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This paper reports the implementation of digital color holography to investigate elastic waves

propagating along a layer of a granular medium. The holographic set-up provides simultaneous

recording and measurement of the 3D dynamic displacement at the surface. Full-field measure-

ments of the acoustic amplitude and phase at different excitation frequencies are obtained. It is

shown that the experimental data can be used to obtain the dispersion curve of the modes propagat-

ing in this granular medium layer. The experimental dispersion curve and that obtained from a

finite element modeling of the problem are found to be in good agreement. In addition, full-field

images of the interaction of an acoustic wave guided in the granular layer with a buried object are

also shown. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974950]

I. INTRODUCTION

In the past decade, digital holographic imaging has been

developed at an accelerating pace and impacted a wide range

of domains, such as microscopy1–11 fluid mechanics,12,13 or

photomechanics.14,15,17 Phase imaging measures the optical

path length map associated with transparent specimens

(transmission illumination) or opaque surfaces (reflection

illumination) and translates these data into relevant informa-

tion. Information can be of various nature, such as biomedi-

cal,3,4,7,8 topology at nanoscale,5,11 flows and vortices,13,14

material properties,15,16 surface shape,17 polarization,18 dis-

placement field,19,20 or vibrations.21–24 Recently, a real-time

three-dimensional deformation measurement based on three-

color digital Fresnel holography and simultaneous recording

with a color sensor was demonstrated.20 Three-color holo-

grams may thus be simultaneously recorded by using a sim-

ple experimental scheme without any need for sequential

recording or the spatial multiplexing of holograms. Such a

method provides an opportunity to investigate, with a full-

field capability, the acoustic waves propagating along the

surface of a granular medium. Especially, the three dimen-

sional probing may give information on the 3D character of

the dynamic movements.

In previous works, we reported the use of two-color dig-

ital holography as a first approach to investigate soft modes

in a three dimensional granular medium.25 Soft modes or

floppy modes in a granular medium are collective modes of

vibration with vanishing frequency, involving several grain

displacement and rotation at low energy elastic cost.26

However, soft modes were not observable without any doubt

since an approximation on the out-of-plane movement was

used to determine the 3D components of the acoustic waves.

In this paper, a three-color holographic probe giving a

simultaneous evaluation of the acoustic waves propagating

along the surface of a granular layer is presented. Contrary

to the use of a point wise laser vibrometer that detects out-

of-plane movements at the surface of the medium,27,30 the

holographic probes provide a full-field measurement, with-

out any scanning or sequential measurement. In addition, the

use of several illumination beams leads to the measurement

of the three components of the dynamic displacement.20

Such set-up is thus quite adapted to collect spatial informa-

tion and measure the dispersion properties of the acoustic

modes.

We present the implementation of the three color digital

holographic method for the characterization of the guided

waves inside a granular layer containing a property gradient.

The 3D holographic probe is applied to study a granular

medium in the form of a layer of 35 mm depth. The interest

for the study of granular layers is related to the possible anal-

ogy, at the scale of a laboratory, with ground layers and the

geophysics problems associated. In addition, the complexity

of such a waveguide, which includes an elasticity gradient

along its depth,31,32,34 is of interest for wave physics.

This paper is organized as follows: Section II presents

the 3D digital holographic probe and discusses on the mea-

surement of the three components of the displacement at the

surface of the granular medium. Section III presents the

experimental set-up, which is based on the use of three laser

lines, and Section IV deals with the experimental procedure.

In Section V, we give few experimental results showing full-

field images of the amplitude and phase of propagating

acoustic waves; the dispersion curve is then extracted from

the holographic data. In Section VI, a comparison between

experimental results and a finite element modeling of the

problem is provided; the comparison of the dispersion curves

shows a good agreement. Section VII presents results

obtained at excitation frequencies for which elastic waves

with 3-component displacements are existing. Section VIII

shows full-field images of the interaction of an acoustic
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wave with a buried object. Finally, Section IX draws conclu-

sion and perspectives of this study.

