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Abstract

The present study is an experimental and numerical work on the propagation of seismic waves in
carbonate rocks at the laboratory-scale. We aim at producing seismic data that are comparable
with field data so as to transfer the knowledge and techniques acquired and developed in field into
the laboratory. In return, well-controlled laboratory-scale data can contribute to benchmarking
tests on the latest imaging approaches as well as data processing procedures. Ultrasonic probes on
natural rocks are fairly common in numerous engineering fields such as geophysical logging, civil
engineering and materials science. In terms of ultrasonic sources, both the conventional piezoelec-
tric transducer (PZT) and the laser-ablation pulse are used as a seismic source in our experimental
configurations. In terms of receivers, a single-point Laser Doppler Vibrometer (LDV) is employed in
most of the experimental setups. Additionally, a 3D wavefield-scan LDV has been used to perform
multi-component measurements. The originality of this work consists in the comprehensive charac-
terization of the laser source in a geophysical context and its use as a point-like megahertz source on
the carbonate cores, which enabled us to propose original and efficient core-probing configurations
for both experimentation and simulations. We developed and validated an experimental proto-
type featuring PZT-LDV or Laser-pulse-LDV as source-receiver configurations for high-resolution
measurements. As to the numerical simulation, we adapted a Fortran code, initially dedicated to
method developments at the field-scale, to the numerical production at the high-frequency (HF)
laboratory-scale. We will show the results of calibrations on both the experimental and numer-
ical tools including the polarization analysis on multi-component data, the results of the laser
pulsed source characterization and the main tomography results from the First Arrival Travel-time
(FAT) Tomography (FATT) featuring multi-grids, along with the parallelized 2D/3D simulations
featuring the Interior Penalty Discontinuous Galerkin method (IPDGm). A brief demonstration
of anisotropy analyses from FAT will also be given at the end. The latest generation of imaging
method involves both the observed and synthetic data, such as the promising Full Waveform In-
version (FWI) that can push further the resolution limits of the classical tomography, which is the
key motivation of our studies involving both the experiment and simulation.

Keywords: experiment, carbonate core, pulsed laser, laser vibrometer, finite-element simulation,
multi-grid tomography.
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Résumé

Par la présente étude nous expliquons et illustrons nos travaux sur la propagation d’ondes sis-
miques en roche carbonatée avec des approches expérimentale et numérique à l’échelle des carottes
géologiques au laboratoire. Notre objectif principal consiste à produire des données sismiques qui
sont comparables aux données du terrain dans l’optique de transférer au laboratoire les connais-
sances et techniques acquises et développées pour la sismique de terrain. En retour, les données
acquises dans des conditions bien contrôlées à l’échelle du laboratoire peuvent contribuer aux bench-
marking tests sur les approches d’imagerie les plus récentes ainsi que les procédures de traitement
des données. Sonder les roches naturelles par les ondes ultrasonores est plutôt commun dans de
nombreux domaines tels la diagraphie acoustique, le génie civil et la science des matériaux. En
termes de sources sismiques, les transducteurs piézoélectriques (PZT) couramment utilisés, ainsi
qu’un pulse laser utilisé spécialement dans le cadre de nos mesures, sont appliqués aux configura-
tions expérimentales. En termes de récepteurs, un vibromètre laser monopoint (LDV) est employé
dans la plupart des expérimentations. En outre, un vibromètre 3D fut utilisé pour des mesures
multi-composantes. L’originalité de ces travaux se trouve dans la caractérisation intégrale de la
source laser dans un contexte géophysique et son application sur les carottes carbonatées comme
une source sismique Haute Fréquence (HF, Mégahertz), ce qui nous permet de proposer des config-
urations originales et efficaces pour sonder les carottes carbonatées, aussi bien en expérimentation
qu’en simulation. Nous avons construit et validé un prototype comprenant une configuration
source-récepteur de type PZT-LDV ou Laser-pulse-LDV. Quant à la simulation numérique, nous
avons adapté un code Fortran, initialement dédié au développement à l’échelle du terrain, aux
productions numériques à hautes fréquences (HF) à l’échelle du laboratoire. Nous détaillerons les
résultats des calibrations sur les outils expérimentaux et numériques ainsi qu’une analyse de la
polarisation sur des mesures multi-composantes, les résultats de la caractérisation de la source
pulse-laser et ceux de la tomographie en se basant sur les temps des premières arrivées (FAT). Les
inversions se font avec un méthode multi-grilles. Parallèlement, des simulations par éléments finis
en 2D/3D (code parallélisé) ont été effectuées avec la méthode Galerkin discontinu avec pénal-
ité intérieure. Nous démontrerons également la possibilité d’analyser l’anisotropie sismique d’une
carotte à partir du FAT. La dernière génération de méthode d’imagerie sismique fait intervenir
à la fois les données observées et les données synthétiques, comme dans la méthode prometteuse
de l’inversion de formes d’ondes complètes (FWI), cette méthode pouvant repousser davantage les
limites de la résolution de la tomographie classique.

Mots clés: expérimentation, carotte carbonatée, pulse laser, vibromètre laser, simulation par
éléments finis, tomographie multi-grille.
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General presentation of the thesis

Reproduction of seismic wave propagation at laboratory scale (Bretaudeau et al., 2011; De Cac-
queray et al., 2011; Barrière et al., 2012; Bordes et al., 2015; Valensi et al., 2015; Holzhauer et al.,
2017; Pageot et al., 2017; Devi et al., 2018) is a promising approach that could lead to significant
progress in the development of imaging of complex media and monitoring at the near-surface and
the crust scales. A complete seismic data-set recorded in the laboratory can reveal small-scale
physical properties of the medium such as elastic wave velocity, porosity or permeability which
could be efficiently retrieved by numerical inversions of seismic attributes conveyed by experimen-
tal data (Dupuy et al., 2016b). Conversely, results obtained at the laboratory scale may be applied
at the field-scale by using upscaling methods (Backus, 1962; Tiwary et al., 2009; Capdeville et al.,
2010; Dvorkin & Wollner, 2017; Bailly et al., 2019). The quality of the inversion relies strongly on
seismic attributes estimations, which in turn depends on several factors such as the seismic source
quantification, the sensitivity of the receivers and the acquisition set-up (Dupuy et al., 2016a).

This thesis deals with both experimental and simulated data with the first objective of per-
forming ultrasonic tomography on centimeter-scale cores from natural rocks, precisely carbonates
that turned out to be an important reservoir formation of global oil and gas fields (Tanner et al.,
1991; Manrique et al., 2007; Roehl & Choquette, 2012). For instance, 70% of oil and 90% of gas
are thought to be held in carbonates in the Middle-East (Akbar et al., 2000; Buza et al., 2008;
Kadhim et al., 2016). Our experimental investigation consists in sending high frequency (0.5∼2
MHz) mechanical waves into the solid samples and measure the displacement on their surfaces.
Only the first-arrival or first-break time attributes are necessary to run a classical First Arrival
Travel-time Tomography (FATT) in order to estimate the compressional (P ) wave velocities (Vp)
of a medium. Assessment of the distribution of shear (S) wave velocities (Vs) requires detection of
first S-arrivals, which can be eventually a tricky task in practice. We focus on the first P -arrivals
throughout this project, leaving the possible exploration of first S-arrivals in perspective.

Similar to a field seismic campaign, we deploy sources and associated receivers on the surface
of the target samples to run laboratory-scale seismic campaigns. One of the major advantages of
laboratory seismic campaigns is the flexibility under a well-controllable environment. Contrary to
the field campaign, uncertainty of laboratory-scale experimental setups and measurements can be
reliably estimated without the impact of the topology and environment in a field campaign. It is
also convenient in laboratory to extend a pure seismic campaign to a multi-physics campaign by
involving other geophysical methods like Ground Penetrating Radar (GPR). In spite of the ad-
vantages of laboratory-scale seismic explorations, one should be aware that complications could be
encountered during the experimentation: the uncommon cylindrical shape of geological cores could
invalidate some existing protocols, assumptions or simplifications adopted for box-like field objects;
furthermore, the behavior of wave propagation in a core object is strongly different from that in
a box-like object, which indicates that special efforts are needed to understand and explore the
data. For instance, the curved free-surface boundary of a core will lead to numerous reverberations
and add substantial difficulties to the identification and separation of waves events. Besides, some
other difficulties could appear due to the core-scale of interest that will demand high frequency
seismic sources and sufficiently small instrumental uncertainties. Therefore, we decided to use
high precision Laser Doppler Vibrometers as receivers and megahertz seismic sources. Meanwhile
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numerical simulations are performed in parallel with the experimentation for tool calibration, the-
ory verification, data matching and benchmark tests. Numerical simulations are required by most
modern inversion methods due to the nonlinear nature of inverse problems in geophysics.

Seismic tomography is a widely-used method in numerous aspects of geophysical surveys, from
velocity-estimation in migration and Full Waveform Tomography (Dessa et al., 2004a; Operto et al.,
2006) to anisotropy-assessment (Blum et al., 2013; Matonti et al., 2017; Xie et al., 2018) of natural
rocks. One can perform refraction tomography on field-like data (Zhang & Toksöz, 1998; Dessa
et al., 2004a); the passive seismic tomography (Campillo & Paul, 2003; Latorre, 2004) will instead
explore the diffuse coda wave or direct wave arrivals, often generated by natural earthquakes, in
order to picture the underground. Similar to the X-ray CT-scan (CT: Computerized Tomography)
reconstruction, seismic tomography can also be done in a transmission context (Rawlinson &
Spakman, 2016; Baden, 2017). The experimentation carried out within this thesis project is mainly
set in the transmission context, even though reflected as well as refracted events are also recorded.
This means that we will focus on the fastest body (P ) wave between each source-receiver couple.

Chapter I of this thesis will concentrate on describing both the experimental and numerical
tool conception and development used throughout the study. Some benchmark data acquired on
ideal media will be presented and compared with analytical predictions in order to calibrate both
the experimental and numerical tools, which will help to estimate the precision of our experimental
prototype and validate the numerical scheme. In addition to the single component measurements,
some preliminary results on multi-component data (acquired with the collaboration of Polytec
GmbH) will be shown at the end of this chapter.

Chapter II will focus on the use of a pulsed-laser source as an original seismic source for
the laboratory-scale geophysical exploration. The physical mechanism, the numerical modeling,
the experimental characterization and comprehensive analysis on the pulsed-laser source will be
addressed successively. This chapter will end with some practical issues concerning the source
implementation, especially the treatment of target surface bearing the pulsed-laser source.

Chapter III will be dedicated to experimental and numerical investigations on carbonate cores.
As mentioned above, a thorough development on FATT will be done in this part, from the resolution
analysis to Vp tomography on core-scale experimental data. The numerical simulations of the wave
propagation in cores will follow the experimental FATT results. Apart from simulations using
the Vp model from the corresponding FATT, a series of benchmark simulations on synthetic Vp
models will also be performed. Benefits brought by numerical simulations, including the aid to
the understanding of wave propagation at core-scale and Amplitude vs Angle analysis, will be
highlighted, meanwhile, detailed studies will be conducted on the choice of Finite Element (FE)
size and the reduced-scale toleration upheld by Absorbing Boundary Conditions (ABC) within the
framework of elastodynamic wave propagation. In addition, comparisons between experimental
seismograms and simulated ones will be done.

Since FATT is performed on quite a small part (only the time-flight of first arrivals) of all the
seismic attributes (multi-arrivals, amplitudes, frequencies, polarization, · · · ) that our experimen-
tal data carries, it is not surprising that its resolution is limited to the first Fresnel zone (Dessa
et al., 2004a). However, breakthroughs have been made since works on forward-simulation-assisted
inversions (Lailly, 1983; Tarantola, 1984a,b) where the search of the optimal model is done by min-
imizing progressively the misfit between the real observations and the simulated synthetics instead
of backwardly inverting the observed data. This method is commonly known as the Full Waveform
Inversion (FWI) nowadays. It uncovered a new horizon for all those who seek a better precision
by exploring not only partial phase attributes, but also other phase and amplitude attributes, as
well as the polarization information. As a result, we aim at taking advantage of the full waveform
of our experimental data to get a better precision than that of FATT in the long run. We will
thus argue the potential and feasibility of performing FWI on our real data to the end of the third
chapter.

Chapter III will end up with a quick demonstration of the potential of the experimental first-
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arrival travel-time on the assessment of the carbonate core’s apparent anisotropy.
Chapter IV will will be devoted to discussions and conclusions of this work.

9



Chapter I

Experimental and numerical tools

In this chapter, we will present the experimental prototypes that we conceived and constructed,
together with the simulation tool that we adapted for data production in a High-Frequency (HF)
context. As a receiver, the single-head Laser Doppler Vibrometer (LDV) is one of the key elements
of the experimental prototypes to measure wavefields. We performed a comprehensive study on
the precision and sensitivity of the LDV. Meanwhile, both the theoretical and practical aspects of
a numerical code for wave propagation simulations will be shown. A focus on the seismic sources
will be done before illustrating and analyzing the data for calibration. Finally, we will show some
original 3D-component measurements performed in the headquarter of Polytec GmbH, a world
leader in Optical Measurement Equipment.

I.1 Measurements of u and u̇ by Laser Doppler Vibrometer
Mechanical wavefields can be assessed in terms of acceleration ü (accelerometers used by Barrière
et al. (2012); Holzhauer et al. (2017)), velocity u̇ (LDV, geophones of Robertsson & Muyzert (1999);
Muijs et al. (2002); Robertsson & Curtis (2002)), displacement u (LDV plus decoder), pressure
(hydrophones of Robertsson et al. (2008)) and rotation (Barak et al., 2014). The LDV is mostly
designed for the measurement of u̇ and u. A displacement decoder is needed in case of measuring
u.

I.1.1 Laser Doppler Vibrometer - State-of-the-art and principles
The Laser Doppler Vibrometer (LDV) is widely used in non-contact vibration measurements in a
large variety of industrial and academic fields (Audoin et al., 1996; Nishizawa et al., 1998; Bodet
et al., 2005; Bretaudeau et al., 2011; De Cacqueray et al., 2011; Lebedev et al., 2011). It measures
the amplitude and frequency of the surface motion velocity u̇ at the target point by decoding
the Doppler shift of the incident frequency after scattering on the point of interest (Stanbridge &
Ewins, 1999). LDV is presently applied in mechanical engineering for modal and dynamic testing
(Stanbridge & Ewins, 1999; Di Maio & Ewins, 2011), in manufacture industry and material engi-
neering for quality controls, damage detection and physical property assessment (Pieczonka et al.,
2017; Maio et al., 2018), in civil engineering for structure health monitoring (Nassif et al., 2005)
and in aeronautic engineering for flow field measurements (Rhodes, 1977). Compared with the
conventional strain sensors such as piezoelectric transducers (PZT), the LDV has some major ad-
vantages: its contact-free feature allows to perform absolute measurements and excludes coupling
issues between the transducer and the target; its focusing system offers much higher spatial reso-
lutions than the bulky transducer. In practice, the laser beam of LDV can reach random surfaces,
even under unusual conditions such as high temperature and high pressure circumstances, while
the PZT is generally designed for a given surface under normal conditions. However, the sensitivity
of the laser beam can bring practical issues during measurement, depending on the beam energy
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and the surface reflectance, which influence the reflection rate. The sensitivity issue must be taken
into concern when quantitative amplitude analyses are desired.

