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Summary
Laboratory experiments in underwater acoustics aim at the validation of theoretical acoustic propagation models
in well controlled environments. The experimental tank of the LMA Laboratory provides an ideal environment
for testing long range propagation codes. The tank is relatively long and the water depth is adjustable in order to
simulate real propagation experiments in environments of variable depths. The purpose of this paper is to describe
the experimental procedure for the realization of a long range propagation experiment in an experimental tank,
using sources of appropriate frequency. The bottom of the tank was covered by a thick layer of fine sand with
well known properties to simulate a real.stic sea-bed. It was supposed to be horizontal and perfectly flat without
any ripples on the surface. The measured, monochromatic continuous wave, signals are processed to provide the
acoustic field at various depths and ranges in the tank in decibels, and are compared with theoretical models
based on normal-mode theory and parabolic equations. The comparison in the cases studied, which corresponded
to shallow water transmissions are encouraging. Technological problems and scaling factors are also discussed.

PACS no. 43.30.Zk

1. Introduction

Laboratory experiments for testing theoretical models of
long-range acoustic propagation in the ocean are not easy
to perform, in comparison with experiments aiming at the
study of local reflectivity phenomena. This is mainly due
to the fact that the simulation of a long range environ-
ment in a reduced scale, should be done with great care
to ensure that the geometry of the experiment corresponds
to the theoretical considerations especially in what con-
cerns bottom horizontality and flatness, precise determi-
nation of water depth as well as precise location of both
source and receiver. Most of the models predicting the
sound field at long ranges in water are based on an ax-
ially symmetric environment. Thus, an experiment per-
formed in a tank should ensure that no unwanted reflec-
tions from the walls could affect the measurements. To
this end, not only wide and long tanks should be avail-
able, but also absorbing materials should be placed along
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the tank walls to avoid any spurious echoes. On the other
hand, the structure simulating the bottom should be such
that any assumptions adopted in the computer code should
be well represented in the tank. Moreover, accurate cali-
bration is needed as the experiments represent real-world
experiments in scale. As the sound field in the sea is highly
variable, even small errors in the geometry considered in
the water tank or the operational parameters used in the
computer code, may lead in high discrepancies between
measured and estimated data, thus rendering validation of
methods not possible.

Another difficulty when performing tank experiments is
the scaling factor relating tank to real experiment, which
cannot be applied to all of the parameters of the tank exper-
iment (in particular attenuation cannot be scaled with the
same scaling factor). Thus a one-to-one correspondence
cannot be obtained. In addition, the validation of acous-
tic propagation models is still possible as the theoretical
model can be applied in any case to the actual parameters
of the tank experiment.

Tank experiments for underwater long-range propaga-
tion simulation have been performed successfully in the
past [1]–[12] illustrating the fact that an experimental pro-
cedure in a tank, if carefully designed, is capable of pro-
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viding data for the validation of the acoustic propagation
codes.

The objective of the work performed here is to provide
a follow-up to the experiments described in [11, 12], us-
ing another tank facility of the same laboratory and differ-
ent source/receiver instrumentation taken from the “shelf”.
The reason for insisting in performing systematic tests in
tanks is the following: The standardization of the experi-
mental procedures is essential if a facility is to be used for
conducting experiments of different type at different times.
It is also very important for the operators to be able to use
alternative types of instruments, not necessarily designed
for a specific type of experiments.

The specific tank at LMA was chosen as the site of
experiments concerning inverse problems in underwater
acoustics in 3-D environments. As it is well known that
complicated geometries are difficult to be handled by the-
oretical models, it is well understood that any attempt to
compare theoretical with measured data, should be based
on careful analysis of the performance of the experimental
facility in connection with the specific parameters control-
ling the reliability of the 3-D propagation models. To this
end, the calibration of the tank facility is essential for the
success of the whole procedure.

The calibration is performed using simple propagation
geometries. Acoustic propagation problems in range-inde-
pendent axially symmetric environments are well studied
and numerous codes based on wave theory have been de-
veloped, all being able to provide accurate results in real-
istic low frequency propagation problems. Thus, there is
no need for validating these codes using tank experiments.
Instead, it is these codes that can be treated as the basis
of the calibration of an experimental procedure. By tun-
ing the unknown parameters of the experiment in such a
way so as the measurements are well compared with the
theoretical predictions under different conditions and ge-
ometries, always within the limits of applicability of the
forward propagation models, the tank is considered ready
to be used for the performance of scaled tank experiments
under more complicated geometries and conditions.

