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ABSTRACT

The scattering strength of isotropic and anisotropic rough surfaces was experimentally and theoretically investigated for
high frequencies about 500 kHz. Emphasis was placed on studying the response from three two-dimensional rough sur-
faces which roughness was either isotropic (characterized by a Gaussian distribution) or anisotropic (characterized by a
modified-sine surface). Theoretical predictions rely on the first-order small slope approximation either including a
Gaussian structure function or a quasi-periodic structure function. The combination of true data and theoretical results
indicates the importance of taking into account the anisotropy of a surface in a scattering prediction process. It is shown
that the scattering strength varies a lot depending on the propagation plane. In the longitudinal direction of ripples, scat-
tering strength is mostly in the specular direction, whereas in the transversal direction of the ripples, the scattering
strength is spread in a very different way related to the particular features of the ripples, with several maxima and min-
ima independent of the specular direction. Contrary to the isotropic surface, the scattering strength from an anisotropic
rough surface is modified from one propagation plane to another, which explains why the entire rough surface should be
taken into account without any simplification as it is often seen when dealing with scattering models. Compared to such

a surface, positions of the emitter and of the receiver are naturally significant when measuring scattering strength.

Keywords:. Bistatic Scattering; Tank Experiment; Anisotropic and Isotropic Roughness

1. Introduction

Acoustics scattering from the ocean bottom is a subject
of interest for many remote sensing acoustic sensing ma-
rine activities, such as seabed classification, or ecosystem
habitat mapping [1,2]. To these purposes, high frequency
tools, as single beam or multibeam echosounders or side
scan sonars, are used to assess the bottom roughness and
improve the knowledge of the environment [3,4]. How-
ever if such systems can generally provide a detailed
image of the bottom, the relationship between the acous-
tic measurements and the physical parameters of the bot-
tom strongly depend on the type of environment, and in
particular on the type of bottom roughness. To gain more
insights into scattering phenomena, different well known
models can be used. One of the most common models is
based on the Kirchhoff approximation [5,6] and need
large curvature of the rough interface compared to the
acoustic wavelength. Another widely used model is
based on the small perturbation method [7,8] and is valid
only when the small-scale roughness is smaller than the
acoustic wavelength. Then a composite model has
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been derived to avoid limitations of the two previous
scattering models [9,10], but is only valid for monostatic
cases and isotropic rough seafloors. Jackson and co-
workers [10-12] have modified the monostatic method to
obtain a bistatic model which only works for isotropic
surfaces. This model was used by Choi et al. [13,14] for
comparing theory with real data obtained from their
measurements above ripple field. Nevertheless their
comparisons showed that the orientation of the meas-
urement plane compared to the direction of the ripples
has a great effect on the scattering, the scattering strength
distribution being very different from one propagation
plane to another over the ripples. Thus they conclude on
the need of considering the anisotropic state of a surface
into the scattering process. To take into account both an
isotropic or an anisotropic seabed, the small slope ap-
proximation, originally developed by Voronovich [15], is
interesting since it allows considering various rough in-
terfaces via the structure function. This method has been
elaborated as a unifying method able to reconcile small
perturbations method and Kirchhoff approximation [16].
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Theoretical expressions have been developed at different
orders by Thorsos and Broschat in [17,18] without taking
into account quasi-periodic seafloors and further studied
by Gragg et al. and Jackson et al. [19,20] in the case of
isotropic interfaces. In this paper, the main concern is to
better understand how an anisotropic rough surface can
impact the acoustic propagation and scattering. The small
slope approximation allows us to modify directly the
height statistics, either by using true measurements of a
rough surface [21] or by using theoretical model via the
height covariance function of the seabed to describe its
roughness. This modelling approach differs from many
computations where anisotropy is directly implemented
in the scattered field. The advantage of including the
roughness straightforwardly in the model has to be tem-
pered by the unique limitation of SSA of first order
which is that the elevation slopes have to be small
enough to avoid shading, particularly at very grazing
angles. However, this is an asset compared to other scat-
tering models where limitations are more numerous. This
paper whose main goal is to study the effect of a two-
dimensional anisotropic rough surface on the scattering
strength response using the small slope approximation is
organized as follows. Section 2 describes the scattering
problem and shows in theory the differences between
predictions of scattering from an isotropic rough surface
and from an anisotropic rough surface using the first or-
der small slope approximation. In Section 3, tank ex-
periments, which configurations are similar to the theo-
retical ones studied in Section 2, are reported. Scattering
data from an isotropic surface and from an anisotropic
surface are obtained for different angular configurations
and from three different rough plates. We finally discuss,
in Section 3, the effect of the relief combining true data
and simulated scattering strength results.

