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Abstract- Reflection of bounded ultrasonic beams at oblique
incidence from a viscoelastic material in controlled
measurement conditions is described using a combination of
complex harmonic plane waves (CHW model). Previous work
was carried out in this field at normal incidence. The shear
properties of materials cannot be determined by the normally
incident experiment using an immersion technique. This
paper gives an extension by modelling wave propagation at
oblique incidence using the magnitude as well as the phase of
the incident ultrasonic field. A maximum likelihood estimator
(MLE) is constructed for the estimation of the meodel
parameters, which takes the measurement noise on both the
input and the output signals into consideration. From the
estimated model parameters, the absorption and dispersion
properties and velocities for both shear and longitudinal
waves as well as the density of the sample medium are
obtained simultaneously. In order to garanty that only the
material properties are identified, the calibration of the
measurement set-up is incorporated in the estimation
approach.

L INTRODUCTION

This work is elaborated in the framework of acoustic
characterization of marine sediments. In order to simulate a
sediment, the experiments are performed on a viscous
porous material boundary. The material used in the
modelling approach is a composite (B2900, [1]). This
material was selected since it exhibits a mechanical
behaviour, which is a combination of elastic and viscous
effects. So, it could simulate approximately the behaviour of
a fine sediment.

Instead of a classical approach by means of homogereous
waves, more general complex harmonic waves (CHW) are
used to examine both the incident and reflected acoustic
field using a description of the bounded ultrasonic beam as
a finite superposition of inhomogeneous waves. In a recent
paper [2], this formalism was applied to characterize a
Plexiglas plate at normal incidence. Even though this latter
can significantly reduce the complexity associated with the
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wave propagation modelling, any deviation from this
condition may introduce a considerable error. The most
general way is then to model the wave propagation at
oblique incidence. This allows also to determine the shear
properties of viscoelastic materials, which cannot be
determined at normal incidence. However, attention has to
be paid to the choice of the angle of incidence. In fact, this
latter is chosen to be smaller than the angle of total
reflection, where a significant displacement of the acoustic
field takes place [3]. On the other hand, the surface waves
cannot be excited at the experimental angle in the case of
the used material.

The paper is organized as follows. In section II, the wave
propagation model is established at oblique incidence and
the calibration procedure is discussed. In section III, a
frequency domain maximum likelihood estimator (MLE) is
developed to give the estimation of the model parameters.
Experimental results are presented in section IV. Finally,
the conclusions are drawn in section V.

II. MODEL APPROACH
The experimental set-up is illustrated in Fig. 1. The
incident bounded beam propagates from the emitter to the
sample (thickness /) at an angle 6. The sample thickness is
chosen so that the first arrived pulse can be separated in
time and space from the other rays. The reflected beam is
measured with a small probe, which scans the acoustic field
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in a plan perpendicular to the propagation axis. The
incident angle is controlled by a goniometer with a very
high accuracy (10.5°). Both the generated pulse x(¢) (input)
and the received signal y(x,,z,,¢) (position-dependent output)
are digitised and Fourier-transformed into X(w) and
Y(x,,z,,®), respectively, with o the angular frequency.

A. Bounded beam representation in a linear visco-elastic
medium in terms of CHW combination:

1) General approach:

The general mathematical representation of the particle
displacements of an heterogeneous wave in a viscoelastic
medium can be expressed in terms of two potential
functions of the following form:

B, (x,2,0) = A, .exp(i(Ky,.r — X)) m=dors 1)
where
KK = K2= (kop +i0,)Y, m=dors V)
X
S
(By K’
Xy o, ¢ viscoelastic matrial
z Ky

Fig. 2: Geometry of dilatational and shear CHW by means of
bivectors

In general A, are complex constants while k,, are complex
vectors. They can be written as k,,+ik,, , where the real-

valued vector ky, defines the angle with respect to the z
direction, and has as module the propagation coefficient

9

k, . k, can be decomposed into a component ¢, along

k), and a component g, orthogonal to k,, (Fig. 2). For
cach heterogeneous wave, the vector Kk, satisfies the
dispersion relation (2), wherex,; and x; are the complex

wave numbers for the dilatational (m=d) and shear (m=s)
component, respectively, related to the medium frequency

. @ .
dependent velocity T and attenuation o, . They are
Om

described by the rational form given in [4] by:

Kp(@) = 3 0()60) where
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1+Za,m(ja))‘ €)
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The complex velocity ),(@) depends on the dispersionless

velocity Gy, and on the numerators and denominators
coefficients « and B of the rational form, repectively. This
latter describes the broadband absorption-dispersion
functions much better than the classical models [4].

In a coordinate system (X;.,z,,) obtained from the x-z
system by an in plane rotation over an angle 6,, so that the
zim axis is pointing toward the direction of propagation, the
potential functions for a bounded beam take on the
following forms:

B (Ki o Ziyr @) =

N
2 A, eXp( B, )-exp(—ay, z; ).exp(ilk,, z;, —ax)), @)
n=—N

(m=d,s).
where:
{kr%m _ar%m"ﬂnzm = kgm—oém
knm‘anm = kom-Oom
Equation (4) is a description of plane harmonic waves
propagating in the z, direction with a phase velocity
w/k,, . The coefficient f, represents the heterogeneity

(m=dors) 5)

(exponential behaviour of the amplitude variation along the
wave front), while a,, corresponds to the attenuation of

the wave in the propagation direc tion.

