressional velocity perturbations on Lava
sample of volvic: Results after one iteration
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Fig. 7. Map of attenuation factor perturbations obtained on lava
sample of volvic: Results after one iteration

V. CONCLUSION

The experimental setup and the processing developed in
this study could be used as a tool for rock properties
estimation. The wave-propagation method (see referen-
cies below) may present the following advantages for rock
properties analysis: -First, compared to wave-propagation
methods using transmitted waves, the results obtained
with diffraction tomography may be extrapolated more
easily to the scale of seismic reflection experiments be-
cause of the analogy of the propagation mode (namely,
reflection mode) used in the two kinds of experiments.
-Second, the experimental setup is particularly adapt-
able, and reproducible. We have the choice of the geo-
metric configuration (transmitted or reflected), the offset
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Fig. 8. Map of compressional velocity perturbations on lava
sample of volvic
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Fig. 9. Map of attenuation perturbations on lava sample of
Volvic: Results after one iteration without deconvolution

(source-receiver) and we have the controle of the acoustic
source signal send to the hydrophone. The background
medium is composed of water and then it is easy to con-
trol its properties, such as temperature, to control the
source signal and the ratio source over noise. It is also
easy to separate the wavefield scattered by the target
from the other signals by performing a dual acquisition
(namely, with and without the target in the water tank).
The Ray-Born approximation combined with an accurate
estimation of the Hessian allows us to obtain after few
iteration (1 or 2) a good accordance in amplitude and lo-
cation between the calculated field and the observed field.
For a complete quantitative study of lava sample (het-
erogeneous nature), it seems necessary to include a post
processing method integrating a frequency dependance of
the object but this previous results on real data are en-
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