The LDV has been used by numerous researchers on wave propagation, such as Scales &
Malcolm (2003); Campman et al. (2004); Malcolm et al. (2004); Van Wijk et al. (2004); Campman
et al. (2005); Bretaudeau et al. (2011); Blum et al. (2013); Bergamo et al. (2014); Bodet et al.
(2014); Shragge et al. (2015); Yoshimitsu et al. (2016); Mikesell et al. (2017); van Wijk et al. (2019),
where a single-point sensor is employed as the receiver to measure the out-of-plane component of
wavefield. Thomsen (2018); Thomsen et al. (2019) reported some of the first results using a 3D
wavefield-scan sensor that measures the full vibration vector.

The single-point sensor measures only one component of the vibration vector. In general, the
out-of-plane component on a single point can be nicely measured with a single-point sensor. A
large amount of points in space is often needed to study thoroughly the vibrations, thus a scanning
system composed of mechanical arms and optical devices can be necessary. Mechanically stepped
LDV is simple to design in spite of the slowness of measurements. Translating the LDV along a long
distance can also bring additional uncertainties to the measurements due to undesired movements
of the LDV. The Scanning Laser Doppler Vibrometer (SLDV) is thus proposed (Rhodes, 1977;
Durst et al., 1981; Chehroudi & Simpson, 1984; Stanbridge & Ewins, 1999; Allen & Sracic, 2010;
Schwingshackl et al., 2010; Khalil et al., 2016; Chen & Zhu, 2017; Maio et al., 2018; Sels et al.,
2019) to overcome the mechanical and efficiency issues by adding well-designed optical elements
between the LDV and the target. Fig. I.1 shows some of the SLDV prototypes. The optical design
can vary following the target geometries and the components of interest. Rhodes (1977) developed
a fast SLDV, as shown in Fig. I.1 a), to measure wake and vortex flows generated by aircraft. The
linear increment of measured points was guided by a scanning wheel composed of plane parallel
windows of different thicknesses, leading to different shift distances as the laser beam was refracted.
Their design allowed to cover a scanning distance of 36 cm. Durst et al. (1981) mounted a mobile
plane mirror in front of laser emitter to deflect the output laser beam (see Fig. I.1 b)), which
permitted rapid scanning of flow field. Schwingshackl et al. (2010) showed how a mobile plane
mirror can be adapted for full-field measurement inside a hollow cylindrical structure by a SLDV
system, as shown in Fig. I.1 c). They highlighted the importance of system alignment in the
cylindrical coordinates, which is more difficult than the similar SLDV in Cartesian coordinates. A
quantitative analysis of the alignment sensitivity was done (Schwingshackl et al., 2010) to give an
insight of the setup tolerance of the cylindrical SLDV system.

Researchers started to study multi-component vibrometers by the end of 1980s (Antoine &
Simpson, 1986). The pioneers aimed at dividing one laser beam to several secondary beams by ad-
vanced optical elements in order to measure and demodulate different components. More recently,
Khalil et al. (2016); Chen & Zhu (2017); Sels et al. (2019) studied the possibility of mapping all
the three components of surface vibrations by positioning one single-point sensor on three different
locations sequentially. Khalil et al. (2016) analysed the accuracy and the noise of in-plane and
out-of-plane components with this method. Chen & Zhu (2017) combined a Polytec® OFV-353
LDV with a Cambridge 6240H scanner to perform horizontal and vertical scanning. However, the
LDV location control was apparently done manually, which does not suit investigations where high
spacial resolution is desired. Chen & Zhu (2017) compared their experimental results with those
measured by a Polytec® PSD-500 3D scanning LDV and concluded that the two results are in
good agreement with each other. Pieczonka et al. (2017) applied a Polytec® PSV-400 3D scanning
LDV on two different thin curved aluminum panels with invisible damages inside. They correctly
detected the damages through mode conversion analyses by cross-correlating the in-plane and out-
of-plane components. Sels et al. (2019) developed a handheld mono-head prototype to measure
full-field vibration. They proposed a new image-matching based method to estimate efficiently the
position of the LDV with respect to the target object.
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I.1.2 Precision of the Laser Doppler Vibrometer
An OFV-505 single-point sensor (Polytec, 2013b) from Polytec®, accompanied by a OFV-5000
vibrometer controller and an extra DD-300 decoder (Polytec, 2013a), which allows us to retrieve
directly vibration displacements, is frequently used all along the experimentation work of this PhD
project.

The wavelength of the LDV laser beam is 633 nm (visible red). It allows for auto-focus and
the maximum standoff distance (Fig. I.2) could reach 300 m in case of adding an OFV-SLR (super
long range) front lens. The typical spot size depends on the laser-target distance and the focus
state. This spot size is generally less than 50 µm in our experiments since the standoff distance is
never far from 100 mm and the LDV laser beam is systematically well focused.

Another essential LDV characteristic is the visibility maxima, contrary to the visibility minima,
which corresponds to certain standoff distances where the LDV visibility declines as illustrated in
Fig. I.2. The minimum visibility distances should be avoided during experimentation.

The standoff distance is defined as the distance between the front of the focusing ring (the
back of the front lens, Fig. I.2) and the target object. According to the instrument supplier, the
visibility minima positions can be expressed as follows:

Positions of visibility minima = 336mm + n× lmm
n = 0, 1, 2, · · ·

l = 204mm ± 1mm
(I.1)

However, this formula does not give the visibility minima position below 336 mm, while our
LDV front lens stays at about 100 mm from the target for most of the measurements. Hence, we
quantified the laser sensitivity at small standoff distances to make sure that the measurement does
not drop into the visibility minima.

Two experimental setups were used to calibrate the LDV: the first one applying a laser ablation
source (see Chapter II) on a 10 mm thick aluminum plate, with four different output power levels
and three standoff distances for each of them; the second one measuring directly on an Olympus®
C548 transducer (ϕ = 10 mm, fc = 1 MHz), with 21 different standoff distances. The measurements
were repeated ten times in the first configuration and two times for the second one. Reflective bands
(Sokołowski et al., 2016; Hasanian & Lissenden, 2017) were attached on the measured points in
order to reach optimal laser reflection level, independent to the surface status. Fourier frequency
analyses on raw signals showed that the random noises registered by the LDV constitutes the high
frequency band, namely above 3 MHz, thus the noises were extracted by high-pass filtering the
raw signal.

Fig. I.3 displays the statistics of the signal amplitude (Root-Mean-Square) level. Fig. I.3 a),
b), c) and d) are obtained from a pulsed-laser source while Fig. I.3 e) on a PZT source. The high
frequency noises are filtered from the raw signal to retrieve the signal of interest. The RMS values
indicate nanometer-scale displacements measured on the surface of the aluminum plate. In terms
of pulsed-laser source output energy, FLQS150 >FLQS100 >FLQS150 >FLQS200. Measurements
are much less reproducible at instrumental visibility minima, with bigger standard deviations and
uncertainties. The trend in the shorter standoff distances is not clear, even though the amplitude
uncertainties are generally small in this range.

Fig. I.4 displays the results of the similar analyses on the noises. According to Fig. I.4 a),
b), c) and d), there is no evidence showing a clear correlation between the noise RMS level and
the pulsed-laser source output energy. Most of the RMS values drop into the [0.078 nm, 0.095
nm] interval. None of the three standoff distances is systematically more unfavorable than the
others if we focus on the highest RMS values for each energy level. Fig. I.4 e) shows the statistics
of the similar measurements on a transducer for a large range of standoff distances. Most of

1“FLQS” is an internal parameter of the laser generator for power level set-up. See more in II.3.
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I.2 Ultrasonic seismic source choices
Two types of seismic source are used in the experimental work: the piezoelectric transducer and the
pulsed-laser. Details of the transducer, especially the waveform will be illustrated in the following
section. We will explain the motivation of exploring the pulsed-laser as a different seismic source
through an illustrative comparison with the transducer source.

I.2.1 Piezoelectric source
Piezoelectric Transducers (PZT) are widely used in numerous industrial projects as well as aca-
demic researches. The first application field of PZT is doubtlessly Non-Destructive Testing (NDT)
(Bradfield, 1970; Silk, 1984; Tanasoiu et al., 2002; Lu et al., 2006; Kim & Sohn, 2007; Sohn &
Kim, 2009). Commercial piezoelectric transducers are mainly designed for the NDT community.
It is quite straightforward to use PZT in laboratory-scale geophysics exploration since the trans-
ducers can be likened to vibration trucks in field seismic exploration. Laboratory-scale geophysics
studies featuring PZT as the vibration source and LDV as the receiver emerged in the late 1990s
(Nishizawa et al., 1997; Van Wijk et al., 2004; Grêt et al., 2006; Bodet et al., 2014; Bergamo et al.,
2014; Valensi et al., 2015; Shragge et al., 2015; Yoshimitsu et al., 2016). PZT sources are privileged
in these studies thanks to the availability and simplicity of transducers.

Transducers of a wide range of diameters and frequencies are available in the laboratory. The
C548-SM PZT is the most used one in the experiments due to its small effective diameter (10
mm) and high frequency (1 MHz). Another V1012 PZT with an effective diameter of 38 mm
and dominant frequency of 0.25 MHz has been occasionally used. Both of them are longitudinal
piezoelectric transducers.

The signal is generated by a Keysight® waveform generator. The most used generator output
is a comb featuring sinusoidal pulses. The generator output is enhanced by a Falcon System®×25
amplifier. The initial amplitude of the waveform is 6 V then 150 V after amplification. Afterwards,
the comb output is sent to stimulate the transducer whose response is close to a Ricker wavelet (see
Fig. I.13 b) for more details). The waveform generator allows to choose output frequencies and
amplitudes, however, each transducer has its optimal frequency under which it gives the strongest
amplitude, therefore, the frequency parameter is set to be 1 MHz in the generator, which is the
standard central frequency of C548 PZT.

We have verified that the impulsive response of the C548 PZT on its whole surface is quite ho-
mogeneous, except at the transducer center. Fig. I.6a shows the 11 signals (the normal component)
measured directly along the diameter of C548 PZT and Fig. I.6b gives the Fourier spectra. The
response of the C548 transducer is similar to a Ricker wavelet. It is obvious that the first arrivals
are fairly simultaneous except the slightly delayed middle arrival. The frequency content is quite
stable (fc ≈ 0.9 MHz), except the lower frequency for the middle trace.

Yoshimitsu et al. (2016) reported on the wave propagation in a cylinder medium, highlighting
the geometric effects on the wavefield: different to the flat surface of a common cubic medium, the
cylinder’s curved surface constitutes a particular boundary that leads to a large number of multiples.
It is also worth mentioning that sticking correctly a PZT onto the surface of a cylinder can be tricky,
even harder to guarantee the stability of the PZT on the surface as well as the constant coupling.
Another limit of the PZT sources lays in the measurement uncertainty induced by the relative
size effect of the source (Dellinger & Vernik, 1994), especially when Rayleigh waves, particularly
sensitive to the source size and location, are of interest. In terms of numerical modeling, a PZT
may not be always simplified to a point-source, adding some difficulties to the source representation
when accurate wave propagation simulations are expected.

Fig. I.7 illustrates some of the differences between a point-source and an extended-source: the
impact on the First Arrival Travel-time (FAT) and First Arrival Amplitude (FAA). Fig. I.7 a)
shows the “single rays” linking the point source (laser ablation) and the point receiver (LDV).
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I.3 Numerical simulation by advanced Finite Element methods
Solving wave equations by numerical methods have attracted geophysicists’ attention for decades.
Virieux (1984, 1986) developed Finite Difference (FD) schemes for SH and P-SV wave propaga-
tion. Hustedt et al. (2004) proposed a 2D FD scheme, featuring a mixed-grid stencil, to solve the
generalized 2D acoustic wave propagation in the frequency domain. The separation of the SH and
P-SV from the full wave-field according to their polarization is a good compromise between a pure
3D modeling and an effort-saving numerical calculation. Operto et al. (2007) extended the acoustic
formulation of Hustedt et al. (2004) into a 3D FD scheme with Perfectly Matched Layers (PML). A
3D FD scheme featuring PML can also be considered as a visco-acoustic formulation. Operto et al.
(2009) also proposed a 2D FD scheme considering a Tilted Transversely Isotropic (TTI) medium in
the visco-acoustic regime. The FD scheme is a decent compromise between efficiency and accuracy
if the topology is simple. Otherwise the Finite Element Method (FEM) or the Spectral Element
Method (SEM) (Komatitsch & Vilotte, 1998) should be recommended. FEM with unstructured
mesh, which is the most classical one, will lead to implicit scheme and effort-consuming matrix in-
version. SEM can be an alternative to fix this issue by constructing diagonal mass matrix through
Gauss-Lobato-Legendre integration, however, SEM involves quadrilaterals or hexahedrons which
are not always convenient to achieve nor to manage. Nowadays the Discontinuous Galerkin method
(DGm) becomes more and more popular because it will naturally engender block-diagonal mass
matrix. A comprehensive review on all these numerical methods can be found in the article of
Virieux et al. (2011).

FEM featuring DGm is used to solve wave equations under the present PhD project. The
Inria project-team Magique3D developed an open-source Fortran program, named Hou10ni, to
calculate accurately acoustic and elastic wave propagation in complex media with various options.
It deals with both stationary (Helmholtz) and transient problems in 2D and 3D domains. Besides
traditional Neumann and Dirichlet boundary conditions, an absorbing boundary condition (ABC)
is also implemented in order to limit the unbounded simulation domain when appropriate.

I.3.1 IPDG method and hp-adaptivity
Our open-source program is featured with the application of the Interior Penalty Discontinuous
Galerkin method (IPDGm). Barucq et al. (2014) described the numerical computation abilities of
Hou10ni in the frequency domain. The problem was posed in the elastodynamic regime, featuring
a fluid-solid interaction. The fluid-embedded-solid model is of particular interest when it comes
to demonstrate the performance of Hou10ni in handling with solid obstacle scattering, the ABC
on the infinite fluid domain and the fluid-solid transmission conditions. The IPDGm is used to
solve the boundary value problem (BVP) which describes explicitly the high frequency plane wave
propagation in such an elasto-acoustic scattering regime. Barucq et al. (2014) highlighted the low
L2-relative errors yielded by the IPDGm combined with curved fluid-solid element boundaries,
without increasing dramatically the number of elements per wavelength. The penalty terms are
introduced to the Discontinuous Galerkin variational formulations in order to assure the stability
of the numerical scheme, which gives rise to the IPDGm (Riviere, 2008).

The Discontinuous Galerkin method (DGm) was originally introduced by Reed & Hill (1973) to
solve neutron transport equations for nuclear power plant design. Reed & Hill (1973) emphasized
that, even though the superiority of the discontinuous method over the continuous method was not
absolute in terms of accuracy, the DGm was generally more stable than the continuous method.
Reed & Hill (1973) demonstrated that the discontinuous method was more accurate than the
continuous one when it came to solve flux transport problems in highly heterogeneous media, where
a continuous representation of the flux led to oscillatory artifacts. The DGm implies discontinuous
basis functions. Nodes on vertices are independent instead of being shared among neighboring
elements.
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Eq. (I.6) is thus the PDE for the first-order ABC of the semi-infinite wave propagation problem.