The aim of the present paper is to describe and ana-
lyze the tank calibration process, which was considered
necessary before starting the experiments in 3-D environ-
ments for the study of inverse problems in underwater
acoustics. As it was expected that 3-D inverse modeling
would be based on specific Parabolic approximation codes
(PE codes), it was decided that the theoretical predictions
should also be based on these codes. Thus, it was de-
cided to calibrate the experimental procedure using both
Normal-Mode and PE based numerical codes.

The final aim of the work which started with the proce-
dures described here, is to define standards for the con-
duction of tank experiments aiming at the validation of
long-range forward and inverse propagation models and
the analysis of experimental procedures to be adopted in
full scale under general geometrical and propagation con-
ditions. It should be noted that some preliminary results of
this work have been reported at conferences [13, 12, 14].

Figure 1. The experimental facility.
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Figure 2. The experimental set-up (not to scale).

The structure of the paper is as follows: Next section
is devoted to the description of the experimental facili-
ties and instrumentation. It includes details of the calibra-
tion procedures, which were necessary in order to achieve
the best possible accuracy of the geometry and the opera-
tional parameters of the experiments. Section 3 contains a
brief analysis of the normal-mode and PE theoretical mod-
els applied for the comparison between theory and experi-
mental data. In section 4, two of the test cases studied are
presented and the procedure to achieve the best possible
agreement between theory and experiment is discussed.

2. Experimental set-up

2.1. The facilities and the instrumentation

The experiments presented here were realized in the facil-
ities of the LMA in Marseille. The tank used is 20 meters
long, 3 meters wide and 1m in depth (Figure 1). A por-
tion of only 10m was used for this experiment (Figure 2).
Water can be poured up to a specified height to simulate
a water column in the ocean of different depth. For the
needs of the experiments performed, the actual water col-
umn height h was varying from about 40 to 70mm be-
tween tests by pouring additional amount of fresh water
that was carefully previously degassed. Wedge shaped ab-
sorbing materials have been used to avoid reflections from
the walls of the tank.

To simulate the ocean bottom, a layer of sand was de-
posited at the floor of the tank. Its thickness was 40 cm.
The sediment lying on the tank bottom was a calibrated
sand whose granulometry can be seen on the Figure 3
(this curve was obtained with the Mastersizer 2000 from

677



ACTA ACUSTICA UNITED WITH ACUSTICA Papadakis et al.: Scaled laboratory experiments
Vol. 94 (2008)

Figure 3. Distribution of the grain size of the sand.

Figure 4. The transducer.

Malvern Instruments). The size distribution was a gaussian
function centered on the value 245 microns. The sand has
been put in the tank long time ago and carefully degassed
in order to avoid the presence of bubbles.

The experimental setup is depicted in Figure 2. Two
cylindrically shaped hydrophones were used as source and
receiver. The transducers were made in the laboratory.
They are made of small piezoelectric hollow cylinders (di-
ameter: 4mm, height: 6mm) coated with a polyurethane
resin (see Figure 4). With this coating, the overall dimen-
sion of the source and receiver is 6mm × 8mm.

The tank is equipped with a system of mechanical
beams moving on rails. Adjustable arms were attached
on these beams, capable of carrying transducers and ad-
ditional equipment. The whole system was computer con-
trolled, thus giving great flexibility in changing the con-
figuration of the experiments. During the experiment the
receiver could be moved in the x, y and z directions by the
use of stepping motors driven by a computer. The transmit-
ter could be moved in an automatic mode only for z axis
(depth). The received analog signal was immediately con-
verted to digital by a sampling device installed in a com-
puter placed on the moving carriage. The digital signals
were then sent to the main computer by a high speed net-
work.

2.2. Calibration

Initial measurements were carried out in order to spec-
ify the geometrical and physical parameters of the experi-

Figure 5. The rake.