II. PRINCIPLE OF THE 3D HOLOGRAPHIC PROBE

The classic holographic scheme is based on the inter-

ference between a reference wave, which can be plane

or spherical, and an object wave, which is scattered and

then propagated from the surface to the sensor plane. The

interference is recorded as a digital hologram, H, at

the recording plane by a matrix sensor. Note that Rðx; yÞ
¼ aRðx; yÞ exp ð�2ipðu0xþ v0yÞÞ refers to the reference

wave, with (u0, v0) being its spatial frequencies, at the

recording plane. Note also that Oðx; y; d0Þ ¼ fA � hgðx; yÞ
is the object wave at the same plane located at a distance

d0 from the object (� means convolution). We have

Aðx; yÞ ¼ A0ðx; yÞ exp ðiW0ðx; yÞÞ for the object wave at

the object plane, and hðx; y; d0Þ is the impulse response

of free space propagation along the distance d0.
35 The

recorded hologram can be written as1,36

H ¼ jRj2 þ jOj2 þ R�Oþ RO�: (1)

The hologram is then numerically reconstructed, at a

distance dr that can be different from d0.
36,37 Using a

digital sensor, the reconstructed hologram is the discrete

version of38

Ar ¼ H � hðx; yÞ: (2)

There are several possibilities for the reconstruction,

depending on the interpretation of Equation (2). The first one

is the convolution approach, which considers 2 as an exact

convolution formula.38,40 The second one is the Fresnel

approach, where 2 is considered as the 2D Fresnel discrete

tranform.36,38

The result of the different reconstructions is a complex

amplitude, with a numerical sampling related to the number

of pixels used in the reconstruction algorithm. From this

complex amplitude, the amplitude and the phase of the opti-

cal wave can be obtained. The complex amplitude obtained

using the Fresnel approach is given by36–38

Ar x;y;drð Þ¼�iexp 2ipdr=kð Þ
kdr

exp
ip
kdr

x2þy2
� �� �

�
XM=2

�M=2

XN=2

�N=2

H npx;mpyð Þexp
ip
kdr

n2p2
xþm2p2

y

� �� �

�exp �2ip
kdr

npxxþmpyyð Þ
� �

: (3)

The amplitude and phase are calculated with

Ar x; yð Þ ¼ jAr x; yð Þj

wr x; yð Þ ¼ arg Ar x; yð Þ
� � ¼ tan�1

= Ar x; yð Þ
� 	
< Ar x; yð Þ
� 	

 !
mod2p:

(4)

The phase image is the key for contact-less measure-

ments. When the object is deformed or moves, the light path

from the object to the sensor varies. The phase variation,

Du, induced by the optical path variation is related to the 3D

displacement vector U¼ (Ux;Uy;Uz) according to14,39

Du ¼ 2p
k

U � Ke �Koð Þ ¼ 2p
k

U � S; (5)

where Ke is the “illumination” vector, giving the direction of

the object’s illumination, Ko is the “observation” vector, giv-

ing the direction towards the recording plane, and k is the

illumination wavelength. The sensitivity vector S, repre-

sented by S ¼ Ke �Ko, indicates the displacement direction

where the optical path variation is maximum.

The 3D probe properties are based upon the relation

between the 3D displacement vector of the object, U, the

phase differences Du for different object states, and the sen-

sitivity vector S. Figure 1 illustrates these geometrical vec-

tors in the classical holographic scheme.

Considering the notations in Figure 1, the vectors are

(angles are oriented)

U ¼ uxiþ uyjþ uzk

Ko ¼ k

Kk
e ¼ �cosðhk

yzÞ sinðhk
xzÞi� sinðhk

yzÞj� cosðhk
yzÞ cosðhk

xzÞk :
(6)

The use of three different wavelengths, kR; kG; kB, leads

to three equations, which allows measuring the three compo-

nents ux; uy; uz. Equation (5) leads to a matrix relation.

Noting A the matrix from scalar product in 5, and inverting

relation 5 leads to the displacement field in the three direc-

tions of space x, y, and z

ux

uy

uz

0
@

1
A ¼ 1

2p
A�1

kRDukR

kGDukG

kBDukB

0
@

1
A: (7)

So, the use of three wavelengths provides the opportu-

nity to measure and visualize 3D acoustic waves propagating

at the surface of a granular medium.

III. EXPERIMENTAL SETUP

The 3-color digital holographic setup for the study of

the elastic waves in granular layers is described in Fig. 2.

Three continuous lasers, with, respectively, wavelengths at

kR ¼ 660; kG ¼ 532, and kB ¼ 457 nanometers, are used to

illuminate the object. The laser beams first pass through

acousto-optic modulators, allowing the synchronization of

the illumination and reference beams with the excitation sig-

nal (detailed in Section IV).