Note that this first-order approximation is valid with the condition that the
ck

ω
values are small,

which implies small incident angle on the artificial vertical boundary.
Applying an inverse Fourier Transform on Eq.(I.6), the following first-order ABC approximation

can be found in the time domain:

c
∂u
∂x

(t, 0, y) +
∂u
∂t

(t, 0, y) = 0. (I.7)

The x can be replaced by n, the normal vector, in a general case where the absorbing boundary
is not vertical. Eq. (I.7) can be easily verified in a 1D case, which can be actually regarded as a
one-way wave equation along a half line.

Higher order Taylor expansion of (I.5) will be necessary for better absorption of highly oblique
waves with respect to the artificial boundary. In general, the Taylor expansion of the square root
term in (I.5) at point 0 can be written as follows:

√
1−

c2k2

ω2
=

∞∑

n=0

(2n)!

(1− 2n)(n!)2(4n)

(ck
ω

)2n
. (I.8)

Hence, Eq.(I.6) could be refined by taking more terms in (I.8). However, Engquist & Ma-
jda (1977) have observed, using the normal mode analysis developed in “Initial boundary value
problems for hyperbolic systems” by Kreiss (1970), that the wave propagation problem featuring
ABC is not well-posed in case that higher-order forms of Eq. (I.7), yielded by the inverse Fourier
Transform on Eq. (I.6), is used to describe the boundary. As a result, Engquist & Majda (1977);
Higdon (1986); Nataf (2013) proposed to use Padé approximations:

√
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c2k2

ω2
≈

1−
3

4

(ck
ω

)2

1−
1

4

(ck
ω

)2
, (I.9)

which is a second-order approximation of (I.8).
The first-order ABC expressed as Eq. (I.6) (frequency domain) or Eq. (I.7) (time domain) is

frequently used in numerical simulations. Barucq et al. (2014) applied it to the fluid-embedded-
solid model in the frequency domain. Baldassari et al. (2011) used it in the time domain to simulate
the acoustic wave propagation in a partially unbounded geological model.

In case of plane wave propagation, Nataf (2013) demonstrated that the first-order ABC yields
reflection coefficients under 10−2 while the incident angle is less than 11.45◦, and this small angle
threshold is 35◦ when the second-order ABC is applied. Waves with higher incident angles will not
be sufficiently absorbed by the limited-order ABC. Another weakness of the above ABC lays in
the straight line/flat surface hypothesis on the boundary, which is not valid for curved boundaries.
Even though curved boundaries can be approximated by collections of sufficiently small straight/
flat segments within the FEM, it can be tough to assure matching conditions (Barucq et al., 2012)
between neighbor segments.

Another way to design absorbing boundaries is the Perfectly Matched Layers (PML). Bérenger
et al. (1994) first introduced the PML for electromagnetic wave absorption. The idea sees rapidly
its applicability in tackling mechanic wave absorption due to the generality of wave equations.
A Perfectly Matched Layer will allow the waves from the neighbor layer to cross their border
without reflection and dampen them inside itself. Mathematically, dissipative terms will be added
to the wave equation (Zhang & Ballmann, 1997), like in visco-elasticity. Zhang & Ballmann (1997);
Operto et al. (2002); Bécache et al. (2003); Hustedt et al. (2004); Ma & Liu (2006); Operto et al.
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(2007); Basu (2009); Operto et al. (2009); Mi et al. (2015) reported forward modeling results
of wave propagation in different contexts, from time domain to wavelet or frequency domain,
from homogeneous and isotropic media to heterogeneous and anisotropic ones. PML has been
widely used in wave propagation modelings, under both FD schemes (Zhang & Ballmann, 1997;
Operto et al., 2002; Hustedt et al., 2004; Operto et al., 2007, 2009) and FEM schemes (Bécache
et al., 2003; Ma & Liu, 2006; Basu, 2009). However, the stability analyses performed by Bécache
et al. (2003) demonstrate that PML could cause severe instability in the anisotropic-elastodynamic
regime, depending on the relation among the elastic coefficients cij . The concept of PML can not
handle properly an anisotropic case where group velocities do not share the same sign (direction)
as the corresponding phase velocities. In addition, PML might lead to long-time (high-frequency)
instabilities characterized by spurious arrivals under SEM or DG schemes (Dosopoulos & Lee, 2010;
Xie et al., 2014; Garai et al., 2016; Duru et al., 2019) in the broader sens of the term.

The first-order ABCs are applied when necessary in the simulations performed under this PhD
framework for the sake of long-time stability within the IPDGm.

I.3.3 Wave equations with boundary conditions in Hou10ni
The DGm introduces discontinuous basis functions instead of continuous ones in classical finite
element methods. One of the advantages consists in yielding more regular matrices which are easier
to be inverted thanks to the discontinuous functions. Another advantage lays in the flexibility on
mesh refinements: the p-refinement, coarse mesh rebalance, hybrid time-stepping, h-refinement
as well as the hp-refinement are all more compatible with the DGm. IPDGm involves special
considerations on flux management on interfaces between elements.

The equation that we solve in general is:




ρ
∂2u
∂t2

− div(Cε(u)) = 0 in Ω× I,

σ · n = Cε(u) · n = S0(t)δx0
n on ΓN ,

σ · n = B

(
∂u
∂t

)
on Γabs,

u(x, 0) = 0 in Ω,

∂u
∂t

(x, 0) = 0 in Ω,

with σ = Cε(u) = C∇u.

(I.10)

(I.11)

(I.12)

(I.13)

(I.14)

(I.15)

u is the displacement, and ρ is the media density, σ is the constraint tensor, thus div(σ) signifies
the origin of the constraint field, namely the force per unit volume which is equal to ρa where a is
the acceleration according to Newton’s Second Law. Ω is the space domain of the medium which
will be discretized into an element collection Th whose associated finite element space is

V h =
{
v ∈ L2(Ω)d |v|K ∈ Pp(K), ∀K ∈ Th

}
,

where d denotes the dimension of the problem and Pp(K) the polynomials of degree p on element
K. I is the time domain, with the Neumann boundary ΓN . S0(t) is an experimentally measured
source vector applied at position x0, δx0

is the Dirac distribution. C is the fourth order stiffness
tensor which transforms deformation tensor to constraint tensor. In addition, the set of interfaces
between elements will be denoted as Γ0. The operator B defines the absorbing boundary condition
used to model an infinite domain. We use here the first order absorbing boundary condition
proposed by Boillot (2014), designed for isotropic and anisotropic media.
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We will search solutions on each element K of Th in Ω× I in the following form:

uh|K
(t, x) =

NK
dof∑

i=1

uK
i (t) · φK

i (x), i = 1 · · ·NK
dof .

(I.16)

NK
dof is the number of degrees of freedom on each element, which corresponds to the number

of basis functions, φK
i , on element K. It depends on the element if we take advantage of the

p-adaptivity property. Let us multiply both sides of Eq.(I.10) by a test function vh in order to
search for the solution in V h, thus:

ρ
∂2u
∂t2

vh − div(Cε(u))vh = 0 (I.17)

If we integrate equation (I.17) on each element K, approximate u by uh ∈ V h, then sum them
up on all the elements (Baldassari, 2009), we have:

∂2

∂t2

∑

K∈Th

∫

K

ρuhvh + ah(uh, vh)−

∫

ΓN

vhCϵuh · n −

∫

Γabs

vhCϵuh · n = 0 (I.18)

The third term in Eq. (I.18) contains the source term as shown in (I.11). The fourth term is
replaced by the absorbing boundary condition. The second term treats the flux between element
interfaces under the DG framework and is defined on V h × V h as follows :

ah(uh, vh) =
∑

K∈Th

∫

K

C∇uh∇vh −

∫

Γ0

JuhK · {{∇vh}} −

∫

Γ0

JvhK · {{∇uh}}+

∫

Γ0

γJuhKJvhK (I.19)

where J·K and {{·}} calculate respectively the flux jump and flux average on the element in-
terfaces; γ is the Interior Penalization function which is dependent on meshing and polynomial
degrees among others (Baldassari, 2009).

Delaunay triangulation will be used to create Th. Lagrangian polynomials constitute the basis
functions φK on each element. After the vector field projection of uh on the basis function, (I.18)
can be written as the following linear system for each element:

MK ∂
2uK

∂t2
+ BK ∂uK

∂t
−KKuK +

∑

L∈Neigh(K)

KK,LuL = FKS0(t) ∀t ∈ [0,+∞) (I.20)

Here, Neigh(K) denotes the set of the neighbors of K (two elements are neighbors if they share a
face (resp. an edge) in 3D (resp. 2D). Moreover,

MK
i,j =

∫

K

ρφK
i · φK

j dx, KK
j,i = ah(φ

K
i , φ

K
j ), and KK,L

j,i = ah(φ
L
i , φ

K
j )

FK
i =

∫

ΣK

φK
i δx0

x = φK
i (x0)

(I.21)

The matrix BK is the matrix associated to the absorbing boundary condition. It is zero every-
where, except for the element on the concerned external boundary. We do not give its expression
here and we refer the reader to (Boillot, 2014) for more details.

The whole matrix M can be conveniently assembled from the MK for each element thanks
to the discontinuous meshing. Therefore, M is a diagonal matrix constituted of MK blocks from
every single element; which we can invert easily:

∂2uK

∂t2
+MK−1

BK ∂uK

∂t
−MK−1

KKuK +
∑

L∈Neigh(K)

MK−1
KK,LuL = MK−1

FKS0(t)

for ∀t ∈ [0,+∞)

(I.22)
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the boundary, therefore:

M1 =




∫
φ0φ0

∫
φ0φ1 0 0 0 0 · · ·∫

φ1φ0

∫
φ1φ1

∫
φ1φ2 0 0 0 · · ·

0
∫
φ2φ1

∫
φ2φ2

∫
φ2φ3 0 0 · · ·

0 0
∫
φ3φ2

∫
φ3φ3

∫
φ3φ4 0 · · ·

0 0 0
∫
φ4φ3

∫
φ4φ4

∫
φ4φ5 · · ·

...
...

...
...

...
...

∫
φNφN




(N+1)×(N+1)

(I.25)

Nevertheless, if we use the discontinuous scheme we will have (M2i,2i ̸= 0 and M2i,2i+1 ̸= 0) or
(M2i+1,2i ̸= 0 and M2i+1,2i+1 ̸= 0), which leads to square elements in matrix M , thus:

M2 =




∫
φ0φ0

∫
φ0φ1 0 0 0 · · · 0 0∫

φ1φ0

∫
φ1φ1 0 0 0 · · · 0 0

0 0
∫
φ2φ2

∫
φ2φ3 0 · · · 0 0

0 0
∫
φ3φ2

∫
φ3φ3 0 · · · 0 0

0 0 0 0
. . . . . . ...

...
...

...
...

... . . . . . . ...
...

0 0 0 0 0 · · ·
∫
φ2N−2φ2N−2

∫
φ2N−2φ2N−1

0 0 0 0 0 · · ·
∫
φ2N−2φ2N−1

∫
φ2N−1φ2N−1




2N×2N

(I.26)

Matrix M2 (I.26) is evidently much effort-saving to be inverted than M1 (I.25), even though
M2 is bigger.

I.3.4 Implementation of Hou10ni in a data-production context
I have installed the Hou10ni HPC code on the Plafrim cluster of Inria. One of the main package
needed for a successful installation is Metis (Karypis & Kumar, 1998), which is used for partionning
the mesh on the all the processors. The Hou10ni code uses MPI to parallelize tasks. After meshing
with TetGen (Si, 2015) for a 3D model or Triangle (Shewchuk, 2002) for a 2D model, the finite
element mesh will be sent to a series of processors. Solutions will be written by each concerned
processor and the output is readable by Paraview (Ayachit, 2015). The code was validated for
classical configurations but it had never been used in our particular framework. Therefore, we had
to implement new functionalities, such as the surfacic sources and to test functionalities that had
been seldom used before, such as the “multi-right hand side” feature, which allows for running the
code once with many sources. In such a case, we consider the right hand side as a matrix, where
each column of the matrix is associated to one source. Similarly, the solution is no longer a vector
but a matrix and each column of the matrix is the solution associated to one source. Moreover,
since the current objective is data production which is both time and memory consuming, we added
a resume functionality allowing users to restart a job from a latest checkpoint.

This resume functionality is essential for long-duration and memory-consuming simulations. For
instance, in a HF (megahertz) context, a parallelized calculation on a 3D model featuring 2 million
elements dispatched onto ∼ 300 processors might take one week in total, nevertheless, the cluster
will not permit users to occupy 300 processors continuously for an entire week. Consequently, we
have to execute successive but shorter jobs connected by checkpoints.

Bash programs are created to monitor the execution and pilot the resume of jobs in an automatic
way. Besides, the input configurations are rearranged and can be conveniently read by the main
bash program, which will pass inputs to the Hou10ni executives. This implementation allows us
to perform long-lasting computations for data production, from days to weeks, even months, as
long as the processors have enough memory to read the mesh. The only “drawback” of the current
resume functionality is a possible huge size of checkpoints, especially in 3D simulations featuring a
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very large amount of degree of freedoms, which could slow down the computation due to frequent
file reading and writing if numerous resumes are needed to accomplish the whole job. In the worst
scenario, a general memory deficiency could occur, but this could be prevented by choosing a
sufficiently high number of processors.

Because of all these new functionalities, the version I used was a alpha version and I had to
devote an effort to the debugging in order to obtain an efficient code.
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source direction control (not shown here). An extra alignment is necessary when working with the
cylindrical system: the rotational axis of the LDV must coincide with that of the cylinder sample.

More details on the instrument type, brand, specifications and so on can be read on Fig. I.13.

I.4.2 On parallelepiped samples
We started with performing experimentation on aluminum plates due to their straightforward
geometry and well-known physical properties. We designed a simple but efficient experimental
setup to grasp the LDV application on seismic acquisition. I have been the first user to test and
explore our experimental prototypes featuring the LDV.

I.4.2.1 Experiment setup

Fig. I.14 depicts a typical experiment setup. Since the aluminum cube (280 mm×280 mm×280
mm in this example, Vp = 6300 m/s, Vs = 3100 m/s) is symmetric and the C548 PZT source is
expected to be on the middle point of the front face, only the opposed face, one side face and half
of the front face are investigated. The first investigations are merely along horizontal lines at the
middle of the three faces and only the normal components (regarding the concerned surface) are
measured, making it a laboratory-scale 2D seismic exploration. However, reflections from the top
and the bottom faces are also registered due to 3D propagation of waves.