2. Moddlling of Scattering Strength with SSA-1
2.1. SSA-1 Modélling

The scattering problem is depicted in Figure 1 and is
analyzed trough the scattering strength, SS, which is de-
fined in decibel (dB) as:

[a (05 > ¢ )J

SS(ei’¢i59s’¢S):1010g10 (W
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where /; is the incident intensity, /; is the scattered inten-
sity and m is the dimensionless scattering coefficient.
The latter parameter represents how the acoustic wave is
scattered from the rough surface (ref. at 1 m-distance
over a | m* surface).

In this study, m is evaluated by using the first-order
small slope approximation [12,15,17,19] and is written as:

)
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Figure 1. Geometry of the scattering problem with the graz-
ing incident angle 6,, the grazing scattered angle 6, and
the azimuth scattered angle ¢, equal to the azimuth incident
angle ¢ (incident and scattered wavesin a same plane).
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where K = {(kxs -k ),(kyS -k )} is the wavevector
difference, r ={x,y} is the position on the (x, y)-plane
and D(r) is the structure function. The incident wave is
defined by its grazing incident angle 6, €[0°,90°] whe-
reas the scattered wave depends on the grazing scattered
angle 6, €[0°,180°]. For this study we assume that the
emitter and the receiver are always in the same plane,
thus the azimuth angles are equal for both incident and
scattered waves 4 =¢, and (¢,4,)<[0°,180°]. Figure
2 shows examples of various angular configurations of
interest in this paper.

Scattering from sediment volume and multiple scat-
tering are not considered in this paper. The losses of en-
ergy due to transmission into the sediment (from homo-
geneous or stratified seafloor) are considered through
A, (6.4.6,,4,) which depends on the plane wave
reflection coefficients and on the incident and scattered
waves [12,22]. The sediment is defined as a fluid or as an
elastic medium, thus 4, (6.4.6,.4,) is respectively
related to the expression found in [12] or in [23]. The
SSA model is parametrized with either a structure func-
tion based on a Gaussian distribution (see Equation (3))
or on a structure function based on a sine function (see
Equation (4)).
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Figure 2. Angular configurations for different cases of interest: (left) configuration for an isotropic surface as a function of
the scattered angle 6, ; (right) configuration for an anisotropic surface as a function of the scattered angle 6, .
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The structure function D, is used either to model an
isotropic surface or an anisotropic surface, depending on
the values applied to the correlation lengths, L, and L,,
respectively in the x and y directions. To deal with a part
of periodicity and directionality of an interface, such as
sandy ripples, we suggest another structure function, D,
which is based on a sine function.

D, (r)

P

Xy
=2k % l—cos[i—n(cos(q)px)+sin(¢py))]e L,
P
“
The structure function D, is used to model a rough
surface with periodic features, thus the surface is anisot-
ropic and respects few but mandatory statistical proper-
ties such as the second-order stationary of the surface and
its ergodicity. Surfaces based on this structure function
are called ripples hereafter. The terms ¢, and 4, are re-
spectively the angle for the direction of the periodic sine
shape and the wavelength of the sine function. The cor-
relation lengths L, and L, allow to get a rough surface
with periodic features more or less disordered.