Figure 6. Measurement of the water depth: First signal corre-
sponds to reflection from the bottom and the second strong sig-
nal corresponds to reflections from the bottom (twice) and the
surface.

ment. In particular the following parameters or properties
were measured or controlled:
• The flatness of the sand surface. Particular care was

taken to make the bottom as flat as possible. A spe-
cial device (rake) was constructed, attached to the rails
and was dragged along the length of the tank to ensure
the flatness of the modeled water-bottom interface (Fig-
ure 5). Measuring the bathymetry the day before the
experiment revealed that the anomalies of the bottom
flatness were of the order of less than 0.1% of the water
depth.

• Water depth. Using a high frequency transducer (at
5MHz) placed in the water column at an arbitrary posi-
tion, the depth of the water column was measured using
travel time measurements of a signal transmitted ver-
tically. Reflections from both the bottom and the sur-
face were used (see Figure 6). The time was measured
in sec. The sound speed used for the conversion of
the time to distance was calculated (using the empiri-
cal formula suggested in [15]) on the basis of the wa-
ter temperature which was continuously monitored and
measured during the experiments. With this acoustical
measurement the water depth could be estimated with a
precision of 0.5mm.

• The operating depth of both source and receiver. The
position in depth of both transducers was determined
electronically by means of the control device of the

678



Papadakis et al.: Scaled laboratory experiments ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 94 (2008)

Figure 7. Confirming the zero depth level.

tank moving system, after determination of the zero (0)
depth which was done using the following procedure:
The transducer was put at certain depth and then it was
slowly raised until the transducer was exactly at the sur-
face. This position corresponds to the actual 0 of the
depth position. The contact with the surface was diffi-
cult to be observed with naked eye or any other direct
observation method, so a zoomed picture of the instru-
ment from a digital camera was used as in Figure 7.
This procedure ensures that relative positions of source
and receiver are determined with acceptable accuracy;
The error coming from the tensile strength of the wa-
ter was not so important. Different measurements have
shown that this error was of the order of ±0.5mm. In
addition the acoustic center of the transducer can dif-
fer from the geometrical center with less than 1mm. In
any case it is evident that a more elaborate procedure is
needed in order to obtain the absolute position of source
and receiver with the maximum possible accuracy.

• Bottom geoacoustic parameters. The bottom was made
of sand, which has been put in the tank and degassed for
a long time. Once the flattening of the surface was done,
it was decided to wait for a few additional days be-
fore starting the experiment in order to ensure that good
consolidation has been obtained. The compressional ve-
locity in the sediment was measured using samples of
the sand in the laboratory. Its value was found to be
around 1700m/s (±50m/s). This measurement will be
discussed in details in section 4. The density of the sed-
iment was measured to be 1990 kg/m (±10 kg/m) The
attenuation could not be measured but a typical value
for the specific type of sediment was used.

• The reference signal. In order to be able to compare
experimental data with theoretical results, we adopted
the representation of the acoustic field using the no-
tion of the transmission loss (TL). Thus a reference
distance had to be considered in which measurements
of the acoustic field should have been recorded (refer-
ence level). The experimental data presented herewith
are referred to a reference distance of 1 cm. Prior to the

realization of each experiment, the acoustic field due to
the corresponding source was measured at that distance.

2.3. The experimental procedure

The design of the experiment was such that a 1:1000 scale
factor was anticipated. Recall that the principle of scaled
experiments is that the ratio of a characteristic dimension
(e.g. the water depth) by the acoustic wavelength is invari-
ant during the scaling, leading to the equality h/λ = H/Λ,
where h and λ (respectively H and Λ) denote the wa-
ter depth and the acoustic wavelength before (resp. after)
the scaling. For instance, taking into account that the fre-
quency of the signal of the first test was 104 kHz, the corre-
sponding real experiment was associated with a source of
104Hz. Note that the frequency of 104 kHz is considered
“low” for tank experiments due to the fact that it is very
difficult to manufacture very small transducers working at
low frequencies. The frequency of the simulated experi-
ment is also considered “low” for practical applications of
underwater acoustics technology. It is however reasonable
for applications of ocean acoustic tomography the simu-
lation of which is one of the purposes of the experiments
to be held later in this tank. As it is our purpose to sim-
ulate coastal zone tomography, a shallow water environ-
ment was to be considered. In order to simulate a shallow
water experiment, the depth of the water column in the
tank was decided to be of the order of 4-7 cm so that a real
water depth from 40m up to 70m is considered. The max-
imum range used in the tank was about 3.0m to simulate
a real range of up to 3000m, a typical configuration for a
shallow water tomographic experiment.