FIG. 1. Basic scheme for the 3D holographic probe.
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The three beams are then separated using polarizing

cubes in order to give three illuminating beams and three ref-

erence beams, the power of which are adjusted by using

half-wave plates. Another k=2 plate placed after the polariz-

ing cube rotates the polarization by 90� so that the object and

reference beams are co-polarized. The reference beams are

combined using dichroic plates, before being spatially fil-

tered, and guided towards the sensor with the help of the

50% cube located in front of the sensor. The spatial filters

are composed of a microscope objective, a 20 lm diameter

hole, and an achromatic lens, the focal plane of which is

located at the microscopic hole. The sensor is a 3-CCD cam-

era, which separates the three wavelengths using a dichroic

prism towards three CCD sensors, each composed of 1024

� 1344 pixels sized 6.45 lm. This leads to a simultaneous

recording of the three color holograms and so provides a

simultaneous 3D displacement measurement.

The object beams illuminate the useful area from three

directions, making the matrix A from Equation (7) invert-

ible. The six angles from Equation (6) are hR
xz ¼ �0:679 rad

¼ �38:89�; hG
xz ¼ �2:022 rad ¼ �115:85�; hB

xz ¼ 1:035 rad

¼ 59:3�; hR
yz ¼ 0:304 rad ¼ 17:42�; hG

yz ¼ 0:423 rad ¼ 24:24�

and hB
yz ¼ 0:514 rad ¼ 29:45�, almost forming a trihedron.

The object under interest is a layer, 35 mm deep, of a

granular medium, composed of glass beads of 150lm in

diameter and placed inside a container, which is 350 mm

wide and 450 mm long. The illuminated area is sized

10� 10 cm2. A mirror is located beyond the container with a

45� angle so as to reflect the diffracted light towards the 3-

CCD camera. Figure 3 presents the illumination geometry.

The granular layer is located at a distance d0 ¼ �1200 mm

from the sensor.

In order to reduce the spatial frequency spectrum of the

object and to compact the setup, a negative lens with a

�250 mm focal length is placed in the path of the diffracted

illumination beam, just before the 50% cube located in front

of the sensor.41,42 So, a virtual object is created in front of

the sensor, at a reduced distance compared to the distance

imposed by the Shannon criteria.37

The use of a negative lens brings chromatic aberra-

tions,43,44 which are suppressed using the technique pre-

sented in Reference 45. The method is based on a modified

zero-padding algorithm46,47 and a convolution algorithm.40

This correction leads to the superimposition of the three

color reconstructed images, with no error in the position and

no size difference.45

FIG. 2. Experimental setup using three

laser wavelengths. AOMs: Acousto-

Optic Modulators And M1-M6: Mirrors.

FIG. 3. Scheme of the illumination

part above the granular layer.
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The reduced reconstruction distances for the three wave-

lengths (red, green, and blue) are, respectively, �340, �334,

and �328 mm.

The medium is excited using a vibrating shaker attached

to a metal stick buried in the granular layer. The acoustic

excitation is provided to the shaker using a function genera-

tor, which also provides the synchronous TTL signal to the

acousto-optic modulators. The acoustic excitation is sinusoi-

dal with a frequency varying between 800 Hz and 2000 Hz.

The applied voltage is a few volts (typ. 1–4 V) and is

injected to an amplifier linked to the shaker. The amplifier is

set so that at the maximum adjustment, the voltage from the

amplifier stays below the voltage at which the displacement

amplitude becomes high enough to induce permanent modi-

fication of the medium. The voltage can then be adjusted on

the generator without modifying the amplifier and ensuring a

nondestructive regime of wave operation.

IV. MEASUREMENT PROCEDURE

To determine the 3 dynamic components of the acoustic

displacement, at least three phase differences must be

recorded for each frequency. The object illumination must

be synchronous with the excitation signal. This synchroniza-

tion is performed by the acousto-optic modulators. The TTL

signal is provided to them by the same generator, which pro-

vides the excitation signal. When the TTL signal is equal to

0, the beam crossing the modulator is not deviated, and it

does not pass through the separating cube placed after the

modulator (see Figure 4). However, when the TTL signal is

equal to 1, the beam is deviated, allowing the object to be

illuminated, and the hologram is recorded with a temporal

shift controlled by the function generator.