2.2. Scattering Strength Predictionsfrom an
I sotropic Surface with SSA-1

We address first the case of an isotropic Gaussian seabed.
This case may be considered as a reference case for fur-
ther comparisons with anisotropic cases. Figure 3 shows
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Figure 3. Prediction of scattering strength, SS, as a function
of grazing scattered angle 6., for 6, =50"; (dashed line and
squares) medium sand parameters; (full line and circles)
concrete parameters, (dashed line and full line) propagation
planein the (x, z)-planewith ¢ =¢,=0"; (circlesand squares)

propagation planein the (y, z)-planewith ¢ =¢,=90".

the scattering strength, SS, as a function of the scattered
angle for a grazing incident angle 6, =50° into two differ-
ent propagation planes, the (x, z)-plane with ¢ =¢, =0",
being perpendicular to the (y, z)-plane with ¢ =@, =90°,
as it shown in Figure 2. The rough surface is isotropic
and is based on a Gaussian distribution. The dimensions
are similar to the rough plate, Plate 1, used in experiment
and described in the experimental section (see Section 3).
Its height deviation is between —1.5 mm and +1.5 mm
with a zero-mean reference plane. The correlation
lengths in both x-direction and y-direction are similar
with L, =L =25cm. The frequency of the incident
wave is 500 kHz, corresponding to a wavelength of 3
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mm. Two different seabed sediments (with the same
roughness parameters given previously) are also used for
the predictions, one being defined by the parameters of a
usual marine sediment [11,12] (medium sand with a
sound velocity 1770 m/s of and a mass density of 1845
kg/m®) and the other one being based on the parameters
of the concrete used in the experiment in Section 3 (mass
density 2160 kg/m’ and compressional sound speed 3700
m/s).

For medium sand and concrete, the scattering strength
predicted in the (x, z)-plane is obviously similar to the
one predicted in the (y, z)-plane. The highest value for
both medium sand and concrete is found for 6 =50°,
thus in the specular direction and decreases for scattered
angles lower and higher than the angle & =50". The
main difference between the two types of sediment is the
global level which is higher for concrete since losses due
to absorption are less important. In any case, the scatter-
ing strength distribution is as a function of the propaga-
tion plane since scattering strength is spread similarly in
the (x, z)-plane and in the (y, z)-plane.

2.3. Scattering Strength Predictionsfrom an
Anisotropic Surface with SSA-1

The predictions from an anisotropic plate are now consi-
dered to analyze the effect of anisotropic roughness on
the scattering strength distribution as a function of graz-
ing scattered angle 6, . Figures4 and 5 show the scatter-
ing strength as a function of the grazing scattered angle
6, for a grazing incident angle 6, =50". The rough sur-
face is a quasi-periodic anisotropic seabed and is based
on a sine structure function as described by D,(r) which
expression is given by Equation (4). The dimensions are
close to the ones of Plate 2 and of Plate 3, used in the
experiment in Section 3. The peak-to-peak height is 3
mm, the wavelength of the surface is 4 =2.5cm, the
orientation angle, ¢,, is set to zero and the correlation
lengths L, and L,, needed for D,(r) are set to 10 m
which is much longer than the surface wavelength
(L,=L,> 4)). The frequency of the incident wave is
500 kHz, thus a wavelength of 3 mm. Three different ani-
sotropic plates are used to simulate the scattering stren-
gth, one being defined by the parameters of a usual se-
diment [11,12] (medium sand with a sound velocity 1770
m/s of and a mass density of 1845 kg/m’), the second one
based on the parameters of concrete used in the experi-
ment (mass density 2160 kg/m® and compressional sound
speed 3700 m/s). The last case is based on wax parame-
ters (mass density 720 kg/m’ and compressional sound
speed 1722 m/s), used as well in the experiment in Sec-
tion 3. One should notice that the wax shows a sound
speed similar to a sandy sediment but a mass density
much lower than the water, that may have an effect on

Copyright © 2012 SciRes.

30

—— medium sand, (y, z)-plane
20}k — — concrete, (y, z)-plane
—— Wax, (y, z)-plane

10

S
T

Scattering strength (dB)

0 20 40 60 80 100 120 140 160 180
Scattered angle 6_ (deg.)