I.4.2.2 Analytical analysis

The asymptotic solution of elastic wave equation (I.10) is sufficient to give us a first insight on the
wave propagation. Assuming that the wave frequency tends to infinity, one can obtain the Eikonal
Equation based on the geometric ray theory. The steady state Eikonal Equation derived from the
wave equation can be written as follows:

∇T (x) = s⃗, (I.27)

where s⃗ is the local slowness vector (Vidale, 1988). Eq.(I.27) means that the gradient of the wave
arrival time at a given location is equal to the local slowness. The wave propagates in the direction
of the arrival time gradient. The common arrival times constitute the wavefront and the rays are
perpendicular to the wavefront. s⃗ depends on the wave propagation velocity c and the propagation

direction, however, the L2 norm of s⃗ equals
1

c
, thus Eq.(I.27) also writes:

||∇T (x)|| =
1

c
. (I.28)

Eq.(I.28) is a first-order nonlinear equation (Fatemi et al., 1995). It belongs to the Hamilton-
Jacobi equation (Crandall & Lions, 1983; Barles, 1994; Fatemi et al., 1995; Abgrall & Benamou,
1999; Le Bouteiller, 2018). Crandall & Lions (1983); Crandall et al. (1984) introduced the viscosity
solutions to the Hamilton-Jacobi equation. Vidale (1988, 1990); Fatemi et al. (1995); Abgrall &
Benamou (1999) solved the Eikonal equation with FD/FE upwind schemes. Fatemi et al. (1995)
proposed a numerical scheme which took into account the reflective boundaries. Le Bouteiller
(2018) dedicated an integral PhD thesis to solving the Eikonal equation. A FE scheme featuring
the DGm is proposed by Le Bouteiller (2018).

These numerical methods can be of great use when the ray tracing in complicated geometries
needs to be done. The geometry of the aluminum sample shown in Fig. I.14 is quite simple, thus we
can simply calculate the wave arrival times according to Snell’s law for reflections. Thanks to the
regular cubic form of the aluminum sample, we can further simplify the calculation by analogizing
each reflecting surface into a mirror (Shen, 2016). Given the source position on a 2D cube slice,
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Figure I.16: 2D analytical arrival times vs experimental measurements. Most of the wave events
without conversion are decently identified through analytical calculations. Some basic conversion
events such as the PS, SP and head waves are also spotted, as well as the Rayleigh waves, except
those originated from the 3D effect.

I.4.2.3 Comparison with experimental seismograms

Fig. I.16 displays the seismograms measured along the three lines on the boundary of the middle
section. The colored lines correspond to analytical arrival times calculated with the diagram
described in Fig. I.15. It is obvious that the analytical results match well with the experimental
seismic events, except for the arrivals originated from the out-of-plane (3D) reflections. This result
confirms that our orthogonal platform, combined with the LDV sensor, allows to measure correctly
and precisely the seismic events produced in a reduced laboratory scale.

I.4.2.4 Simulation-assisted calibration

A numerical simulation was performed in parallel with a 2D model according to the experimental
configuration shown in Fig. I.14. The velocity model and the geometries were considered to be
well-known. Receivers were modeled by points since the spot size of the focused LDV beam was
small enough. The only difficulty lies in the representation of the PZT source whose diameter
(ϕ=10mm) is not negligible compared to the domain dimensions. In practice, the PZT surface
was reduced to a line (l=ϕ) for the 2D simulations, the three line sources were then respectively
discretized into 11 secondary point-sources with 1 mm intervals. The same time-dependent Ricker
wavelet was applied on each of the 11 points along the source line. Thanks to Hou10ni’s “multi-
right hand side” feature allowing multi-source simulations, this simulation involving 11×3 sources
has been efficiently performed and the wavefield for each source group is automatically summed
up by Hou10ni. Fig. I.17 displays the 2D numerical result overlapped by the analytical arrivals
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Figure I.17: 2D analytical arrival times vs 2D numerical simulation. Similar to Fig. I.16, most
of the wave events except some higher-order conversions are decently identified through analytical
calculations. It is obvious that the 3D-related events in Fig. I.16 disappeared in this 2D simulation.
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for the parallelepiped model. The two results are in good agreement in terms of arrival times of
wave events, despite some higher-order conversions concentrating on the second half seismogram.
Diffraction on corners is also omitted by the analytical formulation. The 3D effects observed in
Fig. I.16 are evidently absent in this 2D simulation result.

I.4.3 On cylindrical samples
Since the main objective of this PhD project focuses on studying the wave propagation at core
scales, it is evident to perform similar calibrations in cylindrical objects after the experimentation
on simple aluminum plates. Similarly, the experimental setup is quite simple but sufficient for
experimental prototype test and calibration.

I.4.3.1 Experiment setup

The experimental configuration sketched in Fig. I.12 b) was employed to measure the displacements
generated by the C548 PZT source on the surface of the aluminum cylinder (ϕ=107 mm). 106
receiver points are uniformly distributed over a range of 210◦, from 75◦ to 285◦ with respect to
the center of the PZT source. The angle between two neighbor receivers is thus 2◦. An simplified
top view of the configuration is illustrated in Fig. I.18 a1). Only the normal component of the
displacement is measured by the single-head LDV.

I.4.3.2 Analytical analysis

The analytical First-Arrival Travel-times (FAT) could be calculated by solving Eq.(I.28) with the
reflective boundary conditions (Fatemi et al., 1995; Le Bouteiller, 2018) with FD/FE methods in
a heterogeneous medium. These FD/FE scheme solves generally only the FAT whereas we need
the analytical travel-times of the reflected arrivals as well. Consequently, reminding the analytical
calculations for the homogeneous cubic sample illustrated in Fig. I.15, it is still possible to analogize
the circular reflective boundary into a mirror even though the extension of the circular domain to
the whole 2D space is complex. It is fairly convenient to calculate the first-order images of the
source, which can help to simplify arrival time estimations of the first-order reflections. Thanks
to the circular shape of the cylinder section, the seismogram should be systematically symmetric.
We will show some geometrical relations (see Fig. I.18) below that will facilitate the analytical
calculation:

ϕ1 =
π − θ1

2
,

sinϕ2
sinϕ1

=
V2

V1
, θ2 = 2π − 2(ϕ1 + ϕ2). (I.30)

θ1 is the polar angle of the reflecting point (small grey triangles on the boundary of the core in
Fig. I.18) with respect to the point-source (red star in Fig. I.18); ϕ1 is the angle of incidence of the
ray coming from the source; ϕ2 is the angle of reflection of the reflected ray; θ2 is the polar angle
of the receiving point (magenta triangles in Fig. I.18); V1 is the velocity associated to the incident
ray while V2 is associated to the reflected ray. Once V1, V2, the source position, θ1 (reflecting
point) are determined, θ2 (receiving point) can be found in turn, hence, the ray trajectory can be
reconstructed by connecting the source, the reflecting point and the receiving point. This procedure
can be applied recursively by recycling the precedent receiving point as the next source in order
to calculate further arrivals with higher reflection orders. Practically, I implemented numerically
this recursive procedure with Python: the Python dictionary type allows to arrange and call the
information of different reflection modes by their “string names” (such as t[“PPSSP”]) composed
of only “P” and “S”, which proves to be fairy natural and facilitates considerably the recycling
of the precedent values for the computation of the next mode, for example, in the event that the
travel time of the “PPSSP” mode is to be calculated, the algorithm will simply drop the last “P” in
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“PPSSP” and call the useful information of the “PPSS” mode, which is a priori calculated already,
before applying (I.30) on the “PPSSP” mode.

Fig. I.18 illustrates: a) direct rays; b) reflected rays without conversion; c) reflected rays with
fast waves converting to slow ones; d) reflected rays with slow waves converting to rapid ones. Due
to the symmetry of the problem, the first-order reflecting points are uniformly distributed on the
semicircle as an initial condition. The position of the receiving point depends on the reflection
mode. If we neglect the Rayleigh waves, the evanescent waves as well as the associated reflections,
the full reflection modes can be represented as binary sequences with only two distinct terms: P
and S. Reflections of order i+1 originate from those of order i reflecting to another P or converting
to another S.

It is thus convenient to program the analytical arrival time calculation of the full modes based
on (I.30) and the binary sequence representation of the reflection modes.

I.4.3.3 Comparison with experimental seismogram

We superposed the analytical results with the experimental ones in Fig. I.19 a). The main arrivals
are well predicted by the analytical calculation, including the Rayleigh wave, the direct (first order)
P1 and S1 waves, the reflected (second order) P2 and S2 waves, the P1S1 wave converted from the
direct P1 wave as well as the S1P1 wave. Other higher-order events (P(S)3, · · · , P(S)7 and other
modes involving conversions) are also identified through comparison with the analytical arrivals in
Fig. I.19 b) and c). Some of the unidentified arrivals are evidently due to 3D reflections from the
upper and lower flat surfaces of the cylinder.

The P1S1 and S1P1 arrivals coincide with each other in terms of arrival times where the angle
of incidence is inferior to the critical angle, which is definitely a normal phenomenon because a
circle has an infinity of symmetry axes and the wave propagation is reciprocal. As a result, it
is impossible to separate these two arrivals in seismogram. It is worth noticing that the P1S1
arrival is tangential to the direct S1 arrival around the flanks of the S1 hyperbole, indicating mixed
amplitudes measured at corresponding azimuths. Similarly, the P2 (S2) arrival is tangential to
the P1 (S1) hyperbole on shorter arrival times. These should be taken into account in eventual
amplitude analyses.

Fig. I.19 b) highlights the third-order reflections. P3 (S3) and P2 (S2) arrivals are quite close
to each other at certain angles. P2S, PSP and SP2 arrive at the same time, as well as the case
of PS2, SPS and S2P, which are predictable results according to the symmetry of the medium.
Some arrivals of superior reflection-orders (>3) are available in Fig. I.19 c). These higher order
reflections remain clearly visible even though they are in the vicinity of the diffuse equipartitioned
regime (Malcolm et al., 2004), in which the wavefield seems to stabilize and remain stronger than
the ambient noise.

The offset of the symmetric axis of the the analytical FAT from that of the seismogram is much
smaller than one receiver sampling interval, namely < 1◦, giving a general idea of the angular
precision of the cylindrical platform. In addition, the high order analytical predictions match well
with the experimental measurements, which confirms further the experimental precision since the
high order reflections are more sensitive to geometric errors.

I.4.3.4 Simulation-assisted calibrations

Similar to the parallelepiped case, numerical simulations were also run with the 2D model depicted
in Fig. I.18 a1). The velocity model and the geometries were well-known. Receivers were modeled
by points. The modeling of the PZT source is similar to that for the parallelepiped case: it is firstly
reduced to a 1 cm long line source, then discretized into 11 secondary point-sources featuring the
same time-dependant Ricker wavelet for each of them. Due to the imperfect local contact between
the PZT’s flat surface and the core’s curved surface, it is intuitive to apply different weights on
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Figure I.19: 2D analytical arrival times vs experimental measurements. Wave events of different
reflection-orders are nicely identified by analytical calculations.
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secondary sources. As a result, the final seismogram (Fig. I.21) was obtained by summing up the
seismogram yielded by each secondary source (point-source, Fig. I.20) weighted with an empirical
coefficient estimated from a Gaussian distribution.

Similar comparisons were done in the aluminum cylinder sample described in section I.4.3. The
seismogram and the analytical arrivals are shown in Fig. I.20 for the case of a point-source and
Fig. I.21 for the linear string of sources made up of the C548 PZT. The first and second order
arrivals are highlighted in Fig. I.20 a) and Fig. I.21 a), along with the Rayleigh waves. All
the third order waves are available in Fig. I.20 b) and Fig. I.21 b). Fig. I.20 c) and Fig. I.21 c)
demonstrate the other high-order arrivals. Almost all the events of this 2D simulation are identified
by the analytical method, which confirms in turn the 3D characteristic of some unidentified events
in Fig. I.19.

The Rayleigh waves in Fig. I.20 are much stronger in terms of amplitude than those in Fig. I.
21, which is one of the most important differences between a point-source and an extended-source.
As is explained in Fig. I.7, the differences can also express in terms of wave arrival times and
amplitudes. As a result, the physical representation of the source should be carefully considered
even if only the FAT and/or FAA are explored. After all, the more we downscale, the more it
is worth seeking a point-like source for both practical and theoretical reasons. At the core scale,
either the extended PZT source or the point-like laser source can be applied according to needs
and limitations. A PZT source is easy to manipulate but difficult to model, hence, the precision of
tomography or other analysis results will be considerably limited. On the contrary, it can be quite
tricky to handle with a point-like laser source even if it is highly controllable, however, the modelling
is much easier and higher precision of analysis results such as tomography can be expected.

2D simulations are generally enough to calculate the in-plane arrival times, which are compa-
rable with experimental measurements. Nevertheless, even if the experimental data are obtained
under an in-plane 2D configuration, the observed wave amplitudes should obey the geometric
expansion as well as the intrinsic attenuation from the medium, which are subject to 3D laws.
Consequently, it makes little sense to compare experimental amplitudes with those of a 2D sim-
ulation if no appropriate correction on amplitudes is done upon simulated data. Likewise, the
measurement of the out-of-plane components is necessary to thoroughly comprehend the behavior
of wave propagation in a 3D circumstance, especially in case of exploring amplitudes for studies
on quality factor (intrinsic attenuation) and anisotropy for example.
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Figure I.20: 2D analytical arrival times vs 2D numerical simulation under a point-source on the
cylinder.
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Figure I.21: 2D analytical arrival times vs 2D numerical simulation under a string of sources on
the cylinder
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I.5 Multi-dimensional data measured by full-field 3D SLDV
We had the opportunity to acquire multi-component data thanks to the collaboration of Poly-
tec GmbH, whose full-field 3D SLDV measures the velocity vector of vibration on the surface of
the target. The 3D SLDV consists of three synchronized scanning LDVs, each of them measuring a
distinguished component. The full velocity vector is thus reconstructed from the three components
at different angles. We are among the first to have achieved complete multi-component datasets
at the present scale. We will focus on the data processing such as geometry corrections and signal
filtering, the latest development of multi-component measurements in the geophysical community
and some analyses on the polarization of waves on free surfaces.

I.5.1 Overview
Mapping the full-field, including the in-plane and out-of-plane components, of vibrations is still
a challenge both in industries and academic researches. The difficulty lays in geometrical system
precision, LDV sensitivity vs incident angle and noise control (Khalil et al., 2016; Chen & Zhu,
2017).

Full-field data contain all the 3 components of the vibration in Cartesian coordinates, commonly
expressed in velocity or in displacement. The comprehensive information carried by these data al-
lows to improve the precision and credibility of modal analyses, damage detection and physical
property assessments, among all the potential applications of the LDV technology. In geophysics
laboratory-scale experimentation, the multi-dimensional data are of great potential in doing po-
larization inversion (Valensi et al., 2015), wave events separation (Robertsson & Muyzert, 1999;
Muijs et al., 2002; Robertsson & Curtis, 2002; Barak et al., 2014), Amplitude vs Azimuth (AVA)
analyses (Robertsson & Muyzert, 1999; Muijs et al., 2002) and Full Waveform Inversion (FWI).
We can expect better resolutions and smaller uncertainties when applying migration or inversion
methods on full-field data. Another benefit highlighted by Robertsson et al. (2008) consists in
weakening the Nyquist-Shannon criterion for the wavefield reconstruction in the crossline direction
of marine seismic exploration.

