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Acoustic Localization of an Intruder in a Strongly Scattering Medium
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Localizing an intruder submerged in a strongly scattering medium, such as a dense granular suspension,
is a practical challenge. Here we extract the coherent ultrasonic echo from a steel ball submerged in a
dense glass-bead packing saturated by water, by using a standard single-element ultrasonic transducer
thanks to a configuration averaging process. Different configurations of the granular packing are created
by the nonaffine motion of the beads with a mixing blade, akin to the Brownian motion, in the vicinity
of the intruder. We investigate the efficiency of this process to reduce the so-called material noise from
multiply scattered ultrasound, as a function of the configuration number, the shear rate and the blade-
intruder distance. Nonaffine motions of the beads in the shear zone induced by the blade are then analyzed
on the basis of a split-bottom rotating shear cell. This method helps to develop not only ultrasonic imaging
tools of buried objects in turbid marine sediments, but also the local rheology based on a ball falling
monitored by ultrasonic tracking.
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I. INTRODUCTION

Dense suspensions of small rigid particles in a Newto-
nian liquid are involved in many applications and geologi-
cal processes such as mudflows and underwater avalanches
[1,2]. Their rich dynamics depends to a large extent on
the density mismatch between the suspending liquid and
the solid particles [3–5]. Under gravity, the flow behav-
ior of these suspensions can be roughly separated into
two regimes [2,6]. In the fast-flow regime, momentum
exchange takes place via a combination of collisions and
enduring contacts and an inertial number I may be defined
to characterize the local rapidity of the flow [7–9]. In the
slow-flow regime, I is close to zero and the yields stress
and momentum transfer are dominated by enduring fric-
tional contacts. In this regime, the flow may tend to be
localized, a phenomenon known as shear banding [10,11].

Rheometry is classically the tool of choice to char-
acterize the flow properties of granular suspensions.
However, it does not provide information on the
local microstructural and/or flow heterogeneities. There-
fore, rheological experiments have been combined with
different imaging approaches [12], such as single
scattering of light, neutron and x ray [13], magnetic
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resonance [14] or ultrafast ultrasonic imaging (velocime-
try and elastography) [15–17]. Acoustic monitoring often
presents the advantages of being fast and applicable in
optically opaque media, such as three-dimensional dense
granular sediments [18,19].

Recently, it was applied to follow an intruder sinking
in a water-saturated dense granular suspension (akin to a
Stokes viscometer) [20]. In that case, since the size of the
grains was smaller than the wavelength of the ultrasound,
a coherent echo from the intruder could be obtained from
one packing configuration measurement using a standard
single-element ultrasonic transducer (unfocused). Here we
investigate another situation in which the grain size is close
to the ultrasonic wavelength and scattering phenomena
dominate wave propagation, leading to multiply scattered
ultrasound (coda waves) [21,22] also known as material or
structural noise in nondestructive evaluation of materials
[23–25]. The intruder is located deeply inside such opaque
granular sediment at a depth Z (approximately 20l∗) much
larger than the mean-free path of ultrasonic transport l∗
(see below).

As a reminder, sound propagation through suspensions
comprised of solid particles and a viscous fluid is in
itself a problem of immense practical relevance because
of its utility for seismic investigations and nonintrusive
probes of materials such as ultrasonic spectroscopy [26].
The principle relies on measurements of the velocity and

2331-7019/22/18(6)/064097(10) 064097-1 © 2022 American Physical Society

https://orcid.org/0000-0003-0874-8235
https://orcid.org/0000-0001-8318-8237
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.064097&domain=pdf&date_stamp=2022-12-30
http://dx.doi.org/10.1103/PhysRevApplied.18.064097


VAN DEN WILDENBERG, JIA, GENNISSON, and TOURIN PHYS. REV. APPLIED 18, 064097 (2022)

attenuation of coherent ultrasonic waves propagating
through the system. The interaction of ultrasound with the
material depends on the contrast between the constituent
components, the size distribution and the concentration of
particles φs [27,28]. For the low particle concentrations
(φs < 15%), two different methods have been particularly
developed to determine the effective wave number of the
coherent wave propagating in suspensions [29]: the cou-
pled phase theory based on the two-phase hydrodynamic
equations and the multiple scattering theory (also called
ECAH theory [30,31]), which provide similar results in
the low-frequency range or long wavelength regime, λ �
d with d the mean particle size [28]. For suspensions
with high particle concentration (φs > 40%), the scatter-
ing mean-free path decreases significantly, leading to a
large attenuation of the coherent ballistic waves even in
the absence of absorption, and a dominant multiply scat-
tered waves in transmitted ultrasonic signals. Moreover,
in the intermediate frequency regime for λ ∼ d, resonant
scattering may occur, leading to a large dispersion of the
wave velocity [32,33]. In this case, it is necessary to use
the more general scattering theories, such as the coherent
potential approximation (CPA) to determine the effective
wave number of the coherent waves [26].