The TTL (Transistor-Transistor Logic) signal driving

the AOMs (Acousto Optic Modulator) has a frequency equal

to that of the excitation (maximum period: 1/800 ms), with a

pulse width equal to 1% of the period. The recording by the

sensor is performed over a 2 s integration time; the TTL sig-

nal reaches periodically 5 V, the AOMs deviates the beams

several times during this period, between 8000 and 2000

times, and the sensor records between 800 and 2000 times

the phenomenon for one single hologram, and this is for

each excitation frequency. Thus, the cyclic ratio is 0.01, cor-

responding to the impulse regime.48 So, there is a “freezing”

of the object during the recording, even with such a dynamic

phenomenon (stroboscopic recording).48

The procedure consists in recording three holograms,

phase shifted by a quarter of the excitation period. The three

components of the displacement field can then be written as

a function of the synchronization phase

uc kð Þ ¼ uc sin x0t0 þ uc þ k � 1ð Þp
2

� �
; (8)

with c ¼ x; y; z the spatial directions, uc the amplitude of the

acoustic displacement, uc the phase of the acoustic displace-

ment, x0 the excitation pulsation, and t0 the time origin of

the recording. k is an integer equal to 1, 2, or 3, related to the

number of the hologram phase-shifted versus the excitation.

Using Equation (7), nine displacement differences are calcu-

lated (three for each spatial direction x, y, and z)

ux mð Þ � ux nð Þ
uy mð Þ � uy nð Þ
uz mð Þ � uz nð Þ

0
B@

1
CA ¼

Dux mnð Þ
Duy mnð Þ
Duz mnð Þ

0
B@

1
CA

¼ 1

2p
A�1

kRDukR
mnð Þ

kGDukG
mnð Þ

kBDukB
mnð Þ

0
B@

1
CA; (9)

where DukðmnÞ represents the optical phase difference and

DucðmnÞ represents the displacement difference, between the

m-th and the n-th recording ([m,n] 2 f1; 2; 3g).
The algorithm for measuring the acoustic displacement

amplitude and phase as a function of the displacement differ-

ences is given by48

uc ¼
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Duc

2 13ð Þ þ Duc 23ð Þ þ Duc 21ð Þ
� 	2q

uc ¼ arctan
Duc 13ð Þ

Duc 23ð Þ þ Duc 21ð Þ

" #
mod2pð Þ:

8>>><
>>>:

(10)

The experimental method can be summarized in 5 steps.

First, record the color holograms for each phase shift (0,

p=2,p); second, extract the three optical phases corrected

from chromatic aberrations for the three acoustic phase shifts

(uRðkÞ; uGðkÞ; uBðkÞ; k ¼ ð1; 2; 3Þ); third, calculate the

three optical phase differences for each wavelength

(Dukð13Þ; Dukð21Þ; Dukð23Þ); fourth, estimate the nine dis-

placement differences (Equation (9)); and finally, measure

the acoustic displacement amplitude and phase for the 3

components (Equation (10)).

This experimental procedure was applied for excitation

frequencies between 800 Hz and 2000 Hz, with a 100 Hz

step, for which the granular medium can be considered as an

elastic wave guide. Section V presents the experimental

results obtained using the 3D holographic probe.

V. EXPERIMENTAL RESULTS

Figures 5 and 6 show sets of modulo-2p optical phase

differences obtained from color holograms of the granular

medium surface at excitation frequencies between 800 HzFIG. 4. Scheme of the implementation of acousto-optic modulators.
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and 2000 Hz for the three optical wavelengths and for the

three acoustic phase shifts (0, p=2, and p).

On both figures, bright and dark fringes can be seen,

which indicates the presence of waves inside the granular

medium. These fringes depend on the excitation frequency

of the metallic stick exciter buried inside the medium.

Figure 7 shows the results along the z direction for the

acoustic displacement at the surface, obtained for an excita-

tion frequency of 1100 Hz. Amplitudes between 0 and 50

nanometers are visible in the observation area, sized approxi-

mately 9� 9 cm2. The dark (blue in the colormap) lines on

the left image are the lowest amplitude lines of the vibration,

and there exists a strong correlation between these low

amplitude lines and the phase jumps visible on the right

image. This indicates that each line corresponds to a sign

change for the acoustic amplitude, showing the existence of

waves in the granular medium layer.