I.5.2 Experimental set-up
In general, the C548 PZT is stuck to surfaces of different samples with the help of coupling gel.
We expect from this PZT a nominal frequency of 1 MHz in optimal configurations. A full-field 3D
Scanning Vibrometer (3D SLDV) from Polytec® GmbH is used to measure the full velocity field
of the 3D vibrations on the surfaces. The distance between two neighbor points of the mapping
grid is fixed at ∼ 1.4 mm, which is determined by the Nyquist-Shannon criterion in space given
the S wavelength neighboring 3 mm. White spray is applied on each target surface for better
reflectance. The measurements were performed in the headquarter of Polytec GmbH, (Waldbronn
Germany) thanks to the collaboration of J. Schell’s R& D team. The entire acquisition took three
days including the time spent on equipment adjustment and calibration.

Fig. I.22 pictures the 3 experimental setups that have been explored for three samples: a) on a
parallelepipedic aluminum bloc, b) on an aluminum core and c) on a carbonate core. More details
on the geometries and the source-receiver configurations can be found in Fig. I.23.

I.5.2.1 Setup 1: calibration on a parallelepipedic aluminum bloc:

The C548 PZT is positioned at mid-height of a 280 mm (large) × 280 mm (high) × 100 mm (thick)
parallelepipedic aluminum bloc following Fig. I.23 a). Two central areas are scanned: the first one
(h ≈ 60 mm) on face0 and the second one (h ≈ 80 mm) on face1. The mapping grids are expressed
in the Measurement Coordinate System (MCS) (Chen & Zhu, 2017) of the 3D SLDV. A 10mm
wide reflective band is stuck at mid-height of the mapping grid of face1 (Fig. I.23 a)).
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Setup R2 Incline (◦) Radius (mm) Reference Radius (mm)
1 face0 0.969 1.44a / /
1 face1 0.705 2.36b / /
2 0.934c 0.25d 54.74 53.50
3 0.856e 0.72f 60.87 60.75

Table I.1: Geometric statistics on the correction of the laser-detected surfaces.
aangle between the normal vector and the MCS Z axis
bangle between the normal vector and the MCS Z axis
ccoefficient of determination from the regression upon the Y axis
dangle between the cylinder axis and the MCS Y axis
ecoefficient of determination from the regression upon the Y axis
fangle between the cylinder axis and the MCS Y axis

I.5.2.2 Setup 2: calibration on an aluminum cylinder:

The C548 PZT is positioned at mid-height of a 106.5 mm diameter aluminum cylinder following
Fig. I.23 b). The mapping grid (h ≈ 50 mm) covers the central part of the circumstance surface,
except for the vicinity of the source.

I.5.2.3 Setup 3: measurement on a carbonate core:

The same C548 PZT is positioned at 8 different locations successively. The whole mapping grid
(Fig. I.23 c), h ≈ 12 mm) is scanned for each single source, numbered from 1 to 8, including the
area literally hidden by the source. The same reflective band mentioned in setup 1 covers almost
the entire mapping grid.

I.5.3 Geometric precision of receiver and source locations under the MCS of
the 3D SLDV

The first step of 3D SLDV measurement is the establishment of the MCS and the surface meshing
in the same coordinate system. The full-field 3D SLDV is composed of three laser beams guided
by optical scanning elements. The detection of key points on the target surface is done by focusing
all the three beams on one point. In the case of Fig. I.23 a), a certain number of key points are
taken on the flat surface and the spacial sampling is achieved through triangulation. In the cases
of Fig. I.23 b) and I.23 c), seven to eight segments are proceeded respectively under the same MCS
for each single cylinder before the final assembling.

Since the laser-detected surface is imperfect, it is necessary to regulate the laser-detected target
surface before applying velocity or displacement attributes on grid points (receiver locations). Two
main transformations on the surfaces is needed: smoothing and rotation. In terms of surface
smoothing (regularization), linear models are calculated for each set of grid points. In the case
of setup 1 (Fig. I.23 a)), an optimal flat surface is achieved through a linear model, as shown in
Fig. I.24. In the two other setups (Fig. I.23 b) and Fig. I.23 c)), an optimal axis for each cylinder
(Fig. I.25) is retrieved by a linear regression firstly, followed by an estimation of the mean radius
based on the estimated axis. In terms of rotations, coordinate transforms are applied on each MCS
after the surface regularization so that the surface normal vector (setup 1) and the cylinder axes
(setup 2 and 3) coincide with the Z axes (setup 1, Fig. I.28) or the Y axes (setup 2 and 3, Fig. I.
25). Detailed statistic information of the mapping grids regulation is available in Tab.I.1.

The source location can be estimated by quantitative methods such as beamforming (Retailleau
et al., 2015). In practice, given the well-known physical and geometric properties of at least the
first and the second setups, one can rapidly estimate the source position through contour analyses
of early arrivals. When it comes to the 3rd setup, thanks to the polarization attributes of the
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Figure I.26: Source location statistics of setup 3. The source locations are estimated by propa-
gating backwardly the contours of the polarization attributes. The source location coordinates are
calculated by linear modelling of the center of the contours while the coordinate uncertainties are
estimated from groups of contours.

Setup Source Mean Coordinate (mm) Source Coordinate std (mm)
1 face0 (123.98, 80.77, 0.00) (3.09, 1.24, /a)
1 face1 (123.89, 80.92, 100.00) (0.18, 0.38, /b)
2 (33.89, 32.17, -43.01) (2.52, 0.31c, 0.31d)
3 Fig. I.26 Fig. I.26

Table I.2: Geometric statistics of retrieved source positions on each surface of all the setups.
aZ is supposed to be constant
bZ is supposed to be constant
cstandard deviation in the local tangential direction
dstandard deviation in the local tangential direction

multi-component data, motion directions are calculated with respect to each surface normal and
contours along the 90◦ motion direction at a chosen early frame are drawn to locate the source
through contour circle-center detection. The result for setup 3 are shown in Fig. I.26 and a
summarization for all the three setups are available in Tab. I.2.

I.5.4 General views of the signals
First of all, the vibration velocities are decoded and recorded by the full-field SLDV. Since we are
interested in the displacement of the surface vibrations, the first step consists in converting the
velocities to displacement. In theory, the relationship between the two can be expressed in the
time domain as follows:

u(t) =

∫ t

0
vdt (I.31)

Calculation of integration can be costly especially in case of large amounts of data. Besides,

integration on a digital signal is not stable due to the
1

ω
noise (Mercer, 2006), where ω stands for
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I.5.5 Quantitative analyses
Multi-component data have a number of potential applications in geophysics. They are first of all
thought to carry full information of the measurable wavefield compared to the single-component
data bearing only partial information. The full wavefield information might be crucial for some
cutting-edge applications.

I.5.5.1 Retrieving the divergence and curl of the wavefield

Separating the compressional wave, the shear wave and the Rayleigh wave has always been a
challenge in seismic data processing. Robertsson & Muyzert (1999) provided both the theoretical
background and a field example of doing wavefield separation. The theory backing this idea comes
from expressing a wavefield u(x, t) as ∇Φ +∇ × Ψ where Φ and Ψ are the Helmholtz potentials
(Aki & Richards, 2002). Let us take the curl and divergence of u. Because ∇×Φ = 0 and ∇·Ψ = 0,
we have:

∇ · u = ∇2Φ and ∇× u = ∇×∇×Ψ (I.33)

(I.33) implies that the scalar potential Φ and vector potential Ψ can be separated from each other
in theory. Robertsson & Muyzert (1999) applied this theory on multi-component records registered
by four geophones that are distributed on the vertex of a tetrahedron, which means that one of the
geophones shall be buried into the ground. This configuration allows to evaluate approximately the
divergence and curl at the vicinity of the tetrahedron position. However, it is not practical if not
impossible to bury sensors inside the medium, as is the case of our laboratory-scale experimentation
featuring LDV as the sensor. Nevertheless, Robertsson & Curtis (2002) presented an improved
version of this wave-separation method by introducing densely deployed multi-component sensor
groups. In addition, the free-surface effects are taken into consideration in this method. Robertsson
& Curtis (2002) applied it on synthetic data and showed that the separation is decently accurate
when the correspondent incident angle is beneath 30◦.

The method developed by Robertsson & Curtis (2002) could be applied onto our multi-compo-
nent measurements in order to separate the compressional field from the shear field. I will recall
the potential of 3-component data on wave separation studies in the perspectives of Chapter IV.
This could be a separate and integral topic outside the present PhD subject.

I.5.5.2 The polarization

The study on seismic wave polarization has appealed interests of geophysicists mainly due to
the potential applications in wave event identification, selection and filtering. The polarization
measures the oscillation orientations of seismic waves, narrowly speaking the shear wave since
the compressional wave is always oscillating in the propagation direction. Broadly speaking, it is
actually meaningful to address the polarization for both of them when the wavefield is measured
on a free surface due to the reflections and conversions.

Valensi et al. (2015) performed multi-component measurements with their MUSC (“Mesures
Ultrasonores Sans Contacts” in French) bench, focusing on the polarization of Rayleigh waves on
a flat surface of an elastic, homogeneous and isotropic aluminum medium. Valensi et al. (2015)
showed that the polarization can be studied in both the time and frequency domain. In the time
domain, one can calculate the polarization ellipse on a fixed position, demonstrating both the
particle motion direction and the ellipse parameters including its orientation and ellipticity. In
the frequency domain, the commonly used quantity to measure the polarization is the Horizontal-
Vertical Spectral Ratio (HVSR), which consists in taking the ratio between the horizontal and
vertical Fourier amplitude of Rayleigh waves at the free surface (Rong et al., 2019). Quantitative
polarization analysis in the time domain often requires approximate wave event windowing and
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can be sensitive to wave interference. Similar analysis with HVSR in the frequency domain mixes
naturally all the wave train. Hence, Valensi et al. (2015) proposed the Horizontal-Vertical Analytic
attribute Ratio (HVAR). The analytic attributes are the instantaneous amplitudes and frequencies
that can be found from the corresponding analytic signal ua(t) of a time signal u(t):

ua(t) = u(t) + iH(u(t))

ua(t) = A(t)eiΦ(t)

A(t) = |ua(t)|

Φ(t) = arg(ua)

(I.34)

where H is the Hilbert transform and i is the imaginary unity. A(t) and Φ(t) are respectively the
instantaneous amplitude and frequency.

Valensi et al. (2015) compared the HVAR of experimental data with those of the synthetic data
in the time domain and concluded that there is a good coherence between them. These results show
the potential of identifying wave events from polarization analyses on time signals (seismograms).

Given the densely-deployed LDV sensors for our multi-component measurement campaign, we
have calculated the oscillation angle with respect to well-chosen reference directions and looked
into this angle at certain time frames for all LDV positions.

Figs. I.32, I.33, and I.34 display corresponding oscillation angle contours of Figs. I.28 & I.29,
and I.30, I.31. The angles are instantaneous and are calculated with respect to the surface normal
vectors, which implies that 90◦ indicates tangential motions while 0◦ or 180◦ correspond to normal
motions. The seismic events represented in terms of oscillation angles are much clearer than the
equivalent representation through displacement magnitudes. Therefore, oscillation angles may help
to track and capture subtle seismic events with less uncertainties when combined with the vector
amplitudes.

According to the Zoeppritz equations (Castagna & Backus, 1993), the partitioning of the seis-
mic wave energy on a free surface will depend on the incident angle. At small incident angles, the
energy is essentially reflected with little conversion. As the incident angle increases, the oscillation
angle of the particle vibration becomes difficult to predict due to the arising of conversions. I will
compare the oscillation angle of the first-arrival P wave with the incident ray direction (from the
source pointing to the receiver). The oscillation angle of the first-arrival S wave will be compared
with the perpendicular direction regarding the ray path. Therefore, oscillation angles at magni-
tude maxima of selected events (the onset P arrivals and the first S arrivals) are extracted and
compared with referential angles indicating the incident ray direction. Fig. I.35, I.36 display the
relative discrepancy of the measured oscillation angles at magnitude maxima with respect to the
corresponding referential angles. The absolute difference (⩽ 90◦) between the two angles is normal-
ized by dividing 90◦. The semi-transparent red curves on each figure highlight the common-incident
angles regarding each source position.

In the case of setup 1 face1, the onset P wave polarization discrepancy is shown in Fig. I.35 a).
The discrepancy is very small under the 15◦ incident angle, which infers quasi-normal vibrations
at maximum magnitudes and is coherent with the theory. Starting from 15 ◦ until 40 ◦, the
polarization deviates gradually from the referential angle. The discrepancy reach a medium to
high level after 40 ◦, indicating considerable conversions on the free surface. Fig. I.35 b) shows a
similar representation for the first S arrivals. The discrepancy is clearly increasing as the incident
angle grows: there is a relatively sudden jump of the discrepancy right after ∼25◦. The narrow
reflective band attached on the surface left some signatures on the polarization views: one can
easily distinguish the reflective band by the abnormally strong or weak discrepancies. The low
discrepancy bands in the middle of Fig. I.35 a) and b) imply that the reflective band modified the
surface condition and seems to favor the normal vibrations to the transverse ones. Consequently,
we can observe considerably high discrepancies in the center of the band in Fig. I.35 b) because
the tangential vibrations are disfavored. Despite the S/N ratio enhancement that can bring a
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reflective band, it can meanwhile bias the experimental full-field measurement through inhibiting
the transverse motions. It is thus inadvisable to apply reflective bands on the surface of studied
objects when reliable multi-components and polarization are desired.

In the setup 2 and setup 3, the cylindrical surfaces are spread out along the circumference from
a reference line in the Y direction (Fig. I.33 and Fig. I.34). The azimuth corresponds to the central
angle between the receiver and the reference line on the XOZ plane. This reference line is in the
vicinity of the PZT source center for the setup 2, while between source 3 and source 4 for the setup
3. For the data from setup 2, the polarization discrepancy of the onset P waves and the first S
arrivals are therefore represented on flattened surfaces in Fig. I.36.

Fig. I.36 a) shows the onset P wave polarization discrepancy at magnitude maxima. It is
quite difficult to correlate the common-incident angle and the polarization pattern on the sprawled
surface. Besides, the discrepancy is abnormally high on the center where the incident angle of
the onset P wave neighbors 0◦. The correlative trend between the common-incident angle and the
polarization pattern is clearer in Fig. I.36 b), which illustrates the polarization discrepancy for the
first S arrivals, as in Fig. I.35 b). In spite of the considerable noises in this discrepancy image,
it is still relevant to distinguish at least 18◦, 27◦ and 45◦ as common-incident angles where the
discrepancy changes substantially, which is rather coherent with the angles intervals identified in
Fig. I.35.

Fig. I.35 and I.36 appear to infer that the oscillation angle at the instant of amplitude maxima
of onset P follows roughly the incident ray direction, especially for small incident angles. Similar
conclusion can be drawn for the first S arrivals of which the oscillation direction remains to be
perpendicular to the ray (propagation) direction along a wide range of incident angles.