In this work, unlike the beam-forming technique where
the multiple element ultrasonic transducer (array) is used
to create different wave paths (configurations) between
emissions and receptions via the target (intruder) [15–17],
we use the single-element ultrasonic transducer for emis-
sion and reception but apply a configuration averaging
process to extract the enhanced coherent echo from an
intruder submerged in a dense granular suspension. Differ-
ent configurations of the granular packing are realized by
the nonaffine (random) motion of grains (scatters) induced
continuously by a mixing blade situated at a certain dis-
tance away from the intruder. Similarly, diffusing wave
spectroscopy (DWS) measurements employ an average
over configurations of the scatter positions (e.g., colloidal
particles), which allows the characterization of the ran-
dom particle motion generated thermally or by fluidized
beds [34,35]. But these two methods fundamentally dif-
fer in the averaging quantity, namely, the wave intensity
in optics and the wave field in acoustics. We show that
our configuration averaging of ultrasonic signals leads to a
decrease or cancellation of incoherent scattered waves. The
effects of the blade rotation speed and the blade-intruder
distance is discussed in terms of grain motions (mean flow
and nonaffine motion), observed in the wide shear zone of
a split-bottom shear cell [36].

II. EXPERIMENT

Our setup consists of a glass container with diame-
ter Dc ∼ 22 cm filled with glass beads of diameter d ∼
425–850 µm saturated by water up to H ∼ 6 cm (Fig. 1).

FIG. 1. Schematic of the experimental setup. A ball with a
diameter of D = 3 cm is submerged at depth Z in a suspension of
glass beads (d ∼ 425–850 µm) in water. A piezoelectric trans-
ducer (A) is used to send short pulses and measure the echoes
from the interface and the surface of the ball. The scatter configu-
ration in the granular packing may by modified by a mixing blade
with size L = 5 cm and rotation speed � placed at a distance χ

from the ball.

The gravitational sedimentation results in a dense granular
suspension with initial packing density of about φs ∼ 62%
calculated via m/(ρpV) with m the mass of the glass beads,
ρp the density of glass and V the volume occupied by the
bead packing. To explore different configurations of the
granular packing we use a mixing blade with a diameter
L ∼ 50 mm rotating at a velocity �. Under shear flow, φs is
expected to decrease due to the dilatancy effect. A steel ball
of diameter of D = 30 mm is placed at the bottom of the
densely packed suspension at a distance χ from the rotat-
ing blade. The height of the suspension above the intruder
is Z ∼ 15 mm. Occasionally, the onset of rotation leads to
a small change in the arrival of the echo from the interface
of the suspension, suggesting there is a small dilation of
the dense granular suspension. After this occasional initial
dilation, we do not observe any significant change in the
arrival of the first echo.

In order to determine the location of the intruder, a
broadband transducer centred at fc = 2.25 MHz is placed
exactly above the intruder. The transducer emits short
pulses and detect the echoes at a repetition rate approxi-
mately 256 Hz. An acoustic signal is obtained by averaging
512 pulses, which takes about 2 s, and an experiment con-
sists of taking N (from 2 to 100) of such signals. The
final acoustic trace is calculated by averaging these N sig-
nals. The associated wavelength of the ultrasound is λ =
cw/fc ∼ 670 µm with cw = 1500 m/s the sound velocity
in water (which is a bit smaller than the coherent longitu-
dinal wave velocity cp ∼ 1600 m/s [32]). This is smaller
than the intruder size and similar to the size of the glass
beads (d ∼ λ � D). Previous works on ultrasound propa-
gation in a comparable dense granular suspension reported
a transport mean-free path l∗ ∼ d (∼0.5 mm) [22,37]. This
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would correspond to a ratio Z/l∗ ∼ 30, suggesting strongly
dominant scattering in our sample. Nevertheless, because
of the high dissipation (the absorption time is as short as
τa ∼ 10 µs at f ∼ 2 MHz [22]), the Anderson localization
is not expected here.