Figure 8 presents the results obtained for an excitation

frequency of 1400 Hz, for the z component of the acoustic

displacement. It is understood that the inter-fringe space is

smaller than in Figure 7, expected results considering that

the acoustic wavelength diminishes when the acoustic fre-

quency increases.

Experimental and theoretical studies on the propagation

of acoustic guided waves inside granular layers27–34 showed

that the propagating modes along the surface, excited the

same way as in our experiment, are modes guided due to the

free surface and the elastic property gradient. Furthermore,

these wave modes are polarized along the sagittal plane (such

as Rayleigh waves) or can be shear-horizontal modes. The

usual depth profile of these modes at �1 kHz extends to more

than 10 cm typically. In the present experiment, the granular

layer depth is 3.5 cm. The modes propagating along the sur-

face are consequently not only guided by the elastic property

gradient and the free surface but also by the bottom of the

container, considered rigid here. Direct reflections from the

bottom of the longitudinal waves excited by the source are, in

principle, visible in the illuminated area of the surface, lead-

ing to possible acoustic interferences. Consequently, in the

present configuration, the distinction between sagittally polar-

ized guided modes and purely longitudinal reflected or guided

waves is not straightforward, especially in the near field of the

acoustic source.

If the relation between the wavelength and the frequency

is established, one may measure the dispersion relation

(between the pulsation and the wave number or equivalently

FIG. 5. Phase differences for the three

wavelengths (k¼ 457, 532, and 660 nm)

and for six excitation frequencies (from

800 to 1400 Hz).
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between the frequency and the inverse of the wavelength) of

the acoustic modes propagating along the surface of the

granular layer. In order to quantify the observation of the

inter-fringe distances (associated with the acoustic wave-

length) for different acoustic frequencies, the amplitude pro-

files along the z direction are plotted for each excitation

frequency. Figure 9 shows an example of such profiles, for

an excitation frequency of 1300 Hz. Using such profiles, the

apparent spatial wavelengths kac of the acoustic wave can be

obtained. The propagative character of the observed mode

(as opposed to a resonant mode with stationary waves) is

confirmed by the observation of an acoustic displacement

amplitude, which does not vary significantly when the exci-

tation frequency is modified. Thus, the measured inter-fringe

space corresponds to a fraction of the propagative mode

wavelength.

Because of the measurement noise at these displacement

amplitude scales, the inter-fringe distance is difficult to

extract. In order to show the reader the influence of the image

processing, the spatial wavelengths (inter-fringe distance) are

extracted from experiments using three different methods.

The first one is manual and graphical, with the inter-fringe

distance being extracted from the manual pointing of the first

and second deep blue color regions (corresponding to the

FIG. 6. Phase differences for the

three wavelengths (k¼ 457, 532, and

660 nm) and for six excitation frequen-

cies (from 1500 to 2000 Hz).

FIG. 7. Displacement at the surface along the z direction. Amplitude (left)

and phase (right) images for an excitation frequency of 1100 Hz.

FIG. 8. Displacement at the surface along the z direction. Amplitude (left)

and phase (right) images for an excitation frequency of 1400 Hz.
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lowest amplitudes) on the reconstructed images (Fig. 9(a)).

The second method consists in defining 10 different amplitude

profiles (line trajectories from the source) of an image, point-

ing manually the first two minima of each profile and finally

averaging the obtained distances between 2 successive min-

ima over the 10 analyzed profiles. The last method consists in

extracting automatically the distance between two successive

minima of amplitude in the central trajectory line profile (as

the one plotted in Fig. 9(a)). For this last method, a smoothing

of the profiles is necessary for removing the high frequency

noise and for focusing on the low frequency variations.

For an excitation frequency of 1100 Hz, the half wave-

length is equal to 33.4 mm (distance between two successive

amplitude minima), which corresponds to a wavenumber of

94 rad m� 1. For an excitation frequency of 1400 Hz, the half

wavelength is equal to 24.9 mm, which corresponds to a

wave number of 126 rad m� 1. By measuring the spatial

wavelengths for several excitation frequencies, the disper-

sion curve of the propagative mode at the surface is recon-

structed in Fig. 14.

VI. COMPARISON WITH A FINITE ELEMENT
MODELING OF THE PROBLEM

Numerical simulations of the experiment were developed

using finite element modeling. These simulations allow taking

into consideration several important characteristics of the

experiment, which cannot be accounted for all together using

analytic developments: the specific source, the tridimensional

nature of the problem, the finite depth of the layer, and the

elasticity gradient. However, with a finite element modeling

of the wave problem, it is possible to extract the data in the

same manner as in experiments and reconstruct the dispersion

curve accordingly, for meaningful comparison.