Figure 4. Prediction of scattering strength, SS, as a function
of grazing scattered angle 6, for 6 =50°, in the (y, z)-

plane with ¢ =¢,=90; (full line) medium sand parame-
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Figure 5. Prediction of scattering strength, SS, as a function
of grazing scattered angle ,, for 6, =50° in the (x, z)-pla-
ne with ¢ =¢,=0"; (full line) medium sand parameters;
(dashed line) concrete parameters, (red line with dots) wax
parameters.

the scattering strength since its prediction is also related
to sediment losses into the seafloor.

Figure 4 shows the predictions of the scattering stren-
gth, SS, for the three types of surface (full line for me-
dium sand, dashed line for concrete and red line with
dots for wax) for a propagation plane in the (y, z)-plane,
@ =@, =90, thus in the longitudinal direction of the
sine distributed relief (see Figure 2 for the propagation
plane and its angular configuration). For each test case,
the maximum value is found in the specular direction for
6. =50°. The highest value, about 15 dB, is obtained for
the concrete sediment, then medium sand shows a lower
level close to 10 dB. The lowest one, about —15 dB, is
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obtained for the wax. The angular band around the ma-
ximum value for each sediment case is about few degrees
10 dB below the maximum value, thus the scattering
strength falls down straightaway.

Figure 5 shows the scattering strength, SS, as a func-
tion of scattered angle 6, for a propagation plane in the
(x, z)-plane, @, =@, =07, thus in the transverse direction
of the sine distributed relief (see Figure 2 for the propa-
gation plane and its angular configuration). The scatter-
ing dynamic is completely different from the previous
simulations in the (y, z)-plane and strong variations are
obtained for the different rough surfaces under test. The
highest values are obtained in case of a concrete seafloor,
then from a medium sediment and finally from the wax
seafloor. For each type of sediment, seventeen peaks are
found. These peaks vary between 9 dB and 15 dB, be-
tween 5 dB and 10 dB and between —30 dB and 2 dB,
respectively for a sediment made of concrete, medium sand
and wax. In the scattered angular band 6, = [20°,150°] ,
the maximum levels are very similar from one peak to
the other, particularly for a seafloor made of concrete or
medium sand and not for the wax sediment. The latter
test case shows a much lower value for the scattered an-
gle around 40° (around —30 dB). This is due to the par-
ticular characteristics of this surface which properties are
far from a real seafloor and are not accurately processed
by the scattering model. This explains why expected
scattering behaviors, taking into account losses into the
sediment, are easily defined for concrete and medium
sand. The scattered angular band at —10 dB below each
maximum values is only about decibels (equal or less
than 5°) and is probably related to the dimensions of the
quasi-periodic surface and particularly to the relationship
between the acoustic wavelength and the height and sur-
face wavelength.

The most important results from Figures 4 and 5 are
that the scattering strength predicted in a plane is differ-
ent from transversal to longitudinal directions. In the lon-
gitudinal direction, the roughness seems smoother in the
transversal direction where the sine shape is of impor-
tance. Furthermore the scattering strength distribution is
clearly related to the shape and dimensions of the surface
compared to the acoustic wavelength and the angular
position of the source and receiver. To validate the main
results obtained with the small slope approximation, tank
experiments are performed and are presented in the fol-
lowing section.

3. Scattering Datain a Tank
3.1. Experimental Set-Up

The acoustic experiments were performed at a water tank
facility of Laboratoire de Mécanique et d’Acoustique
(LMA, Marseille, France) in May 2011. The tank dimen-
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sions were about 290 cm x 140 cm and the measured
sound speed in the water was about 1478 m/s at a tem-
perature equal to 18.6°C.

Three different plates were tested. Two plates, so-called
Plate 1 and Plate 2, were made of concrete and were about
30 cm x 30 cm in sizes, with a mean thickness of 6 cm.
Plate 1 was isotropic, its height deviation was between
—1.5 mm and +1.5 mm with a zero-mean reference plane.
The correlation lengths in x-direction and y-direction
were similar with L =L =2.5cm. Plate 2 was anisot-
ropic, the wavelength of the sine relief was 2.5 cm and
the peak-peak height was 3 mm. Both plates have been
built to represent desired structure functions. The isotro-
pic one was based on a Gaussian distribution and the ani-
sotropic one was based on a modified sine function whi-
ch bottom is larger than the top of the sine. The mass
density has been calculated for both plates, based on a
sample of concrete whose weight and dimensions were
known, and is about 2160 kg/m®. The compressional sound
speed in the sediment has been measured using a sam-
ple of concrete and on time measurements for a signal
going through this sample. The sound speed was appro-
ximately 3700 m/s. Figure 6 (top) shows a close-up pho-
to of Plate 1 and of Plate 2.