III. RESULTS

To reduce the influence of ultrasound scattering (“mate-
rial noise”) and enhance the coherent echo, we develop
here an approach based on a configuration averaging of
transmitted ultrasonic signals to localize an intruder in a
dense granular suspension. For this purpose, we focus on
the effects of the following: (i) the number of averaged
configurations, (ii) the blade mixing speed, and, (iii) the
blade-intruder distance.

A. Effect of the configuration number

We start by exploring the influence of the number of
averaged configurations on the ultrasound localization of
the intruder at a distance χ = 8 cm from the blade. In
the absence of rotation, we observe one echo reflected
from the interface between water and the granular sus-
pension [Fig. 2(a1), dashed arrow] [20]. There is a faint
second echo, which comes from the surface of the intruder
[Fig. 2(a1), black arrow]. However, this second echo is
largely obscured by the strongly scattered waves. We see
in later examples that the coherent echo from the intruder
can be completely hidden by the scattered waves. A spec-
trogram evidences the relevance of the higher-frequency
scattered waves at the arrival of the lower-frequency coher-
ent echo from the intruder [Fig. 2(a2)]. We then start
exploring different configurations of the glass-bead pack-
ing by rotating the blade at a speed � ∼ 23 rpm. To
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FIG. 2. Effect of configuration averaging for χ = 8 cm. (a1) Acoustic signal obtained at � = 0. (a2) Spectrogram of the acoustic
signal in (a). (b1),(c1),(d1) Acoustic signals obtained for � = 23 rpm and after averaging N = 2, 20 and 50 signals, respectively.
(b2),(c2),(d2) Spectrograms of the signals in (b1),(c1),(d1). The coherent echo from the surface of the ball is indicated by the black
arrow. The color indicates the log amplitude. (e) Power spectrum of the signals in (a1),(d1) in gray and black, respectively. (f) The
energy of the propagating wave normalized by the energy of the wave at � = 0, versus the number N of signals averaged (semi-
logarithmic plot).
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investigate the influence of the configuration averaging, we
measure N (= 100) acoustic signals.

Acoustic traces are then calculated for an increasing
number of averaged signals (from N = 2 to 100) and,
for each trace, the contribution of scattered waves is
evaluated. We find that for increasing configuration aver-
aging, the scattered waves decrease and, consequently,
the coherent echo from the intruder becomes more visi-
ble [Figs. 2(b1)–2(d1)]. This effect is even more evident
in the spectrograms, where the low frequency coherent
echo becomes well separated in time from scattered waves
[Figs. 2(b2)–2(d2)].

A Fourier transform of the signal at � = 0 and 23
rpm (N = 50) shows a low-frequency peak at approxi-
mately 0.8 MHz (indicated by the black arrow), which does
not depend on N . This corresponds to the coherent wave
with λcoh = cw/0.8e6 ∼ 1.9 mm much larger than the bead
size. The amplitudes of frequencies corresponding to scat-
tered waves (>1 MHz) are clearly decreased due to the
configuration averaging [Fig. 2(e)].

In order to quantify the contribution of scattered waves
to the acoustic trace, we calculate the total energy of the
acoustic trace via E = ∫

A(t)2dt, here A(t) is the (aver-
aged) acoustic trace. The ratio of the energies is obtained
through normalization by the energy of the acoustic trace
E0 at � = 0. We find that the normalized energies first
decrease rapidly with increasing the number of aver-
aged signals. After N ∼ 50 signals the normalized energy
appears to reach a plateau, suggesting that nearly all the
energy comes from the coherent echoes from the water-
suspension interface and the intruder, and there is no
further improvement of the signal by additional averaging
[Fig. 2(e)].

B. Effect of the rotation speed

To explore the role of the rotation speed on scattered
waves, we set the distance between the blade and the
intruder and vary the rotation speed of the blade � from
20 to 154 rpm. For each � an acoustic trace is obtained by
averaging N = 100 acoustic signals.