3. The theoretical models

For the purpose of comparing theoretical and experimental
results, numerical codes based on normal mode theory and
the parabolic approximation have been used. The follow-
ing paragraphs present a brief outline of the theory upon
which the codes have been based.

3.1. Normal-mode theory

For the comparison of the measured acoustic field with
theoretical predictions based on a normal mode represen-
tation of the acoustic field, the code MODE4 [16] has been
used in its version for range-independent axially symmet-
ric environments. The code treats fluid bottoms only. As-
suming a cylindrical coordinate system with z being the
depth below the ocean surface, and r the horizontal range
from the source, the pressure field is given by the follow-
ing expression:

p(r, z) =
N

n=1

AnH
(1)
0 (κnr) un(z) un(z0), (1)

where p(r, z) is the acoustic pressure, un(z) is the eigen-
function of order n, κn is the associated eigenvalue, z0 is
the source depth, An is the normalization constant, H (1)

0 is
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the Hankel function of zero order and first kind, N is the
maximum number of modes considered in the sum.

In our case, we have used an environment consisting of a
single water layer of constant speed over a fluid half-space
bottom. For this environment, the eigenfunctions satisfy
the following boundary value problem,

∂2un

∂z2
(z) + k2(z) − κ2

n un(z) = 0,

un(0) = 0, un(h−) = un(h+), (2)
1
ρw

∂un
∂z

(h−) =
1
ρb

∂un
∂z

(h+),

where k(z) is the wave number. It is constant in each of the
two layers: k(z) = ω/cw in the water and k(z) = ω/cb in
the bottom, with ω = 2πf and f the frequency in Hz. The
parameter h is the water depth and ρw , ρb are the density
in the water and in the bottom respectively.

For this case we know that the spectrum of the eigenval-
ues consists of a discrete plus a continuous spectrum [17].
For the theoretical calculations presented in this work,
the continuous part is neglected, thus keeping in the sum
the propagating modes only. This is known to be a very
good approximation for long-range propagation cases. The
computer code provides the Transmission Loss (TL) as a
function of range and depth for a specified number of fre-
quencies,

TL = −20 log
p(r, z)

pref
, (3)

where pref is a reference pressure, which by definition is
considered as the acoustic pressure due to a point source
in an unbounded domain (spherical spreading) at a spe-
cific distance. The TL calculated by the propagation codes
is traditionally referred to a distance of one meter from
the sound source. Taking into account that as stated be-
fore, reliable measurements of the acoustic field can be
performed in the tank at a distance of no less than 1cm
from the source transducer, the measured values of the TL
should be referred to that distance.

It should be noted that attenuation in the bottom for a
signal of high frequency as the one used in the experiment
is very high, thus ensuring that practically no reflections
from the actual tank bottom is expected. In fact Figure 6
shows that there is a very low reflection from the tank bot-
tom which is more than 20 dB lower than the one from the
water sand interface. Therefore the treatment of the sea-
bed in the theoretical model as a semi-infinite medium is
well justified.

For the case of elastic sea-beds, the code was modi-
fied to include shear wave effects in the medium. In this
context, the eigenvalues and the corresponding eigenfunc-
tions are complex. The eigenvalues are calculated using
an impedance condition in the water-bottom interface [18]
and the notion of the effective depth [19]. The use of the
modified code (SHEAR) is for the time being restricted to
homogeneous media (water and sea-bed) as it is the case
in the experiments.

3.2. The parabolic approximation

As already stated, the experiments described in this paper
are considered first steps towards the simulation of 3-D in-
verse procedures. Therefore it is essential that theoretical
models to be used in both the forward and inverse propa-
gation problems be also used in the calibration phase. For
reasons related to the speed of the calculations, which is
an essential factor in inverse procedures, 3-D codes based
on parabolic approximation theory are considered as the
main vehicle to predict the acoustic field in three dimen-
sions. These codes are used here in the simple case of
a range independent environment for consistency reasons
with respect to the more complicated 3-D cases, where
these codes would anyway be used.