The determination of the complex amplitude 4, , the

heterogeneity 4, and the order N were the subject of the
recent work given in [2].

2) Calibration procedure:

Since both the calibration and reflection measurements
are carried out in the water path, only dilatational waves are
considered to model the propagation of the incident beam,
and can insonify the material in the reflection mode.

The calibration measurements are carried out in the
water path by scanning the generated bounded beam
perpendicular to it’s main axis of propagation at a distance
z.q from the emitter with a small probe. In term of the x;-z
coordinates, the general function relating the input-output
measured data is obtained, using the following expression:
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Ycal(xivzhw) -
Xcal (w)
N ©6)
Y Ay explitk,z; — ) exp(-,2;) exp(fx;). Hr (). Hy ()
n=—N
with:
kr%—ar?'“ﬂr%:K»%_a\% 0
k,.o, = K,.a,
for all values of the summation index n and where
w/K,and a, are the dispersion and absorption in water.
Hp(w) and Hg(w) represent the transmitting and
receiving characteristics of the transducers, along with the
associated electronics, respectively.
Since water is considered as a non absorptive medium,
a,, = 0. This means that (7) becomes:

2 2 2
krzn'*an _ﬂn =K,

8
& =0 ®
and so, the propagation of the incident beam in the water
path is given by:
Your (i z,0) _
Xcal (w)

®

N
Y Ay expliCk,z; — av)).exp(Bx).Hy (@). Hy ()
n=—N

B. Bounded beam representation at oblique incidence:

As presented in [5,6], and based on the assumption of
linearity, the amplitude and phase distribution of the
reflected field for any angle of incidence 6, can be found by
multiplying each heterogeneous wave by its complex valued
reflection coefficient R,(k,sin(8) —if}, cos(8)) . In addition to

the dispersion relation, the continuity conditions at the
water-material boundary, require invariability of the x
coordinate, and the generalized Snell-Descartes laws have
to be satisfied:
k,sinf. = k,sin§,

{—ﬁcos&, = —f3,cosf,
where the subscript r, refers to the reflected field. In this
cased, =n—6,, and so, from (10), the sign of the
heterogeneity coefficients for the reflected beam are
changed. In terms of the x,-z, coordinates, as shown in
Fig.1, the first reflected beam from the material interface is
given by:

Ym(xr »Zy ,[0) =

X (@)

(10)

N 11
Z A,.R,.exp(i(k,z, — o). Hy (@). H g (@)

n=-N

Hence, the global propagation model can be written as:

Ym(xr’zrvw) Ycal(-xi’ziiw)
Xm(@) X ot (@)
Note that the coordinate systems (x;,z;) and (x,,z,) are the

same. The calibrated field model H(x,,z,,w) is given by:

:H(x,,z,,w) (12)

N

Y Ay Ry explikyz,)
Nn=— N (1 3)
Y Anexplik,z)-exp(Bx)

n=—N

H(x,,z,,0) =

1. MAXIMUM LIKELIHOOD ESTIMATOR
From (12), it is readily seen that the nonparametric

Y04.2,0) Y (,%,0)
X N HaGmo==EOS

can be regarded as the input and output of a linear system,
consistent with:

H™ (x,,2,,0) = H(x,,2,, @)H (%, 2, 0) (14)
where H(x,,z,,¢ is the calibrated field model defined by (13).
The H"(x,,z,,w)
H\(x;,z;,) are obtained from averaging the input-output

measurements during the calibration and measurement of
acoustic fields viz.:

estimates H? (x,,z,,a) =

nonparametric  estimates and

Y{(x,z,w) »

i (15)

M
1
H? (x,z,w) = —Zl
(x,2 ) exp(Mi=1 og(

where M is the number of measurements performed. Since
the generation and the acquisition of the signals are not
perfectly synchronized, the H,, averaging technique is
applied [7]. During the averaging procedure, the variances
of the input-output data o7 (x,.2,,@) and o} (%.7.®),
are determined as well.

Taking into account both the input and output noises, the
cost function to be minimized in ML sense is given in [&]
as:

L F )
c=3 Sftrapf
I=1 f=1

where the error function is expressed by:

Ho(x1,7, 0 )H(xy,2,, 00 ) = H™ (5, 2,007 )

2
Joﬁz (xu,z,-,cufjl’l()cﬂ,lr,wf)I +of,'v(xr[szvaf)

and where {0y, f=1,....F} and {x;, [=],...L}, denote, the set
of angular frequencies and the set of transverse distances
taken into account, respectively.

(16)

e, 0p) = . (17)

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Experimental results:
In this section, the bounded beam propagation theory,
developed in the previous section, is applied to the
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parametric modelling of the ultrasonic
experiments on a viscoelastic plate at oblique incidence.