The third plate, Plate 3, is very similar in dimensions
to Plate 2, but is made of wax which properties are 1722
m/s and 720 kg/m’ respectively for compressional sound
speed and mass density. These parameters have acoustically
been measured on a sample of wax which dimensions
and weight were known. This plate is perfectly homoge-
neous and is shown on the close-up photo in Figure 6
(bottom).

Figure 6. (Top left) Plate 1, close-up photo on the isotropic
plate (30 cm x 30 cm) made of concrete; (top right) Plate 2,
close-up photo on the anisotropic plate (30 cm x 30 cm)
made of concrete. The ruler is graduated in centimeters;
(bottom) Plate 3, close-up photo on the anisotropic plate
(34.5 cm x 34.5 cm) made of wax. Theruler isgraduated in
centimeters.
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The transmitted signal was a short pulse of main fre-
quency 500 kHz (bandwidth 300 kHz at —3 dB), thus a 3
mm-wavelength emitted with a Panametrics-v301 trans-
ducer whose directivity function is similar to the directi-
vity of a circular piston of 26 mm-diameter with a beam
width of 26,, =7 . Acoustic signal recordings were
sampled at 32 mhz with a 64 bit resolution. The receiver
was Panametrics-v301 transducer which directivity was
similar to the one used for emitting the signal.

Figure 7 shows the temporal and spectral characteris-
tics of the transmitted signal, obtained from a reference
measurement (calibration) between the emitter and the
receiver without any plate in between. The distance be-
tween the emitter and receiver being the same during the
experiments, the correction of the losses due to the dis-
tance is automatically taken into account for each meas-
urement.

In the results presented in the following, the measured
scattering strength has been calculated for different sets
of angles (incident and scattered waves) from the meas-
ured time series by computing its Fourier transform. The
scattering coefficient is obtained from Equation (5)

mm(gi’gs’f):w 5)

Pcal (f)|
where |PCal (f )| is the amplitude of the reference signal
(calibration) at a frequency f, |P (6.6,.f )| is the am-

cal

plitude obtained for a particular position of the transmit-
ter 6, for a particular position of the receiver 6, and at
a frequency f. The results are presented for f = 500 kHz.
The scattering strength is obtained in dB from the scat-
tering coefficient m,, (6.,6,,500 kHz)v.
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The main angular configuration is described in Figure
1. The measurements have been done for an emitter with
different positions with 8 =30", 6 =50" and 6 =70".
For each incident grazing angle, the receiver was moved
automatically from 6, =10" to 6, =170" every 1°. The
emitter and the receiver were always in the same plane
and measurement have been performed into two different
planes, in the (x, z)-plane and in the (y, z)-plane as de-
scribed in Figure 2, for each rough plate. Depending on
the angle, the insonification area varied from about a 12
cm-diameter (transducer perpendicular to the plate) to a
25 cm-diameter (transducer oblique to the plate), assum-
ing a distance of 1 m between the transducer and the
plate.

For each angular configuration and each rough plate,
the experiment has been processed several times (a mi-
nimum of 5 times up to a maximum of 10 times depend-
ing on the rough plate and on propagation plane of inter-
est) and data are shown through their median. One should
notice that from one measurement to the other, in the
same configuration, data were extremely similar, with a
maximum standard error of 0.1 dB.

3.2. Measured Results: From an | sotropic
Surface (Plate 1)

The scattering strength measured as a function of scat-
tered strength for the isotropic plate is shown in Figure 8
and in Figure 9 for an incident wave & =50" and & =70
respectively. For both angular configurations the data are
measured such as the emitter and the receiver are in a
plane, either the (x, z)-plane or the (y, z)-plane as it is
described in Figure 2.