The two numerical codes, which have been used for
the calculation of the acoustic field using parabolic ap-
proximation theory, are briefly described here. Both codes
were used to solve the acoustic problem for a point source
emitting at a single frequency denoted f . The first code,
3DWAPE [20, 21] is an acoustic PE code, i.e. it assumes
a multilayered fluid waveguide and hence does not han-
dle shear waves in the sediment. Removing the cylindri-
cal spreading factor 1/

√
r from the acoustic pressure p, it

solves the following one-way equation

∂p

∂r
= (4)

ik0 I +
1

k2
0

ρ
∂

∂z

1
ρ

∂

∂z
+ k2 − k2

0 p(r, z),

where I is identity, ρ is the density, k0 = ω/c0 with c0
a reference sound speed, and k = (ω/c)(1 + iηαp) with
cp and αp the compressional velocity and attenuation re-
spectively, and η = 1/(40π log e). Parameters ρ, cp and
αp are defined by their restrictions on each fluid layer
(p = {w, b}). The square root operator present in the right-
hand side of (4) is then approximated using a Padé se-
ries expansion. It should be noted that 3DWAPE is a full
three-dimensional PE code (i.e., it can handle horizontal
refraction of the propagating field). Due to the experimen-
tal configuration, no coupling in the (crossing) azimuthal
direction is expected. For the present study, a 2-D version
of the code was thus run.

The second PE code is the seismo-acoustic PE code
RAMS [22]. Removing the cylindrical spreading factor
1/

√
r from both the dilatation Δ = Δ(r, z) and the vertical

displacement w = w(r, z), it solves the one-way equation

∂

∂r

Δ(r, z)
w(r, z)

= (5)

ik0 I +
1

k2
0

L−1M − k2
0I

Δ(r, z)
w(r, z)

,

where the two matrices L and M contain the depth opera-
tors and depend on the Lamé constants λ = ρ(c̃2p−2c̃2s ) and
µ = ρc̃2s , where c̃p = cp/(1 + iηαp) and c̃s = cs/(1 + iηαs)
with cp and cs the real-valued compressional and shear ve-
locities. The shear parameters are assumed to be null in
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the water column. Equation (5) is then solved numerically
using a split-step Padé algorithm [23].

4. Comparison of measurements with theo-
retical predictions

Several experiments were performed at LMA at different
time periods under different environmental situations in
order to check the repeatability of the experimental pro-
cedure using different configurations. Some characteristic
test cases are presented here. The corresponding environ-
mental parameters appear in Table I.

It should be noted that these parameters were measured
either in situ or in previously performed experiments as
explained in section 2.2. The measurements performed for
some of these parameters were considered accurate and
taking into account in addition that for some of them their
influence in the calculation of the transmission loss is lim-
ited, they were considered constant and their average value
was used in the calculations. These parameters were the
sound speed in the water column cw , (measured contin-
uously through the temperature of the water) the density
of the water and the sand ρw and ρb respectively and the
positions of the source and receiver. A typical value of
the attenuation coefficient in the sediment was considered,
based on reported values for the type of sand used in the
experiments.

The remaining two parameters, namely the sound speed
of the sand cb and the water depth h, both having major
contribution in the acoustic field could not be considered
known although for both of them, a priori estimations were
given based on measurements described in section 2. Hav-
ing obtained the acoustic field from direct measurements
in the tank, a simple optimization procedure was initi-
ated, and the values finally adopted for the comparisons,
were based on the best match between predicted and mea-
sured values of the transmission loss. To this end, a search
space for each one of the parameters indicated by the lim-
its shown in table I was considered and a grid of possible
values was formed. The theoretical models were used in
connection with each point in the grid to predict the trans-
mission loss. The TL calculated by the theoretical models
was then compared to the experimental TL. The cost func-
tion used for the comparison was the error between the
data points defined as

Rms =
n

i=1

(di − vi)2
√
n,

where d is the experimental data, vi the theoretical values
and n is the number of data points. The data points are
defined at each range step. Taking into account that near
field estimations of the acoustic field are not considered
accurate, while at the same time, near field measurements
are not considered reliable, it has been decided that values
in the beginning of data vector (corresponding to a range
of 20 cm) were excluded from the optimization process.

Figure 8. Test case 1: Comparison between theoretical and ex-
perimental data.

Figure 9. Test case 1: The five propagating modes ( The bottom
is indicated by a dashed line at 66mm.