For χ = 7 cm, we find that the contribution of scat-
tered waves rapidly decreases with increasing �, as can
be observed from the time traces and the spectrograms
[Fig. 3(a)–3(d)]. Indeed, for � = 62 rpm, there is a clear
separation in time and frequency of scattered waves and
the coherent echo from the intruder. Instead, if the distance
between the rotating blade and the intruder is larger, at χ =
9.5 cm, the visibility of the coherent echo from the intruder
appears to arrive at higher � ∼ 119 rpm [Figs. 3(e)–3(h)].

To further quantify the effect of the rotation speed, we
calculate again the normalized energy and show it as a
function of the rotation speed in Fig. 3(i). When the dis-
tance between the rotating blade and the intruder is small,
the energy of the acoustic signal rapidly decreases to its

plateau value corresponding to the energy of the coherent
echo. For larger distance to the rotating blade, the decrease
of the contribution of scattered waves to the energy appears
more gradual.

C. Effect of the blade-intruder distance

Next, the effect of the distance between the intruder and
the rotating blade χ for � = 40 rpm is investigated. To this
end, χ is varied between 7, 8.2, 9.5, and ll cm and for each
χ the acoustic trace is obtained by averaging N = 100
signals and E is calculated (Fig. 4). We find that the contri-
bution of scattered waves increases rapidly with increasing
χ resulting in less visibility of the coherent echo at large
χ . Indeed at χ = 11 cm, the coherent echo is hidden by
scattered waves showing the relevance of the distance to
the sheared zone.

IV. DISCUSSION

A. Independent configurations in sheared granular
packings

We address the challenge of localizing an intruder in a
strong ultrasound scattering medium, such as a dense gran-
ular suspension, by the use of configuration averaging. We
show that there are, at least, three manners to decrease
scattered waves: (i) increasing the number of configura-
tions averaged, or (ii) increasing the mixing speed, or (ii)
decreasing the blade-intruder distance.

The question is then what is the relevant parameter to
determine the independent configurations? To answer this
question, we calculate the time necessary to obtain inde-
pendent configurations induced by rotational shear flow.
For this, we return to the data shown in Fig. 2 at χ = 8
cm and � = 23 rpm, and determine the acoustic traces by
averaging two acoustic signals (N = 2) separated by a lag
time δt. Subsequently, we calculate for each acoustic trace
the energy E and then average the E’s for a given δt so as
to obtain 〈E〉, and the ratio 〈E〉/E0 is evaluated as a func-
tion of δt (Fig. 5). For increasing lag time, we find that the
normalized energy first decreases rapidly to approximately
0.3 at δt∗, and then remains nearly constant [Fig. 5(a)].
The minimal time lag to randomize the scattering waves is
δt∗ ∼ 30 s corresponding to about 12 rotations, and more
rotations do not yield an improved cancellation of scat-
tered waves. Note that the value for the normalized energy
(approximately 0.3) at δt∗ is higher than the minimal value
obtained by configuration averaging (approximately 0.1)
in Fig. 2 where a larger number of independent configu-
ration are involved for averaging 	t/δt∗ (greater than six
with the recording time 	t ∼ 200 s) even though all N
configurations used are not completely independent.

Moreover, we repeat the procedure for the data obtained
at χ = 7 cm with different � (corresponding to the data
shown in Fig. 3). The ratio 〈E〉/E0 versus δt decreases with
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FIG. 3. Effect of the rotation speed of the blade observed at χ = 7 and 9.5 cm, respectively. (a1) Acoustic signal obtained for
� = 0 at χ = 7 cm. (b1),(c1),(d1) Acoustic signals at χ = 7 cm for � = 20, 62, 121 rpm. (a2),(b2),(c2),(d2) Spectrograms of the
signals in (a1),(b1),(c1),(d1). (e1) Acoustic signal obtained for � = 0 at χ = 9.5 cm. (f1),(g1),(h1) Acoustic signals at χ = 9.5
cm for � = 22, 75, 119 rpm. (e2),(f2),(g2),(h2) Spectrograms of the signals in (e1),(f1),(g1),(h1). The coherent echo from the
surface of the ball is indicated by the black arrow. (i) The energy of the transmitted wave normalized by the wave energy for
� = 0 is plotted versus the rotation speed, showing a clear decrease with increasing �. Solid points are χ = 7 cm, open circles are
χ = 9.5 cm.
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FIG. 4. Effect of the blade-intruder distance. (a1) Trace at χ = 7 cm for � = 0 rpm with its spectrogram in (a2). (b1) Trace at
χ = 8.2 cm for � = 0 rpm with its spectrogram in (b2). (c1) trace at χ = 9.5 cm for � = 0 rpm with its spectrogram in (c2). (d1)
Trace at χ = 11 cm for � = 0 rpm with its spectrogram in (d2). (e1) Trace at χ = 7 cm for � = 40 rpm with its spectrogram in (e2).
(f1) Trace at χ = 8.2 cm for � = 40 rpm with its spectrogram in (f2). (g1) Trace at χ = 9.5 cm for � = 40 rpm with its spectrogram
(g2). (h1) Trace at χ = 11 cm for � = 40 rpm with its spectrogram in (h2). The coherent echo from the ball is indicated by the black
arrow. (i) The energy ratio of the averaged acoustic trace to the signal obtained for � = 0 versus the blade-intruder distance. This
energy ratio increases with increasing χ , suggesting that the averaging process becomes less efficient further from the shear zone.