In Figure 8, the maximum value appears around
6, =50", which is the specular direction and the mini-
mum values are found for values of the scattered angle
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Figure 7. (Top) Time response of the 500 kHz transducer
from the reference measurement; (bottom) spectrum of the
500 kHz transducer from thereference measur ement.
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Scattered angle 6_ (deg.)
Figure 8. Plate 1, scattering strength as a function of the
grazing scattered angle 6, for 6, =50, median of 6 mea-

surements per angle; (blue full line) propagation plane in
the (x, z)-plane; (black full line with stars) propagation pla-
nein the (y, z)-plane.
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further than an angular band around the specular direc-
tion. The scattering strength predicted in the (x, z)-plane
is mainly of the same order than the ones in the (y, z)-
plane, the same dynamic is obtained for measurements
from one plane to the other one.

In Figure 9, the maximum value is found around
6, =70", which is the specular direction in this test case.
The scattering strength predicted in the (x, z)-plane are
mainly of the same order than the ones in the (y, z)-
plane.

3.3. Measured Results: From an Anisotropic
Surface (Plate 2 and Plate 3)

Figures 10 and 11 show the scattering strength as a func-
tion of scattered angle @, in case of the anisotropic sur-
face, Plate 2. The scattering strength data are obtained for
6 =50" in Figure 10 and for € =70" in Figure 11. For
both angular configurations the data are measured such
as the emitter and the receiver are in a plane, either the (x,
z)-plane or the (v, z)-plane as it is described in Figure 2.

In Figure 10, there is an evident difference between
the dynamic in the (y, z)-plane and the one in the (x, z)-
plane. In the (y, z)-plane, the maximum value is clearly
obtained in the specular direction for 6, =50". An angu-
lar lobe of about 25° surrounding the specular direction is
observed with a minimum value of about —15 dB. Then,
for scattered angles in the band [10°, 35°] and [60°, 170°],
the scattering strength is mainly equal or lower than —15
dB with a minimum value below —20 dB. In the (x, z)-
plane, the scattering strength in the specular direction is
not preponderant. The scattering strength varies a lot, and
goes down to a value around —15 dB for scattered angles
in the band [120°, 170°]. The maximum value around —5
dB is obtained for different scattered angles in the band

0

—— '(y, z)-i)lane
(x, z)-plane

Scattering strength (dB)
|
&

0 20 40 60 80 100 120 140 160 180
Scattered angle 6_ (deg.)

Figure 9. Plate 1, scattering strength as a function of graz-

ing scattered angle €, for 6, =70", median of 6 meas-

urements per angle; (blue full line) propagation planein the

(x, z)-plane; (black full line with stars) propagation planein

the (v, z)-plane.
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Figure 10. Plate 2, scattering strength as a function of graz-

ing scattered angle @, for 6, =50", median of ten meas-

urements per scattered angle; (blue full line) propagation

planein the (x, z)-plane; (black full line with stars) propa-
gation planein the (y, z)-plane.
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Figure 11. Plate 2, scattering strength as a function of graz-

ing scattered angle @, for 6, =70", median of ten meas-

urements per scattered angle; (blue full line) propagation

plane in the (x, z)-plane; (black full line with stars) propa-
gation planein the (y, z)-plane.

[10°, 50°] and then a second maximum value around —7
dB is obtained many times in the band [50°, 110°]. There
are many maxima and minima of importance in this pro-
pagation plane.

Figure 11 shows an apparent difference between the
dynamic in the (y, z)-plane and the one in the (x, z)-plane
too. In the (y, z)-plane, the maximum value of —5 dB is
clearly obtained in the specular direction for 6, =70°.
Then the scattering strength goes down to —15 dB, first at
scattered angles equal to 50° and 85°. Below 6, =50
and above 6 =85, the scattering strength varies with
values equal or lower than —15 dB. In the (x, z)-plane, the
scattering strength in the specular direction is not pre-
ponderant as in the other propagation plane. The scatter-
ing strength varies between —15 dB and —5 dB for the
scattered angle band [10°, 130°]. For a scattered angle hi-
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gher than 120°, the scattering strength varies with strong
variations going mainly down.