4.1. Test case 1

The water depth was determined using the procedure de-
scribed in section 3.2 while the water temperature was
25.1 ◦C corresponding to a sound speed of 1496m/s [15].
The source depth was kept constant and several measure-
ments of the acoustic field were made in range and depth.

Figure 8 presents the transmission loss versus range
for a typical configuration corresponding to a receiver
depth of 37.3mm, (the same as the source depth) and
source frequency of 104 kHz. The minimum RMS error
between measured and theoretical results was calculated to
be 2.8 dB corresponding to cb = 1740m/s and h = 66mm.
The values in Figure 8 are based on a) the measured acous-
tic field, b) the normal-mode code MODE4 for fluid sedi-
ments and c) the parabolic equation based code 3DWAPE
also for fluid sediments and appear in the figure as dots,
solid, and dashed lines respectively. Since normal mode
and parabolic approximation give almost identical results
in the far field in the following tests and figures only the
normal mode calculations will be presented.
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Table I. The environmental parameters for the test cases. SD: Source depth, RD: Receiver depth, R: Range.

TEST 1 TEST 2a TEST 2b

cw (m/s) 1496 (±0.5) 1478 (±0.5) 1478 (±0.5)
ρw (kg/m) 1000 1000 1000
h (mm) 66 (±0.5) 40 (±0.5) 40(±0.5)
cb (m/s) 1700 (± 50) 1700(± 50) 1700(± 50)
ρb (kg/m) 1990 (±10) 1990 (±10) 1990 (±10)
αb (dB/λ) 0.5 (±0.1) 0.5 (±0.1) 0.5 (±0.1)
SD (mm) 37.3 (±0.5) 10 (±0.5) 10 (±0.5)
RD (mm) 37.3 (±0.5) 17 (±0.5) 37(±0.5)
R (m) 0.3–2.3 (±0.2 cm) 0.25–3.1 (±0.2 cm) 0.25–3.1 (±0.2 cm)
f (kHz) 104 80 80

For the frequency of 104 kHz, 5 propagating modes are
present in the waveguide. Therefore, a multi-mode struc-
ture of the sound speed is expected and it is actually il-
lustrated in the figure. The 5 propagating modes appear
in Figure 9. Note that due to the source and receiver depth
(37.3mm) modes 2 and 4 are weakly excited. The interfer-
ence patterns observed in Figure 8 thus correspond to the
contribution of only the other three propagating modes.

It is easily seen that a relatively good comparison be-
tween measured and simulated results do exist and the spe-
cific multi-mode structure is well represented. In fact for
distances up to 1500mm differences between experimen-
tal and theoretical data of less than 1 dB were observed
with the exception of the locally extreme values. Never-
theless, for larger distances a discrepancy of more than
2 dB is observed at certain points. This discrepancy can
be attributed to several factors one of which could be the
shear excitation in the sandy substrate. It was thus decided
to investigate the influence of shear excitation in the sedi-
ment in the acoustic field. Running the theoretical models
including shear excitation in the bottom (codes SHEAR
and RAMS), using the previously calculated parameters
and varying only the shear speed between 0 and 400m/s
(with a step of 50m/s) it was observed that the minimum
RMS error was obtained for a shear speed of 300m/s. Its
value was 1.17 dB which is less than the corresponding
RMS error of the previous calculations. The correspond-
ing transmission loss versus range for the same configura-
tion as in Figure 8, is presented in Figure 10. However, a
shear speed of 300m/s is certainly too high for this type of
sediment and it is evident that in addition to the excitation
of shear waves in the sand other factors are responsible for
the discrepancy between experimental and theoretical re-
sults. For instance due to the finite geometry of the tank
and the uncertainty about the efficiency of the absorbers
used, the fundamental hypothesis of axisymetric environ-
ment is in doubt.

4.2. Test case 2

A second series of experiments were performed several
weeks later, and were based on a configuration with differ-
ent water depth and frequency (water depth about 40mm
and frequency 80 kHz). The bottom was the same. The

Figure 10. Test case 1: Comparison between theoretical and ex-
perimental data.

purpose of these experiments was to confirm the repeata-
bility of the experimental process as well as the values for
the sediment layer used in the first series. In the environ-
ment of the second configuration, there were two propa-
gating modes. The water temperature measured during the
experiments corresponded to a sound speed in the water of
1478m/s.