We probed the EchA (name of the core, see Fig. III.2) carbonate core with the setup 3. Eight
identical sources are successively and independently applied onto the middle section of the core.
Now that we know that the wave polarization on the free surface remains fairly similar to the
incident wave especially at small incident angles, we will highlight the instant oscillation angles
themselves in I.37. The oscillation angles at the amplitude maxima of the onset P waves take the
surface normal as the reference, while the first S-arrival’s oscillation angle is calculated regarding
the surface tangent. Finally we obtained 16 patterns due to the 8 sources instead of one single
source in the precedent setups. The sources are marked by red stars in Fig. I.37, whose locations
are deduced from the contour analyses on early wave events’ oscillation angles. In reality, the extent
of the C548 PZT source is not negligible regarding the core radius. The blurred and monotonous
area around the starred sources are characterized by consistent high discrepancies for P1 (Fig. I.37)
and low ones for S1, which corresponds in fact to the source-covered area. The PZT surface covers
approximately 9.5 ◦, hence, a point-source assumption shall be quite rough in a high resolution
context. We can draw out some key points from Fig. I.37:

✓ Most of the S1 polarization patterns are disfavored due to the application of the reflective
band on the total surface concerned, except those for source 6 and source 7;

✓ Nevertheless, the correlative trend between the common-incident angles and the discrepancy
levels is clear;

✓ The selected box zone contains some curved patterns (highlighted within circles) which is
invariant with respect to the absolute azimuth. These patterns are only visible on P1-wave
oscillation angle views.

✓ The sources 6 and 7 are the closest to the box zone, which may link the strong S1-wave
polarization patterns of these two sources and the curved patterns inside the box zone to the
same origin.

✓ The origin in question will be shown in Chapter III when we look into the core interior.
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Figure I.35: Relative oscillation angle discrepancy with respect to the polarization direction of the
incident wave on face1 of setup 1. a) shows the discrepancy of the onset P arrivals regarding the
incident ray directions while b) shows that of the first S arrivals with respect to the perpendicular
direction regarding the ray (propagation) direction. The anomalous values on the middle are caused
by the application of a reflective band. It is obvious that the discrepancy depends on the incident
angle in a nonlinear way.
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Figure I.36: Relative oscillation angle discrepancy with respect to the polarization direction of the
incident wave on the cylinder surface of setup 2. a) shows the discrepancy of the onset P arrivals
with respect to the incident ray directions while b) shows that of the first S arrivals with respect
to the perpendicular direction regarding the ray (propagation) direction. The asymmetry in a)
is probably caused by a slightly oblique source orientation. Despite a higher uncertainty in this
data-set, we can still decipher the nonlinear dependency of the discrepancy on the incident angles,
which is roughly coherent with Fig. I.35.
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Figure I.38: Relative oscillation angle discrepancy from elastodynamic simulation data. The semi-
transparent red curves are the common-incident angles. a) shows the discrepancy of the onset P
arrivals while b) shows that of the first S arrivals. Unlike Fig. I.36, the two images are highly
symmetric: the discrepancy of the onset P wave remains small under the incident angle of 36◦,
which means that the P1 wave keeps oscillating in the initial propagation direction when it hits
on the free surface with an angle <36◦; the discrepancy of the first S wave is fairly different, even
though a transition angle can also be identified around 36◦. Similarly, most of the first S arrivals
continue to vibrate in the transverse direction regarding the propagation direction when hitting
with a small incident angle on the free surface.

I.5.6 Comparison with 3D simulations
Any meaningful study on the polarization requires 3D setups. I.5.5.2 displayed the multi-component
experimental data and demonstrated the potential of the polarization view on wave event identi-
fication, which is a crucial step in eventual wave separations.

In order to complete the present polarization analysis, I performed a wave propagation sim-
ulation in a centimeter-scale cylinder (ϕ=25 mm, H=21 mm) by the Hou10ni simulator in the
elastodynamic regime. For the sake of simplicity, a point source featuring a 2 MHz Ricker wavelet
is pointed to the cylinder’s center at mi-height. 180×51 (51 circles with 180 receivers uniformly
distributed on each circle) point receivers were deployed on the cylinder’s lateral surface. The
cylinder is set to posses the same physical properties of the experimental aluminum samples. Sim-
ilar to what is shown in Fig. I.36, the discrepancy of the oscillation angle is calculated with the
same method described in the precedent section. The result is displayed in Fig. I.38: the lateral
surface of the cylinder is unrolled along the vertical line passing by the point source center, thus
the source is simultaneously on the two vertical boundaries; azimuths are angles with respect to
the source position. The discrepancies calculated from the 3D simulation are highly symmetric
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contrary to the experimental data shown in Fig. I.36. Both the onset P and the first S arrivals
continue to oscillate following the initial direction when the incident angle is beneath ∼36◦. It is
worth noting that the S wave polarization on the free surface seems to be more complicated and
deserves a further investigation. Fig. I.38 b) also shows some very low discrepancies around the
incident angle of 81◦, which should be treated with caution because the concerned area is near the
seismic source, where the Rayleigh wave probably interferes with the S wave.

66



Chapter II

Laser-generated pulse as a seismic
source

In the previous Chapter we already mentioned the original pulsed-laser source that we imple-
mented into our experimental prototypes. In the present chapter we will demonstrate in detail the
applicability of the pulsed-laser seismic source (Dylan Mikesell et al., 2012) in laboratory seismic
experiments as an alternative to mechanical or piezoelectric sources.

II.1 till II.6 constitutes an article under preparation for submission to the journal Geophysical
prospecting. II.7 deals with a practical issue to keep natural rock surfaces from laser-pulsed induced
detriment.

II.1 State-of-the-art
A pulsed-laser or ablation laser is considered to be an interesting ultrasound wave generator since
the 1960s (White, 1963). It has numerous potential applications such as Non-Destructive Testing
(NDT) and seismic velocity and attenuation measurements in various materials. One of the first
applied studies on laser-generated source was focused on flaw detection inside or at the surface
of metals: Cooper et al. (1986) and Crosbie (1987) investigated Rayleigh waves produced by
a laser beam in order to obtain geometry information of slots on the surface of metals. They
also mentioned the potential interest of measuring the laser-generated bulk waves. Hutchins &
Nadeau (1983) designed an apparatus combining a Nd-YAG laser (source) and an interferometer
(receiver) in order to study the corresponding waveform under the thermoelastic regime, where the
laser-generated mechanical wave originates from the thermal deformation of the impacted surface
(Aussel et al., 1988). Hutchins et al. (1981a,b) also studied the pulsed-laser enhancement and
the directivity pattern evolution due to modified metal surfaces in both thermoelastic and ablated
plasma regimes, the latter occurring at higher laser incident power densities (thereafter written
Pd) unlike the thermoelastic regime.

Aussel et al. (1988) made a thorough study on the laser point source both theoretically and
experimentally, highlighting differences between the thermoelastic and ablation regimes. They
modeled theoretically both physical mechanisms and validated their model by experimental mea-
surements. Then Aussel & Monchalin (1989) used this laser-source in order to determine elastic
constants for various materials. Bernstein & Spicer (2000) modeled a laser line source in the ther-
moelastic regime and calculated analytic expressions for both the P-wave (compressional wave) and
S-wave (shear wave) directivity patterns in aluminum media. They also compared their theoretical
prediction with the directivity pattern of the S-waves measured at the surface of an aluminum
half-cylinder. Audoin et al. (1996) applied the ablation regime on anisotropic materials to generate
elastic waves and inverted the stiffness coefficients from the first arrival times. They highlighted
the potential application of this contact-free method in characterizing composite materials under
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unusual conditions such as high temperatures (Scruby & Moss, 1993).
More recently, Yashiro et al. (2008) developed a new technique consisting in using a pulsed-laser

to detect defects in stainless steel plates and elbow pipes by spatially exploring the waveforms. Lee
et al. (2010) applied a similar method to visualize automatically the damages in nuclear power
plant pipelines. Lee et al. (2011) thereafter studied the laser ultrasonic imaging capabilities in the
frequency domain and proposed an algorithm (Lee et al., 2012) to highlight anomalous wave fronts
affected by defaults. In terms of numerical modeling, the thermoelastic regime has been simulated
using both finite element (Xu et al., 2006; Zhao et al., 2007) and finite difference methods (Veres
et al., 2013).

A few attempts have been conducted to use the laser-generated source in laboratory experi-
ments. One of the pioneer work is the study of Scales & Malcolm (2003) on natural rock samples
with the laser source. Campman et al. (2004, 2005) applied a linear thermoelastic laser source
to do laboratory-scale seismic investigations in an ideal medium. They focused on the surface
wave records and analysis in order to localize an artificial cavity. Malcolm et al. (2004) showed
the potential of using a ballistic laser pulse to retrieve the Green Functions from waves in the
diffusion and equipartitioning regimes. This motivated Dylan Mikesell et al. (2012) to analyze the
coda generated by the laser impact on an aluminum block including tiny scattering points in the
thermoelastic regime, with the purpose of retrieving scatter locations by correlation techniques.

Blum et al. (2013) described a contact-free method to estimate precisely the anisotropy pa-
rameters of shale cores, featuring a partially-focused laser (ϕ ≈ 6 mm) source in the thermoelastic
regime. Mikesell et al. (2017) applied the same method to study antarctic ice core layers, high-
lighting the noncontact and nondestructive advantages of the thermoelastic laser source. van Wijk
et al. (2019) confirmed the potential of the thermoelastic laser source to probe anisotropy in pine
timbers.

Scruby & Drain (1990) made an important general contribution to the subject of laser ultrason-
ics. Both the theoretical analysis and experimental results are well documented within a physical
and nondestructive scope. Their comprehensive work is certainly essential for all those who are
interested in the applications of the laser ultrasonic source.

We propose in the present paper to transfer well known results (Scruby & Drain, 1990) from
the domain of laser ultrasonics to exploration geophysics at the laboratory scale; we want to test
in particular the applicability of laser ultrasonics on seismic exploration imaging or monitoring
surveys downscaled to the laboratory scale (Matonti et al., 2017). Contrary to most of the appli-
cations cited in the former paragraphs devoted to experimental studies, we aim at applying the
laser-generated source in the ablation-dominated regime (Audoin et al., 1996): we will examine
seismograms measured with densely sampled offsets/azimuth and want to explore quantitatively
the full experimental space-time data generated by the laser impact both in terms of arrival times
and amplitudes of the seismic waves. Hence, our experimental configurations should meet high
standards in terms of source reproducibility, space precision of sources and receivers, time preci-
sion of seismic records, as well as the surface resistance to thousands of laser shots. A thorough
understanding of the laser source wavelet properties following different regimes controlled by vari-
ous experimental parameters is essential for future quantitative studies on seismic data.

A pointlike and non-contact laser source is very convenient in its manipulation and orientation
and reveals to be easier to numerically model compared to an extended source such as a piezoelectric
transducer in experimental studies. It is of particular interest if one looks for seismic source
reproducibility and space precision in order to perform high spatial-resolution measurements of the
wave propagation and monitoring (Valensi et al., 2015), opening the possibility of full waveform
inversion when combined with numerical simulations (Virieux & Operto, 2009; Pageot et al., 2017).
In this study, we focus on understanding the generation and the propagation of seismic waves
induced by a pulsed-laser impact in a simple case, a pure elastic, homogeneous and isotropic
medium. For this purpose, we chose to perform experiments in aluminum samples ensuring pure
elastic propagation that can be modeled through elastodynamic approaches. In the long run,
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this new approach of seismic wave generation will be applied onto natural rock samples such as
carbonate cores under exploration seismology configurations. Non-linear effects will appear in
seismic wave propagation in natural samples.

We will review in Section II.2 the various physical mechanisms producing a laser-generated
seismic source. We will provide in Section II.3 a detailed description of the experimental set-up
as well as the theoretical and numerical interpretations of some typical seismic records following
a laser-generated impact on aluminum blocks. A thorough characterization of the pulsed-laser
source will be performed in Section II.4 by varying experimental input parameters. Section II.5
will be devoted to the measurements and the modeling of the directivity pattern of the seismic
displacement following a laser-generated impact; a comparison will be done with the directivity
pattern of a classical piezoelectric transducer.

II.2 Physical mechanisms of the laser-generated seismic source
The physical mechanisms involved in elastic wave generation by the pulsed-laser impact of a high
incident power density (Pd) on a surface were first described by White (1963). Yet, the thermoe-
lastic regime was exposed later by Hutchins et al. (1981b); as a matter of fact, in most of the
cases the thermoelastic and the ablation wave-generation regimes coexist when waves are created
(Dewhurst et al., 1982; Aussel et al., 1988) by a pulsed-laser impact.

The thermoelastic regime dominates when the effective Pd is below a certain threshold. As an
example, Aussel et al. (1988) estimated theoretically that the threshold is around 15 MW/cm2 in
aluminum materials. In the thermoelastic regime, the transient surface heating under the laser
impact leads to local thermoelastic deformations (Scruby et al., 1980), which give rise to elastic
wave propagation inside the medium. Mechanical constraints in the normal direction with respect
to the impacted surface are released if there are no additional limit conditions, while those in the
tangential direction cannot be canceled if the surface is sufficiently large compared to the heated
area. As a result, a thermoelastic source without additional restrictions can be modeled with a
shear stress dipole on the surface (Bernstein & Spicer, 2000).

Scruby et al. (1980) quantitatively studied the thermoelastic regime by means of experimental
measurements. They proposed also a thermoelastic source model. Dewhurst et al. (1982) measured
the pulsed-laser waveforms under different laser parameters and material conditions. Rose (1984)
modeled the laser-induced thermoelastic regime in a tiny volume and calculated analytically the
displacements produced at epicentral distances, e.g. distances following the vertical of the impact.
Hurley & Spicer (1999) extended the work of Rose (1984) and calculated the analytic expressions of
epicentral displacements in a millimetric zinc cylinder under a laser-generated thermoelastic point-
source in order to better understand experimental measurements. However, given the small radius
of laser impact (around 200 µm) and a quite low Pd (around 16 MW/cm2) in their experiments,
Hurley & Spicer (1999) barely measured the first seismic wave arrival.