Figures 12 and 13 show the measured scattering stren-
gth as a function of scattered angle 6, in case of the
anisotropic surface, Plate 3. Similarly to the measured
data obtained with Plate 2, there is a significant differen-
ce between scattering strength from the (x, z)-plane and
the ones from the (y, z)-plane.

In Figure 12, the scattering strength obtained in the (,
z)-plane shows a maximum value about —7 dB in the
specular direction, thus for @ =50". For a scattered angle
lower and higher than the incident angle, the level de-
creases, going down to minimum values around —30 dB,
particularly in the backward direction (6, >90°). In the (x,
z)-plane, the specular direction does not show the maxi-
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Figure 12. Plate 3, scattering strength as a function of graz-
ing scattered angle 6, for @ =50, median of 5 measure-

ments per scattered angle; (bluefull line) propagation plane
in the (x, z)-plane; (black full line with stars) propagation
planein the (y, z)-plane.
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Figure 13. Plate 3, scattering strength as a function of graz-

ing scattered angle 6, for 6, =70", median of 5 meas-

urements per scattered angle; (blue full line) propagation

plane in the (x, z)-plane; (black full line with stars) propa-

gation planein the (y, z)-plane.
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mum value of the scattering strength. The scattering
strength fluctuates a lot from one maximum to a mini-
mum, sometimes with 20 dB differences (around 4§ =90°).
The maximum values are about —7 dB for scattered an-
gles in the forward directions (6, <50°) and goes down
in changing a lot to end around —30 dB in the backward
direction ¢, >110". From € =110" to € =170", scatter-
ing strength has got the same dynamic into the two dif-
ferent propagation planes.

Figure 13 shows, as well as the previous test case, a
difference between the dynamic in the (y, z)-plane and the
one in the (x, z)-plane. In the (y, z)-plane, the maximum
value of —12 dB is clearly obtained in the specular direc-
tion for € =70". The scattering strength goes down to
—30 dB and varies around this value for scattered angle
6, <50" and €, >90°. The scattering strength is higher
mainly in the forward direction around the specular di-
rection and is much lower in the backward direction as
well as at shallow grazing angles. In the (x, z)-plane, the
scattering strength in higher and fluctuates a lot around
—15 dB for scattered angles between 10° and 100°. For
6, >100", the scattering strength still varies a lot but its
mean value decreases to about —30 dB. For 6, >140°,
scattering strength is globally similar to the one meas-
ured in the other propagation plane, the (y, z)-plane.

4. Summary and Discussion

The objective of this study was to evaluate the effects of
particular rough surfaces through the bistatic scattering
strength obtained in a water tank and to study the validity
of the small slope approximation of first order used with
particular structure function. Tank experiments have been
set up to validate theoretical results obtained by testing
the first small slope approximation with the structure func-
tion of different rough surfaces. The experimental valida-
tion has focused on three different plates. Plate 1 had been
made based on a Gaussian distribution and particularly
with the isotropic feature. Plate 2 and Plate 3 were based
on a modified sine function, thus anisotropic and periodic.
Notice that Plate 1 and Plate 2 have been built following
a particular process. First the rough surfaces have been
computed based on an analytical height covariance de-
pending on the given parameters of each one. Once the
height variations known, a sample surface has been made
for each plate, then each one has been mould to finally
get the plate in concrete. Due to this “homemade” process,
Plate 1 and Plate 2 were heterogeneous (air bubbles into
concrete) and also show a small roughness (size of order
of a fine grain size), in addition to the roughness of in-
terest, due to the sand used to make concrete. Plate 3 has
been manufactured, was made of wax and was perfectly
homogeneous.

For the simulations, the statistics of a Gaussian dis-
tributed surface were obtained straightforwardly using a
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structure function. For considering the statistics of Plate
2 and Plate 3, it was a bit more complicated in a sense
that the structure function was obtained considering at
the beginning a surface which is statistically based on a
random stationary process. Assuming this rule, the struc-
ture function depended on a function taking into account
the sine shape feature but also a random distribution of
the height. Due to the differences between the theoretical
rough surfaces and the rough surfaces used in practice,
differences have been found between both predicted scat-
tering strength and measured scattering strength (ampli-
tude, angular lag between peaks, and so on).