increasing � [Fig. 5(b)], showing that at higher � indepen-
dent configurations are more rapidly obtained. From Fig. 5,
we estimate δt∗ ∼ 30, 10, and 5 s for � = 20, 62, and
121 rpm, respectively. In these experiments at χ = 7 cm,
independent configurations are thus obtained after about
ten rotations.

B. Grain motions and contact network changes

In order to investigate the flow of the granular sus-
pension (immersed glass beads) sheared by our mixing

blade [Figs. 6(a) and 6(b)], we film the surface of the sus-
pension added with a few white ceramic beads of d ∼ 1
mm (kind of “tracers”) for � = 31, 68, 95, and 120 rpm.
To identify qualitatively the sheared zone we first make
an image from the superposition (averaging) of all the
frames in a movie (approximately 6000) at a given �. The
texture of such images is partly blurred in the region where
there is motion of the glass particles (and tracer particles)
[Figs. 6(c)–6(f)]. The blurring in the image is quantified
by calculating a local standard deviation of the pixel inten-
sity σL ∼ 0 from the standard deviation of the 3-by-3
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FIG. 5. Time necessary to randomize the scattering waves. (a) Normalized energy calculated from the data in Fig. 2 (χ = 8 cm
and � = 23 rpm) by averaging two signals (N = 2) for increasing time lag between them. To completely randomize the scattering
waves δt∗ ∼ 30 s. (b) The normalized energy of the wave versus the delay time for � = 20, 62, and 121 rpm (blue, red, and yellow,
respectively) at a distance χ = 7 cm calculated from the data in Fig. 3. The dotted arrow indicates the decrease of δt∗ with increasing
�. Error bars represent the standard error of the mean.

neighborhood around each pixel, and averaging over all the
pixels along the y direction. Smoothing or blurring results
in low values of σL. Instead, the texture of the image where
the particles are static results in a high value of σL ∼ 1.
To qualitatively illustrate the size of the sheared zone (and

its increase with �), we indicate the location at which
σL = 0.9 in Figs. 6(c)–6(g).

A detailed investigation of the shear induced flow in
the dense granular suspension is beyond the scope of
this paper. Instead, we seek to analyze our results within
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a rheological model developed for dry granular media
in a split-bottom shear cell [11,38,39]. Even though the
driving geometries differ, the relatively wide shear zone
we observe in our device is expected to be reminiscent
to those observed in split-bottom geometries for shallow
granular layers [Figs. 6(a) and 6(b)]. Furthermore, the flow
appears to be nearly stationary, i.e., the sheared region does
not change much in time [38]. We thus describe ω, the
dimensionless ratio between the observed (average) angu-
lar velocity of the surface particles and �, as a function of
the distance from the rotating blade χ via [38,39]

ω(χ) = (1/2) − (1/2)erf[(χ − Rc)/W], (1)

where Rc and W denote the center position and width of
the shear band, respectively [see the inset in Fig. 6(g)]. We
assume that the texture in the images is correlated to ω as
ω ∼ (1 − σL). This appears reasonable since ω ∼ 1 would
results in σL → 0, while ω ∼ 0 would yield in σL → 1
[Fig. 6(g)]. Therefore, the experimental data of (1 − σL)
versus χ for the different � is modeled by Eq. (1) using
Rc and W as fit parameters. We find that this rheologi-
cal model qualitatively describes our data for different �

[Fig. 6(g)]. The deduced Rc and W are shown as a function
of � in Fig. 6(h). The observed dependence of W on � is
close to the expected power-law increase [39], whereas Rc
increases only slightly (<5%) with �. The increase of W
with � results in particles with a higher ω, at a given χ ,
explaining the improved cancellation of scattered waves
observed for higher � (see below).