The simulated domain is a parallelepiped of 30 cm long,

20 cm wide, and 3.5 cm deep dimensions, including a

homogeneous elastic medium, with the properties adapted to

fit the known properties of the unconsolidated granular

medium layer submitted to gravity. Using the previous stud-

ies on acoustics of granular media and the fairly well charac-

terized elastic properties of granular layers,27,30,33,34,49,50 the

depth-dependent Young modulus of the medium is chosen in

the form

EðzÞ ¼ 108ðz1=4 þ 0:1ijzþ 0:04j1=4Þ: (11)

This Young modulus expression contains a real part and

an imaginary part. The imaginary part (relatively smaller than

the real part) corresponds to the acoustic energy dissipation,

which is significant in weakly compressed granular media

compared to usual elastic media. The real and imaginary parts

of the modulus depend on the depth z (z¼ 0 at the free surface

of the granular medium). The dependence to the power 1/4 is

typical for granular media with low static pressures (usually

lower than 100 kPa) and is in good agreement with sound

speed measurements as a function of the static pressure. This

power could also be chosen as 1/3, in agreement with recent

wave propagation experiments,27,30,33,34,49,50 but the sensitiv-

ity to this parameter was found to be not the most significant.

Considering the imaginary part, there are no data available in

the literature for such gravity loaded granular layers, except

one qualitative tendency: the dissipation increases when the

static pressure decreases (i.e., when closer to the free surface).

The 0.1 factor is chosen so that the wave attenuation with the

distance to the source is representative of the experimental

results. The Poisson coefficient is taken equal to 0.3, and the

density of the medium is considered constant and equal to

1500 kg m� 3.

The configuration and mesh of the layer are shown in

Fig. 10. The acoustic source is modeled by a rigid and spher-

ical bead of 3 mm diameter, located at a depth of 1 cm, and

oscillating with a 45� angle relative to the normal to the sur-

face, in the sagittal plane (yOz), with a displacement ampli-

tude of 1 mm. The boundary conditions are rigid (zero

displacement) at the bottom of the layer and free (zero stress)

at the top, and absorbing conditions are used for the side

boundaries. The mesh includes 45 554 elements, and the sim-

ulation is made in the steady state frequency domain. A line

at the surface is defined along the propagation direction y,

with smaller elements, so that the surface displacement is

extracted with a good spatial sampling.

In Figs. 11 and 12, two vibration modes of the medium

are shown for two different excitation frequencies. The oscil-

lations are rapidly attenuated as a function of the distance

to the source. The spatial wavelengths depend indeed on

the excitation frequency as experimentally observed and

expected. In order to reconstruct the dispersion curve from

these numerical data, the same method as for the experimental

data was used. The displacement profiles in the z direction

along the measurement line (along the surface in the y direc-

tion) are analyzed. For each excitation frequency, the distan-

ces between successive minima of the displacement

amplitude are extracted and converted into wavelengths.

Examples of these displacement profiles numerically obtained

are plotted in Fig. 13. From these profiles, successive extrema

FIG. 9. z-displacement amplitude image (a), z-displacement phase image

(b), and z-displacement amplitude profile (c) of the acoustic wave at the sur-

face of the granular layer for an excitation frequency of 1300 Hz.
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are automatically extracted and used to define a wavelength for

the field, e.g., the distance between the first minimum and the

following maximum is the quarter of a wavelength. The values

of the extracted wavelengths for several couples of extrema, at

each frequency, lead to the dispersion data in Fig. 14.

In Figure 14, the points of the dispersion curve from

experimental results and the ones from numerical results are

plotted together. A relatively good agreement is observed for

the estimation of the dispersion curve. Note that the process-

ing method for the FEM results makes use of the distances

between several minima and maxima, while in experiments,

data were extracted only from the two first minima. All the

data extracted from FEM are provided because they are

available, but in principle, only the average of the FEM data

“extrema 1–2” and “extrema 2–3” should be compared to the

experimental data. The experimental points at 1500 Hz are

clearly shifted in regard to the experimental tendency and in

regard of the numerical simulation results. We could not find

a clear explanation for this observation, except the difficulty

to define the experimental wavelength when signals are too

much noisy or do not exhibit a sufficient number of extrema

in the analyzed zone (as observed with the numerical results

for frequencies below 1100 Hz). Results in Fig. 14 confirm

the feasibility of qualitative and even quantitative measure-

ments by three color digital holography, for the propagation

of dispersive modes in unconsolidated granular layers. This

FIG. 10. Geometrical configuration

and mesh for the FEM simulation.