Furthermore, one should notice that in theory the rough
surface was assumed to be infinite. Contrary to the ex-
perimental data, the effect of the transducers, its directiv-
ity and the insonified area were not simulated when pre-
dicting the scattering strength. Thus, in case of Plate 2
and Plate 3, only few periodicities (and not an infinite
number) are taken into account in the experimental scat-
tering process, this may be one of the reasons why dif-
ferences between predicted scattering strength and meas-
ured scattering strength have been found. Due to the dif-
ferences between the theoretical set-up and the experi-
mental one, the comparisons were based on the dynamic,
the shape, and so on, of the scattering strength, but not on
its absolute amplitude. Nevertheless, similar conclusions
have been obtained between predictions and measured
data and show the effect of particular rough surfaces
(isotropic and anisotropic) on the scattering strength dis-
tribution.

For both simulations and experiments, scattering stren-
gth were analyzed as a function of grazing scattered an-
gles for a particular grazing incident angle and an inci-
dent wave which frequency was 500 kHz, thus a 3 mm-
wavelength. The source and the receiver were in a same
propagation plane, either in the (x, z)-plane or in the (y, z)-
plane. For a periodic surface, the (x, z)-plane fit with the
transversal direction of the sine relief (very rough),
whereas the (v, z)-plane fit with its longitudinal direction
(very smooth). All experimental data were obtained many
times (minimum of 6 times and maximum of 10 times)
with the same configuration and showed very similar re-
sults for each repeated test case with a maximum stan-
dard error of 0.1 dB.

Analysing theoretical and experimental results lead to
the following conclusions. First, for an isotropic surface,
the scattering strength is similar in one propagation plane
compared to the other propagation plane, the (x, z)-plane
versus the (y, z)-plane. The scattered energy is mostly
distributed in the specular direction. Due to the fact that
the scattering strength distribution is similar from one
plane to another, it would possible in theory to simplify
the scattering model. Instead of being based on a two di-
mensional surface, the structure function could be based
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on one-dimensional surface, that is a gain for simplifying
the model and its calculation time. Then, for an anisot-
ropic rough surface, the behavior is completely different
from the analysis in the (x, z)-plane and the ones in the (y,
z)-plane. In the longitudinal direction of the sine surface,
the scattered energy is mainly distributed in the specular
direction. Compared to the acoustic wavelength, the ef-
fect of the relief on the scattering phenomena is similar
to the effect of a very smooth surface. On the contrary, in
the (x, z)-plane, thus in the transversal direction of the
sine relief, the scattering dynamic is totally different and
tends to fluctuate a lot. The specular direction is not the
principal direction for the scattered strength distribution
anymore. Maximum values of scattering strength appear
at different scattered angles, as well as many minimum
values. The scattering strength varies a lot as a function
of the scattered angle. This is probably due to the effect
of the sine shape which is perfectly periodic for the ex-
periment and partially periodic in theory. Nevertheless
the scattering strength distribution may be related to the
ratio between the acoustic wavelength and the dimen-
sions of the relief, which are of the same order for the
height and a bit larger for the surface wavelength.

On the one hand, the distribution of the scattered en-
ergy from an anisotropic surface showed that predictions
via a model must take into account the entire two-dimen-
sional surface in order to be sure of estimating all para-
meters which have an effect on the scattering strength dis-
tribution. On the other hand, the difference between pro-
pagation planes is a relevant piece of information, parti-
cularly for estimating the roughness from scattering stren-
gth data obtained from bistatic measurements and depen-
ding on the positions on the source and receiver. It would
be worth also to analyse the scattering strength from an
anisotropic surface as a function of several receivers
whose position is not in the same propagation plane as
the emitter. It would be of interest in order to find the
most appropriate configurations where scattering data are
the most useful, e.g. for estimating the roughness from
scattering strength.
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