The modelling approach takes into account the beam
properties of the incident field generated by a transducer of
finite aperture. Fig.1 shows the experimental arrangement..
A pulse generator (5055PR, Panametrics) is used to excite a
38.1mm diameter transducer (V389, Panametrics). The
source velocity pattern of the V389, has been characterized
using the CHW formalism in the frequency band from 400
to 800 kHz, as described in section II. The reflected

ultrasonic fields are measured by a 1.34mm diameter probe.
The position of the probe is controlled by a positioning

system. Fig. 3(a), (b) displays the wave fields measured for
the calibration and reflection purposes. Fig. 4(a) shows the
calibrated measured field. The transverse distance used for
the measurements ranges from -50 to 50mm with a

scanning interval of 2mm. The frequency band ranges from

400 to 800 kHz. This choice is made because at low
frequencies, the waist width of the incident beam is too
large, and then different rays constituting the beam affect

the geometrically reflected pulse in the time domain, which
introduces considerable peaks in the frequency domain.

B. Estimation results:

Using the measured calibration and reflection data, as
the input and output, respectively, the ML estimator is
applied to determine the parameters of the investigated
model. The magnitude and phase of the measured and

estimated fields are depicted as a function of the frequency

in Fig.5, where the transverse distance x =0 mm,

The measured and estimated fields can also be plotted as
a function of the transverse distance, as shown in Fig.6, for
the central frequency component of the emitter (S00kHz).
Note that the fitting error is generally increasing as the
radial distance increases. This may be due firstly to the fact
that the model is more reliable in the region near the
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Fig.3 (a) Measured acoustic field at the water path
(b), Reflected acoustic field from water-material interface.
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Fig.4 (a) Calibrated Measured acoustic field.
(b), Estimated profile in frequency and space domains.

propagation axis of the transmitter. This is explained by the
divergence, which is an inherent characteristic of the
described formalism, caused by the different phase
velocities of the heterogeneous waves used in the
decomposition [5]. Secondly, the signal-to-noise ratio for
both the calibration and reflection measurements decreases
in the region far away from the centre.
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Fig. 5 Magnitude and phase of the measured (++) and estimated (-)
fields as a function of frequency at x=0mm.
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Fig. 6 Magnitude of the measured (+) and estimated'(-) field as
function of the transverse distance at 500k Hz.
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Table 1 gives the estimated model parameters together
with the associated standard deviations (STD). The
estimated parameters are calculated with a water velocity of
1500 m.s” and a density of 1000 kg.m™ (the temperature
equals 24°C). The standard values are found in {1] and are

calculated using the plane wave propagation with

diffraction correction model at normal incidence. The shear
coefficients o« and pBare calculated using the relation
between the longitudinal and shear properties following the
model developed in [9]. Using the estimated longitudinal
velocity and the coefficients for the rational absorption-
dispersion model, the attenuation corresponding to the
longitudinal and shear waves in the material are shown in
Fig.7. Moreover, a comparison is made with the calculated
velocities and attenuation of the longitudinal an shear
waves in material, using the standard values [1].

V. CONCLUSION

A complex harmonic wave (CHW) combination
formalism has been presented for the parametric modelling
of ultrasonic reflection experiments from a water-
viscoelastic material boundary. Maximum likelihood
estimators are developed for the estimation of the model
parameters, which take into account both the frequency and
the spatial information. It is shown that this approach is
capable of estimating material properties only from the first
reflected bounded beam, which is also applicable for
sediments characterisation. The standard deviations for the
CHW model are bigger than those obtained with the plane
wave model. This is evident since also multiple reflections
are used to estimate the material parameters by the plane
wave model. And since the measurements are carried out at
normal incidence, no big model errors are introduced.
However, it is concluded that the estimated parameters are
more or less in the range of the standard values, and
encourage to develop the investigated model to take into
account multiple reflections experiments.
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Table 1 : The set of the estimation results for the B2900 material

Model Estimated Standard
Parameters Valucs Values
Incidence 29.97 30
Angle (™ (0.04> >

Density 1601.6 1837
kg.m ) 3.6) )
Longitudinal 2740 2736
Velocity (m.s™ 14) .57
Shear 1544 1540
Velocity (m.s1) 1> >
1.1e-6 1.09e-6
Sz (O.1e-6) (0.01e-6)
1.2e-15 1.10e-15
12 (©.5e-15) (0.03e-15)>
9.9e-7 1.02e-6
Bra 0.9e-7> (0.01e-6)
- 1.14e-6 1.13e-6
s1 (0.04e-7)> (0.01e-6)>
- 1.5e-15 1.85¢-15
s2 (0.2e-16) (0.05e-15)
B 9.95e-7 1.02e¢-6
S1 (0.04e-7)> (0.01e-6)
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Fig.7 Longitudinal and shear dispersion and attenuation properties of
the B2900 material at the frequency band [400:800] kHz. (+) calculated
with plane wave, (-) calculated with CHW approach.

517