FIG. 11. Acoustic displacement amplitude obtained by FEM simulation of

the wave problem for an excitation frequency of 1400 Hz. The color scale

corresponds to the z-direction displacement amplitude, while the surface

deformation is proportional to the total displacement.

FIG. 12. Acoustic displacement amplitude obtained by FEM simulation of

the wave problem for an excitation frequency of 1700 Hz. The color scale

corresponds to the z-direction displacement amplitude, while the surface

deformation is proportional to the total displacement.

FIG. 13. Acoustic displacement amplitude profiles obtained by FEM simula-

tion for excitation frequencies of 1000, 1300, and 1600 Hz. Displacement

amplitudes are normalized to their value at the source location.
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gives opportunity for studying problems with complex

geometries, where point-to-point measurements are difficult

to implement.

VII. IN-PLANE ACOUSTIC DISPLACEMENTS

By using the experimental method and Equation (10),

acoustic amplitudes along the x and y directions can also be

measured. Figure 15 shows acoustic displacement ampli-

tudes measured for an excitation frequency of 1200 Hz.

Displacements are observed in the two directions, certainly

because the wave field emitted from the source is cylindri-

cally divergent. Although the excited modes are dominantly

corresponding to sagittal modes and longitudinal modes, this

cylindrical field structure leads to comparable acoustic dis-

placement amplitudes along the x and y directions. Acoustic

displacement amplitudes are around 100 and 50 nanometers,

respectively.

VIII. INTERACTION WITH A BURIED OBJECT

The holographic method with its full-field capability is

useful to visualize the influence of objects buried inside the

medium on the elastic wave field. As an example, Figure 16

shows the acoustic displacement amplitude measured for an

excitation frequency of 1500 Hz, with and without the inclu-

sion of a 5 mm in diameter steal cylinder buried inside the

layer. The top of the buried cylinder is located just a few mm

below the granular surface so that it is not visible.

The obstacle position is clearly seen, as well as the

acoustic wave diffracted by the object.

This qualitative result shows the capabilities of the

method for the detection of buried scatterers. The experi-

mental analysis of wave propagation in periodic buried struc-

tures, and of wave scattering by simple shape scatterers in

waveguides with in-depth elasticity gradients, could be

future applications of the method.

IX. CONCLUSION

We have reported on the use of digital three-color

holography to investigate acoustic waves propagating along

the surface of a granular medium layer. The presented tech-

nique leads to a simultaneous recording and measurement of

the 3D acoustic displacement associated with the propagat-

ing modes and provided full-field measurements. In addition,

not only the amplitude but also the phase of the acoustic

wave can be visualized.

The propagation of acoustic waves along the surface of a

granular layer is dispersive. The holographic reconstruction

could provide useful information on the acoustic wave dis-

placement in the z direction (out-of-plane), for frequencies

between 800 Hz and 2000 Hz in the studied layer. Amplitudes

of the acoustic wave displacement at the surface are found to

be of few hundredths of nanometers. The quantitative infor-

mation of the holographic reconstruction is shown to be useful

for providing the dispersion curve of the propagating modes.

The experimentally obtained dispersion curve is compared

successfully to the one obtained with a finite element simula-

tion of an equivalent elastic wave problem. The 3D character

of the wave displacement field is exhibited, and transverse

(in-plane) components are visualized. Finally, the inclusion of

a buried obstacle was detected by the 3D holographic probe,

opening the perspective of a full-field study of the interaction

between elastic wave modes and buried objects in granular

layers.
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FIG. 15. Amplitudes of the acoustic displacement along the x (left) and y
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FIG. 16. Acoustic displacement amplitude along the z direction (out-of-

plane), without (left) and with (right) a buried scatterer (a steal cylinder), for

an excitation frequency of 1500 Hz.FIG. 14. Superposition of the dispersion curves for the response of the

medium to excitation frequencies from 1100 Hz to 2000 Hz, obtained by

FEM simulation (blue) and experimentally (red).
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