Of note, the experiments in which χ > Rc + W ∼ 70
mm evidenced that cancellation of scattered waves can be
obtained even outside the mean flowing zone where no vis-
ible particle motion is observed. This phenomenon may be
related to the contact network change of the granular pack-
ing arising from the microslips between grains induced by
shear, which has been evidenced by the decorrelation of the
multiply scattered ultrasound through the changing con-
tact network (from grain to grain) under shear [40]. Such
nonlocal rheological behavior is consistent with what can
be observed in fluidlike quiescent regions far away from
the main flow generated by a localized slow stirring or a
shear band [41,42]. The creep velocity of the local probe
may vary with the distance to the shear band and non-
affine motions of grain could be described by Eyring-like
activation process (via effective temperature) [42]. Further
investigation on this issue is still needed in the future.

For � = 31 rpm, W = 5.5 mm, and Rc = 64 mm, the
angular velocity in the tail of the shear band (χ = 80 mm)
is ω ∼ 1 × 10−4 rpm, which corresponds to a linear veloc-
ity of v ∼ 0.01 mm/s. Considering v and the minimal delay
to randomize scattered waves δt∗ = 30 s, this suggests that
the cumulative displacement (including both the coher-
ent and incoherent parts) of the beads is approximately

0.15 mm. The cumulative displacement is thus compara-
ble to half wavelength of ultrasound (λ/2 ∼ 0.33 mm),
leading to the destructive interference between scattered
waves traveling through nearly independent configurations
of the packing and consequently their reduction or cancel-
lation. The observation that δt∗ decreases with increasing
� qualitatively agrees with the picture that there exists a
critical displacement uc ∼ λ/2 necessary in order to obtain
optimal cancellation of scattered waves.

We are aware that the estimations proposed here are
rough and further investigation is needed in the future to
better quantify the rheological behavior in dense granu-
lar suspensions. In particular, the above split-bottom shear
model is originally developed for dry granular media in
which the effects associated with liquid pore pressure are
neglected. This may be illustrated by considering that the
ratio H/Rs ∼ 1.8, with H ∼ 45 mm and Rs ∼ L/2 = 25
mm. Typically, for such values of H/Rs, flows do not
reach the surface of the suspension [38,39]. However,
we clearly observe surface flow, suggesting an effective
R∗

s larger than Rs, likely due to the effects of pore fluid
pressure. In particular, the migration effect may be signifi-
cant when there is a gradient in the flow velocity, which
may lead to hydrodynamic lubrication between different
sheared layers.

Despite this limitation, the model appears to capture
reasonably well our observations of the sheared region.
Moreover, the inferred estimations support the idea that
configuration averaging results in cancellation of scat-
tered waves due to microscopic rearrangements of grains
(microslips at the contact level), leading to the contact net-
work change without visible macroscopic rearrangements
of grains [41,42].

V. CONCLUSION

We demonstrate the applicability of a standard
single-element ultrasonic transducer to localize an intruder
in a highly scattering dense granular suspension via a
configuration-averaging process. Our results show that
multiply scattered ultrasound, considered as the material
noise, can be significantly reduced by averaging the acous-
tic signals over the changed granular packing in a wide
shear zone induced by a distant mixing blade, enhancing
thus the visibility of the coherent echo from the intruder.
Furthermore, increasing the shear speed or/and decreasing
the distance between the shearing blade and the intruder
results in a decrease of scattered waves, which is consis-
tent with the shear zone observed in a split-bottom rotating
shear cell.

We believe that the acoustic method developed in this
work may provide a practical tool for localizing buried
objects in dense turbid marine sediments. It also paves the
way for a nonlocal rheology to monitor the ball falling
in a sheared or vibrated dense granular suspension with
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the acoustic tracking [20,41], which allows a better under-
standing of quicksands and liquefaction phenomena.
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