The ablation regime occurs when the Pd threshold is exceeded (Dewhurst et al., 1982; Aussel
et al., 1988; Audoin et al., 1996); the laser-generated seismic source can then be approximated
by a point source if the laser beam is well focused (Hutchins & Nadeau, 1983). In this regime,
rejection of plasma matter from the material surface due to the laser impact generates a shock
wave as well as an excitation force (Hosoya et al., 2014). The focused laser source is thus contact-
free and impulsive in the ablation regime. If additional limit conditions are created by surface
modifications such as coatings (Davies et al., 1993; Dewhurst et al., 1982), the laser source may
enter in a constrained surface regime which induces normal stress on the impacted surface. These
extra boundary conditions allow to enhance the elastic P-wave amplitudes for both thermoelastic
(Dewhurst et al., 1982) and ablation regimes. Hutchins et al. (1981b) studied experimentally the
efficiency of different kinds of modified surfaces and proposed qualitative source models for each
case. Dewhurst et al. (1982) observed considerable enhancement of the longitudinal first arrival
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radiating at energies of up to 850 mJ (Q-smart 850 from Quantel, 1⃝ in Fig. II.2). The laser
emits pulses of 9 mm in diameter during a few ns (from around 7 to 20 ns depending on the
power requested), at a wavelength of 1064 nm and at a maximum pulse repetition frequency of 10
Hz. The total incident laser power can be modulated by the internal FLQSdelay (time delay in ns
between the Flash Lamp and Q-Switch pulses) parameter of the instrument. In order to quantify
the incident power density Pd of the Q-smart 850 as a function of the FLQSdelay, we have estimated
experimentally

Pd =
P × T

FWHM × S
, (II.1)

where P is the power in W of the laser beam, T is the shooting period in s between successive laser
pulses during measurement, FWHM is the Full Width at Half Maximum of the laser impulse in
s and S is the surface of the laser beam in m2. We used a thermal sensor (S370C from Thorlabs)
specifically designed to measure the emitted power P of the short and energetic laser pulses from
Nd:YAG laser optical to calibrate the incident laser power as a function of the FLQSdelay. We used
also a silicon photodetector (EOT-2030 from Electro-Optics Technology) to measure the FWHM

of laser pulses as a function of the FLQSdelay. We conclude from the measurements that the
power density of the laser can typically vary from Pd = 0.3 up to Pd = 470 MW/cm2 by adapting
substantially the FLQSdelay internal parameter of the Q-smart 850.

The original laser beam emitted by the Q-switched laser in the experiments can then be partially
or totally focused onto the target surface by a convergent lens of 14 cm focal length (see 2⃝ in Fig.
II.2). Generally, the Q-Switched laser emits at low repetition rates (between 1 and 2 Hz) and
a few tens of consecutive laser-generated seismic raw traces are stacked to improve the signal/
noise ratio. However, a higher shooting frequency of 6 Hz (see T in (II.1)) is applied to the laser
power calibration in order to guarantee a continuous heat flow. The measurement frequency of the
thermal sensor is also set to 6 Hz to ensure good synchronization between laser shooting and laser
power assessment.

The pulsed-laser beam is directed towards the “center”, of one of the two largest faces of the
parallelepipedal aluminum blocks (see 3⃝ in Fig. II.2). We have investigated three aluminum
parallelepipeds of 280 × 280 mm2 large and height and of distinct thicknesses, namely 10, 50 and
100 mm which correspond respectively to about 3, 15 and 30 times the P-wavelength under a
dominant frequency of 2 MHz in aluminum. The various sizes of the aluminum blocks have been
chosen such that the direct seismic waves measured on the opposite side are not disturbed by lateral
reflections.

Seismic displacements generated by the pulsed-laser are then measured by the LDV (see 4⃝ in
Fig. II.2) on the opposite side of the aluminum blocks. More precisely, the vibrometer measures
normal displacements uz on the surface of the aluminum blocks. The LDV is composed of a single
point laser head (OFV-505 from Polytec), a vibrometer controller (OFV-5000) and an auxiliary
decoder (DD-300) which exports the seismic displacements. Stepper motors guide the LDV laser-
head to move in space, allowing millimeter-scale displacement measurements along three orthogonal
axes with a spacial precision of less than a tenth of mm. The LDV signals are recorded by a digital
oscilloscope (DSO-S 054A from Keysight) at a sampling frequency of 100 MHz.

II.3.2 Seismic displacement measurements at the epicenter of aluminum blocks
In order to get a clear insight of the waveform of a pulsed-laser seismic source, we started with
a strong laser beam (Pd ≃ 147 MW/cm2) hitting the aluminum blocks right in the center of the
plate. We measured uz by LDV at the epicentral distance (see the middle red spot in Fig. II.2).
Fig. II.3 shows three epicentral seismic records measured on the aluminum samples of different
thicknesses after stacking 20 successive laser-generated signals.

We can clearly identify the first longitudinal arrivals denoted L1 in Fig. II.3, whose amplitude
decreases as the thickness of the aluminum block increases. The multiples L3, L5 and L7 in Fig. II.
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Figure II.3: Measurements of the seismic displacements uz vs time by LDV at epicentral positions.
Experiments are performed with Pd ≃ 147 MW/cm2 on three different parallelepipedal aluminum
blocks of respectively a) 10 mm, b) 50 mm and c) 100 mm thickness. L1 stands for the first
longitudinal arrival, L3 for the first two-way reflection, L5 for the second one etc. Theoretically,
the first arrival in a) is expected to be at 1.57 µs, whilst the measured first break arrives at about
1.70 µs. This tiny 0.14 µs delay is caused by the slight desynchronization due to triggers of the
electronic devices and is corrected by a simple time shift. The vertical dashed lines in Fig. a), b)
and c) are the theoretical arrival times for the L3 and L5 waves.
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3 are linked to waves bouncing back and forth inside the horizontal section of the aluminum block:
the thinner the block is, the more the reflections occur during the 60 µs acquisition time window
of the three experiments. These results are consistent with the works of Dewhurst et al. (1982)
and Audoin et al. (1996). The signature of the near-field waves (Aki & Richards, 2002), predicted
in Fig. II.1 are also clearly visible in Fig. II.3b) and II.3c); these two former cases are particularly
remarkable due to the slope break occurring at t ≃ 17 µs in b) and t ≃ 33 µs in c), these events
being discussed later in section II.3.3.

We concentrated on the case of the 50 mm thick block in Fig. II.3b) in order to analyze the
waveform generated by the pulsed-laser impact: we isolated the first arrival L1, low-pass filtered it
with a 1st order Butterworth filter cutting at 0.2 MHz. The residual low frequency component is
then subtracted from the whole signal to keep only the high frequency part of the signal, retrieving
the pulsed-laser source wavelet; the time signal S0(t) and frequency spectrum Ŝ0(f) of that source
(before and after the filtering) and the corresponding time derivative S′

0(t) as well as its frequency
spectrum Ŝ′

0(f) are shown in Fig. II.4. We conclude that the laser-generated seismic source in
aluminum has a dominant frequency bandwidth between 0.8 and 2.5 MHz as shown in Fig. II.
4b) and d). Given that the longitudinal P-wave velocity is 6350 m/s in our aluminum alloy, the
wavelengths of P-waves are around 3 mm in our experiments at 2 MHz, explaining why it is more
difficult to distinguish the different bouncing waves within the 10 mm thick block in the case a)
of Fig. II.3 compared to the cases b) and c). Strictly speaking, since this “wavelet” S0(t) in
Fig. II.4a) is not zero-mean, it is not really a mathematical wavelet (Mallat, 1999); we chose
nevertheless to use this experimental pseudo-wavelet in the following where numerical simulations
will be compared to experimental measurements. Fig. II.4c) displays the derivative S′

0(t), which is
in contrast approximately zero-mean. The main difference between Ŝ0(f) in Fig. II.4b) and Ŝ′

0(f)

in Fig. II.4d) is situated in the lower frequency band. Before Butterworth filtering, Ŝ0(f) has a
dominant lobe centered at the zero frequency while Ŝ′

0(f) features one main peak at about 2 MHz;
after the filtering, the lower frequency components in the initial Ŝ0(f) are considerably attenuated,
preserving the similar main peak at about 2 MHz.

II.3.3 Theoretical interpretation of the seismic epicentral record
In order to interpret our experimental signals shown in Fig. II.3, we applied an analytic approach
of wave propagation in elastic, homogeneous, isotropic and unbounded media. A point dislocation
source is used to represent the pulsed-laser source. The analytic formulation of the i-component
of the displacement u at any point inside the medium is given by Aki & Richards (2002) :

ui(x, t) = S0(t) ∗Gij =
1

4πρ
(3γiγj − δij)

1

r3
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)

where x is the vector position, t is time, S0(t) is the point source time function in the direction j
at the origin, Gij are the Green’s functions, r is the distance between the source and the receiver, γi,j
are the direction cosines of the receiver positions, δij is the Kronecker symbol, ρ is the volume mass
density of the medium, Vp and Vs are respectively the velocities of longitudinal and transverse
seismic waves. We have applied (II.2) according to our experimental set-up, meaning that the
source displacement S0(t) is applied along the same direction i of the measurement ui. Note
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Figure II.6: Schematic view of third order tetrahedra meshes used by Hou10ni for 3D simulations
in aluminum blocks.

II.3.4 Numerical interpretation of the seismic epicentral record
In order to go further in the quantitative interpretation of the experimental records, we have
proceeded to direct numerical simulations of the wave propagation in the aluminum blocks. We
used the Hou10ni numerical code developed by the Inria team-project Magique3D, which allows
to simulate wave propagation in elastodynamic media using the Interior Penalty Discontinuous
Galerkin method (IPDGm). We refer to Barucq et al. (2014) for a description of the features
of Hou10ni for elastodynamic in frequency domain and to (Riviere, 2008; Grote et al., 2006) for
more details on the IPDGm. This approach introduces discontinuous basis functions instead of
continuous ones used in classical finite element methods (Ciarlet, 2002; Raviart et al., 1998). One of
the advantages relies on the block-diagonal mass matrices yielded by discontinuous functions which
are easier to be inverted. Another advantage, the hp-adaptivity (Houston & Süli, 2001; Houston
et al., 2002), is the possibility of adding extra finite elements or to increase locally the order of
the discretization if necessary to improve the accuracy in some critical areas, meanwhile, coarser
meshes can also be implemented in simpler zones. This method will be of particular efficiency once
we get to handle with highly heterogeneous natural rocks such as carbonates.

The equations solved numerically with Hou10ni to simulate the elastodynamic wave propagation
in the aluminum blocks are described by Eq.(I.10), with the boundary condition as in (I.11), the
initial conditions as in (I.13) and (I.14):

2D and 3D numerical simulations of wave propagation have been performed with triangles (for
2D) and tetrahedra (for 3D) elements and third degree polynomials. Fig. II.6 is an example of a
bulk portion of the aluminum blocks meshed with third order tetrahedra.

We have looked carefully into the mesh properties for the numerical calculations. For practical
issues of the parallel computing center memory limits, the 3D computations were not performed
in the real volume of the aluminum blocks used in the experiments but instead in cubes whose
side-length was the thickness of the aluminum blocks. The two largest dimensions of the aluminum
blocks were then reduced to the thickness scale in the calculations in order to get reasonable total
number of finite elements. Consequently, absorbing boundary conditions (ABC) were applied onto
the 4 lateral sides of the cubes in the computations in order to avoid sidewall reflections of little
interest in this study.

We focus on the calculation of the wave propagation in the 280×280×50 mm3 experimental
aluminum block in the following. We used numerically the reduced dimensions 50×50×50 mm3
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for simulating elastodynamic wave propagation in the cube with ABC on 4 of the 6 surfaces. The
averaged side-length of the tetrahedron results to be of the order of 1 mm in those simulations.
We have in particular tested the influence of the size of tetrahedra in the 3D calculation and
concluded that a tetrahedron side-length of ≃ 0.5 mm which is relatively close to 1/6 of our P-
waves wavelength was necessary for accurate simulation results. This is in accordance with the
results obtained in Baldassari et al. (2012), where it is reported that 10 points per wavelength
allows to limit the relative error at 1% in 2D acoustic simulations.

Fig. II.7a) displays in black the experimentally measured displacements at the epicentral point
on the 50 mm thick aluminum block and the corresponding simulated traces obtained from Hou10ni
in 2D and 3D modes, respectively in red and blue. The computations were performed with the
experimentally measured seismic source displayed in Fig. II.4a) written as S0(t) in (I.11). The
raw simulation signal contains much numerical noise due to the finite element size, the error
accumulation with iterations and the imperfect ABC. The frequency content of a main part of
these numerical noise intersects the signal frequency band, making them difficult to be filtered
by low-pass filters. A Noise Gate Technique based on the energy profile of the signal (Inouye
et al., 2014) is thus applied in addition to low-pass filters. This technique works well in condition
that the time signal is approximately zero-mean in an arbitrarily chosen signal window. Fig. II.4
demonstrated that the velocity (derivative) profile should meet this condition. Therefore, Fig. II.
7b) shows the first order time derivatives of Fig. II.7a), namely the velocities of the epicentral
vibration on the aluminum block. It is obvious that the traces in Fig. II.7b) are zero-mean within
appropriate windows. Before calculating the derivatives, all the traces expressed in displacement
(Fig. II.7a) have been low-pass filtered with an IIR (Infinite-duration Impulse Response) filter
whose attenuation starts at 1.5 MHz and stops at 3.5 MHz in order to eliminate high frequency
noise above 3.5 MHz. The time derivative signals in Fig. II.7b) are again filtered by the same
IIR filter and then controlled by a noise gating technique. The final displacement record displayed
in Fig. II.7a) stems eventually from the integral of the processed velocity signal. The 2D and
3D numerical simulation records are scaled in amplitude in Fig. II.7b) such that the maximum
vibration velocity of the first P-arrival matches the experimental records.

On the one hand, both 2D and 3D numerical simulations of the displacement give satisfactory
comparisons with the experimental epicentral records in Fig. II.7a), particularly in terms of primary
longitudinal arrivals, followed by the near field which sprawls in time. The main experimental
features are clearly retrieved in 2D and 3D simulations. We note however that although the
2D simulations are relatively numerically noise-free, they yield continuously-increasing positive
amplitudes: the various numerical tests we have conducted to understand this anomaly indicate
that this trend originates numerically from the seismic source which does not fulfill the zero-mean
condition of a mathematical wavelet. Despite these amplitude anomalies in the 2D calculations, the
simulations lead to remarkably clear waveforms in accordance with the experiment signals recorded
by LDV.

On the other hand, the time derivatives of the simulated traces in Fig. II.7b) fit even better
the experimental record, getting rid of the remarkable near-field signatures and the continuously-
increasing component of the 2D simulation. Meanwhile, the relative amplitudes of the principal
arrivals (L1, L3, L5 and L7 in Fig. II.7b) ) in the 3D simulation record are in good agreement with
the experimental record. Obviously, the realistic feature of the 3D simulation in terms of waves
amplitudes is one of its major advantages over the 2D simulation.

The 3D simulation records in Figs. II.7a) and II.7b) seem at first sight noisier than the 2D
computations since some clear waveforms in corresponding experimental records are hardly recog-
nizable. The issue of the abnormally ascending amplitude in 2D is however negligible in 3D simu-
lations. Our systematic 3D tests reveal that the ABC method used in Hou10ni is not completely
satisfactory since the current numerical scheme still yields a considerable amount of side-reflected
waves (L2 for example), particularly in case of S wave reflection such as the strong peak (T2) in
Figs. II.7a) and II.7b): these imperfect ABC leading to most of the undesired high frequency ar-
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Figure II.7: Comparison between the experimental records and the 2D/3D simulations for the
50 mm parallelepiped. L stands for longitudinal wave and T for transverse. a) The epicentral
displacements uz in different configurations. b) The derivatives u′z of the records in a). All these
data (experiment and simulations) are recorded at the epicentral distance.
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rivals (L2, T1, L3 and T2) in the 3D simulations explain why simulated records (both displacement
and velocity) get more and more oscillatory as the time goes on.