The results presented here correspond to two different
receiver depths. First the receiver was put at the depth
of 17mm (Case 2a) and as a second configuration at the
depth of 37mm (Case 2b). The second receiver was in-
tentionally put close to the bottom to study how the sedi-
ment layer in the tank affects the measurements made by
a finite length transducer. Figure 11 presents the compari-
son between theoretical predictions and measured data for
source depth equal to 10mm, when no shear excitation is
considered at the bottom. The minimum RMS error in this
case was observed for cb = 1740m/s and h = 40.1mm.
The progressive shift between theoretical and experimen-
tal data is also present in this case and it is more pro-
nounced with respect to Case 1. By assuming a shear speed
of cs = 300m/s as in Case 1, we observe a better fit be-
tween theoretical and experimental data (Figure 12).

Similar observations are derived for Test Case 2b the re-
sults of which are presented in Figures 13 (fluid bottom)

682



Papadakis et al.: Scaled laboratory experiments ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 94 (2008)

Figure 11. Test case 2a: Comparison between theoretical and ex-
perimental data.

Figure 12. Test case 2a: Comparison between theoretical and ex-
perimental data.

Figure 13. Test case 2b: Comparison between theoretical and ex-
perimental data.

and 14 (elastic bottom). Recall that the receiver is closer to
the water bed in this case. The agreement between theoret-
ical and experimental data in this case can not be consid-
ered as satisfactory as in large distances the corresponding

Figure 14. Test case 2b: Comparison between theoretical and ex-
perimental data.

differences exceed 5 dB. This can be attributed to the posi-
tion of the receiver close to the bottom where the energy is
relatively low. It is also reasonable to assume that in gen-
eral the measurements are affected by the size of the trans-
ducer and therefore a perfect fit was not expected. This
subject however needs further investigation.

5. Discussion

Tank experiments were performed aiming at the defini-
tion of calibration and experimental procedures appropri-
ate to simulate real underwater acoustic propagation ex-
periments and study inversion procedures associated with
tomographic and geoacoustic inversion applications. A ba-
sic restriction of the tank experiments was that off-the-
shelf equipment was to be used and the calibration proce-
dures should be accordingly adapted. As a first step, range
independent environments were considered and the relia-
bility of the experimental procedures was checked by ap-
plying forward propagation models and comparing mea-
surements of the acoustic field with theoretical predictions.
Special care was taken to direct measure with the best pos-
sible accuracy the most sensitive acoustic parameters such
as the sound speed in the water, and bottom as well as
the water depth. Note that the authors have already under-
taken the task to estimate these parameters from a wide
search space, using optimization techniques, applicable in
cases when accurate measurements of these parameters is
not possible. The results of this study will be presented in
future publication.

The experiments were conducted with success. The
modal character of the acoustic field was easily observed
and verified, as variations in range of the measured acous-
tic field expressed in terms of transmission loss, fit very
well with associated variations of the calculated field
based on normal-mode and parabolic approximation the-
ory. In all the cases studied, in order to achieve better
agreement between measured and predicted transmission
loss, elastic properties were considered in the bottom. The
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shear speed associated with the simulated sea-bed was in-
directly determined using an optimization approach on the
basis of the measured acoustic field but it came out to be
higher than expected for this type of water saturated sand.

The conclusions from the present study can be sum-
marized in the statement that the experimental set-up and
the calibration scenarios adopted in the series of experi-
ments described in this work can in principle be used in
any type of scaled forward and inverse propagation exper-
iments. Slight modifications of the calibration procedures
could be necessary when more complicated situations are
encountered. An additional objective will be to improve
precision in the measurements of all the parameters of the
experiment.

The tests to be performed in the future will focus on
wave propagation in range-dependent environments by us-
ing appropriate material to simulate the geometry of the
seafloor. Study of broad-band propagation and the analysis
of the acoustic field in the time domain is underway, thus
providing room for tank simulations of tomographic appli-
cations. Careful selection of the transducers is expected to
enhance the agreement between measured and calculated
fields, thus providing the necessary conditions for the cre-
ation of a data base of benchmark tank experiments aiming
at the validation of inversion procedures in range indepen-
dent and range dependent conditions, which is the ultimate
goal of the authors.
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