As an illustration, Fig. II.8 shows a snapshot of wave propagation on 3 representative sections
inside the aluminum model of 50 mm side-length at approximately 6 µs after the initial seismic
impulse. We can see clearly the spatial amplitude distribution of wave fronts at this moment
and identify the different waves highlighted in Fig. II.8. Comparisons between experimental and
numerical records helped us to validate our numerical methods and models as well as understand
thoroughly the origin and kinematic behavior of different arrivals in the experiment records.

II.4 Pulsed-laser seismic source characterization
The pulsed-laser seismic source will be characterized in the following three aspects: the repeatability
and stability under different incident power densities Pd; the relation between the pulsed-laser
induced seismic displacement uz and the Pd; the relation between the pulsed-laser regime and the
lens-target distance.

II.4.1 Repeatability and stability of the laser pulsed source
A key property in the use of a Q-switched laser seismic source in geophysical laboratory experiments
where amplitudes of seismic waves are grabbing more and more attention, is the stability of the
incident laser power through the repetition of impulses over time. In order to study that stability,
we first calibrated quantitatively the level of the power emitted by the pulsed-laser: we hit directly
on the thermal sensor (see Part II.3) with the pulsed-laser beam at a repetition rate of 2 Hz,
repeating the impact a thousand times for one FLQSdelay, the FLQSdelay itself varying from 0
µs to 255 µs by step of 10 µs. The thermal sensor measuring an integrated power on its 25 mm
diameter surface for each laser impulse, we then divided it by the laser-spot size times the FWHM

of the pulse following expression (II.1), in order to convert it to a power density Pd in MW/cm2.
Fig. II.9 presents the probability density distribution, the arithmetic mean and the standard

deviation of the measured Pd for four measurement series (amongst the 26 investigated energy
levels). The standard deviations of the four histograms in Fig. II.9 are very small (less than 1%
in the cases b, c and d) with respect to their arithmetic mean values. These four chosen series are
representative examples of all the studied energy levels of the pulsed-laser: these measurements
demonstrate that whatever the energy of the pulsed-laser is, the incident power density of the laser
beam is generally stable during a series of successive laser pulses.

In a second time, we quantified the impact of 300 successive laser pulses on a 10 mm thick
aluminum block sample, for four different incident power densities Pd ≃ 0.3, 28, 90 and 323 MW/
cm2, with a focused 3 mm diameter laser beam on the impacted surface of the aluminum block. The
seismic displacements uz were recorded at the epicentral position (see Fig. II.2) and the analysis
on the amplitudes were performed on the first P-wave arrival for each shot. Fig. II.10 shows the
distributions of uz measured by LDV for the 300 shots at each incident power density, as well as
the averaged values and the standard deviations.

For the three highest Pd in Fig. II.10, the measured amplitudes show relatively small standard
deviations with respect to the averaged values; however, the standard deviations are now much
bigger (in the order of 5%) for the cases b, c and d) compared to the distribution of Pd shown in
Fig II.9. For these three cases, the relative dispersed measurements demonstrate certainly that the
impacted surface state evolves through the successive pulsed-laser impacts, and that this temporal
evolution contributes to the amplitude variations. Each data-set in Fig. II.10 is indeed obtained
by fixing the laser-shot position, yet, the aluminum surface can be modified under the ablation
regime during an acquisition requiring thousands of shots, which contributes to the volatility of the
pulsed-laser output and can partially explain the relatively wide amplitude distribution in Fig. II.
10. The case shown in Fig. II.10a) for a relatively small Pd demonstrates that the measured
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Figure II.8: 3D representation of an elastodynamic calculation performed with Houdini in a cube
of 50 mm side-length. Wave fronts on three orthogonal sections crossing the center of the cubic
aluminum model are shown at time t = 6 µs after the initial pulsed-laser impact. The color-coded
amplitudes are absolute values of the displacement vectors u. Reflections on the four lateral faces
(parallel to the z direction) are largely cancelled due to the absorbing boundary conditions. The
other two sides have Neumann conditions. This type of 3D-representation inside the medium obvi-
ously offers a comprehensive view and a better understanding of the wave propagation compared to
the single-point (epicenter) record shown in Fig. II.7a) for the same calculation: we can highlight
for example in this calculation P- and S- bulk wave fronts, head waves (Aussel et al., 1988; Ilan &
Weight, 1990; Gridin, 1998), surface waves as well as the spatial distribution of the near-field.
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Figure II.9: Distribution of incident power densities Pd deduced from measurements. Four different
levels of energy are studied, respectively FLQSdelay = 200, 150, 100 and 50 µs in a), b), c) and
d). Each distribution is obtained with a set of 1000 successive pulsed-laser impacts repeated at a
frequency of 2 Hz, the averaged value µ of Pd being highlighted by a red line and the standard
deviation δ around the mean value by two dotted blue lines.
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Figure II.10: Distribution of first arrival seismic wave amplitudes uz deduced from LDV measure-
ments performed at the epicentral distance in the 10 mm thick aluminum block. Four different
levels of incident power density are studied, respectively Pd ≃ 0.3, 28, 90 and 323 MW/cm2 in
a), b), c) and d). Each distribution is obtained with a set of 300 successive pulsed-laser impacts,
the averaged value µ of the measured uz is indicated by a red line while the standard deviation δ

around the mean value is highlighted by two dotted blue lines.
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Figure II.13: Schematic of the laser beam trajectory originating from the Q-Switched laser (on the
right): the parallel beam encounters on its path a convergent lens (in blue) whose focal length f

= 150 mm. The targets, sketched as gray planes, are at a distance d from the lens; they can then
be impacted before the focusing of the laser beam if d < f , right at the focusing with a possible
collapse of the beam for d ≃ f or after the focusing of the beam for d > f . A substantial part of
the incident laser power is lost in the air in the case d > f when a collapse occurs before the beam
reaches the target.

II.4.3 Influence of the lens-target distance on the pulsed-laser regime
The distance d between the convergent lens and the target in our experimental set-up shown in
Fig. II.2 controls the laser-spot size on the target surface and consequently the incident laser power
density Pd absorbed by the aluminum blocks. Three distinct situations sketched in Fig. II.13 can
occur following the value of d:

✓ For d > f where f is the focal length of the convergent lens, the laser beam focuses before
reaching the target (depicted in Fig. II.13 on the left side of the central target). In this case,
the laser beam collapses at the focus point, releasing a large amount of energy and creating
a plasma due to the ionization (Couairon & Mysyrowicz, 2007) in the ambient air. This is
presumably a favorable situation for the thermoelastic regime since the incident power density
Pd reaching the target might be below the ablation regime threshold due to a substantial loss
of energy in the air during the collapse. Note that the sound wave generated by the laser
collapse propagates in the air until reaching the target; that sound wave then converts at
the air-target interface into a low-frequency P-wave propagating in the volume of the target.
The low frequency sound wave can then be fortuitously recorded by LDV in our experiments
and, although this wave is trailing the direct laser-generated P-wave arrival, it can possibly
alter a clear identification of the direct wave.

✓ For d < f , the laser beam does not collapse since it encounters the target on its path before
focusing (Fig. II.13 on the right side of the central position). In this case, the laser beam hits
directly the surface of the target after a partial focusing, projecting plasma out of the surface.
The propulsive plasma acts like a mechanical source, leading to high frequency elastic wave
propagation in the volume. In case that the plasma projection is intense enough to generate
a sound, like in the case d > f , a strong low frequency sound wave will accompany the high
frequency elastic waves and arrives on the other side of the target at the same time of the
first P arrivals; the sound wave, not included in the numerical simulations, contributes to the
differences between the laboratory measurements and the 3D simulations (Fig. II.7).

✓ For d ≃ f , the laser beam focuses near the surface of the target (central target in Fig. II.
13). Depending if the focus is right before or right after the target, the collapse may occur
or not. In the no-collapse case, the sub-millimetric laser beam diameter reaches the target
with a maximum Pd. Like in the cases d > f and d < f , a low frequency sound wave coexists
with the laser-generated P-wave, both of them propagating at the same velocity.
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Changing gradually the values of d in the experimental set-up allows to cover the three distinct
situations sketched in Fig. II.14; we modify step-by-step the lens-target distance d in our experi-
ments to explore a wide range of laser-generated source regimes (thermoelastic or/and ablation).
We hit the 50 mm thick aluminum block with d varying from 30 to 270 mm by steps of 5 mm, the
focal distance of the lens being f = 150 mm. For each d, uz was recorded by LDV at the epicentral
position after stacking 30 successive shots as shown in Fig. II.14a).

As shown in Part II.2, the first break wavelets of seismic records in the thermoelastic regime
are negative displacements (Scruby et al., 1980; Dewhurst et al., 1982) forming a transposed right-
trapezoid (see Fig. II.1a) whilst the ablation regime features an impulsive positive displacement as
first break (see Fig. II.1b). In order to identify and highlight these regimes, we have respectively
filled in blue the negative and in red the positive displacements in Fig. II.14a). We have thereafter
identified three different regimes:

✓ when the lens-target distance is either small d < 45 mm or large d > 235 mm enough
compared to the focal length of the lens f , we observe mainly the thermoelastic regime,
which is colored in light blue in Fig. II.14a). Fig. II.14b) highlights the seismic record at d
= 255 mm which in this case happens to be very close to the analytic example shown in Fig.
II.1a) for the thermoelastic regime.

✓ at intermediate values of d, namely 50 mm < d < 95 mm and 195 mm < d < 230 mm, the
thermoelastic and ablation regimes coexist in Fig. II.14a) colored in gray. A typical example
of this regime is shown in Fig. II.14c) at d = 75 mm. In this dual regime, the first positive
arrival clearly originates from the ablation regime while the thermoelastic regime yields the
following signal.

✓ when d is close to f in the pink colored areas in Fig. II.14a), the laser beam is well focused
and the laser incident power density is well above the ablation threshold. As shown in Fig. II.
14d) for d = 125 mm, the seismic signal is dominated by a clear impulsive positive first break,
which is the characteristic of an ablation regime source. Besides, we identified a group of
sound waves characterized by a relatively low frequency at about 40 kHz in Fig. II.14a)
colored in green. As mentioned earlier, the origin of these sound waves is either the ablation
sound on the surface of the target when d < f or the laser beam collapse in the air due to the
focusing when d > f ; in the latter case when d > f , the sound wave arrives at the aluminum
target at t = Sair × (d − f) after the laser beam collapse (Sair = 1

340 s/m being the sound
slowness in air), which is in agreement with the slope of the green area in Fig. II.14a).

Another way to study the different regimes observed in Fig. II.14a) is to look at the amplitudes
of the first arrivals measured by LDV as a function of the incident power density of the laser beam.
When d < f , knowing the power emitted from the Q-switched laser and the focal distance f of the
lens, it is straightforward to compute the size of the laser impact from geometrical optics rules and
the incident power density Pd on the target as a function of d. We show accordingly in Fig. II.
15a) and II.15b), with triangles, the amplitudes of the first arrivals and the size of the laser impact
respectively, as a function of Pd in the case d < f . The curve composed of triangles in Fig. II.15a)
is in good agreement with that of Dewhurst et al. (1982). In the case d > f , as already mentioned,
a part of the incident power is lost in the air during the collapse (Couairon & Mysyrowicz, 2007),
which is experimentally estimated to be up to 40% of the initial laser power emerging from the
Q-switched laser in the present study. This rough estimation has enabled to complete in Fig. II.
15a) and II.15b) for the case d > f , with circles.

A first glance of the colored zones in Fig. II.15 allows to identify the different regimes already
characterized in Fig. II.14 with the same color code. Thresholds expressed in terms of Pd can be
inferred to separate the different regimes: thermoelastic effect dominates for Pd < 5 MW/cm2,
the mixed thermoelastic-ablation regime occurs when 5 MW/cm2 < Pd < 20 MW/cm2 whereas
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Figure II.15: a) First arrival amplitude vs incident power density for different regimes. Points
marked by circles are obtained with a laser beam focusing in the air thus with energy loss. Triangle
points are achieved under shorter lens-target distances without energy loss in air. Colors indicate
different regimes identified in Fig. II.14. b) Approximate regime mapping following the “impact-
radius vs power density” plan. The regime limits are supposed to be linear and pass through
the origin of the plan. The two lines (curves under the logX scale) separate the 3 regimes while
respecting approximately the regime color codes of the two scatter series in a).
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Figure II.16: Fourier spectra amplitude vs lens-target distance. The spectra are obtained by
computing the FFT of the first arrivals of seismic traces shown in Fig. II.14a). The spectra in the
short and long lens-target distances are similar to cardinal sine function shapes, with the strongest
lobe at about 30 kHz. Another remarkable lobe at higher frequencies (∼ 2 MHz) is visible between
d = 100 mm and d = 150 mm, as well as a weaker one between d = 150 mm and d = 200 mm.
Cardinal sine shaped lobes correspond to thermoelastic wavelets while the two lobes centering at
2 MHz are yielded by the ablation wavelets.

the significant ablation regime does not start before Pd = 20 MW/cm2. Another clear observation
in Fig. II.15a) and II.15b) are the upper (triangles) and lower (circles) distinct branches as a
function of Pd: those branches clearly demonstrate that the first P arrival amplitude of the seismic
record depends not only on the incident Pd or the absolute laser energy (Dewhurst et al., 1982),
but also on the effective impact area. It is worth noticing that in both cases d < f and d > f ,
the first arrival amplitudes uz increase until a maximum level and then decrease in spite of the
continuously rising power density. In general, the amplitude is weaker for d > f compared to
d < f under the same incident power density, as expected due to the laser beam collapse in the
case d > f . Note also that the sound wave disturbance portion marked by the green stars in Fig.
II.15 is characterized by very low amplitudes for the first seismic arrival due to a very high incident
power density but an extremely small impact on the target. Finally, we propose an approximate
map in Fig. II.15b) delimiting the regimes considering 2 parameters: Pd and the laser impact
radius. The thermoelastic regime dominates when a low incident power density is associated with
a quite large impact radius whereas the ablation is predominant as soon as the incident power is
above 20 MW/cm2 whatever the size of the impact.

We showed in section II.4.2 that the frequency content of the laser-generated waves in the
ablation regime depends very little on the input power density. In the thermoelastic regime, this
frequency depends on pulsed-laser regimes. We computed in Fig. II.16 the absolute values of the
FFT after extracting the dominant portion of the wavelets from Fig. II.14 for each d. Spectra
of selected wavelets from the thermoelastic regimes are similar to cardinal sine function shapes
with main lobes located between 10 and 100 kHz because the characteristic thermoelastic wavelets
are close to gate functions (see Fig. II.1a) and II.14b)). The spectra of ablation-origin wavelets
(100 mm < d < 190 mm) have also cardinal sine spectra signature between 10∼100 kHz due to
the presence of the near field in these measurements performed in the 50 mm thick aluminum
block; note that the spectra of the sound waves are also merged with those of the near field in
particular for 100 < d < 150 mm where the sound waves are generated simultaneously with the
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ablation-origin wavelet. We can furthermore observe a higher frequency band between 1 and 2
MHz in Fig. II.16 originating from the ablation effect, which corresponds to the impulsive and
broadband (Audoin et al., 1996) wavelet. Note that the cardinal sine spectra are absent in certain
lens-target distance ranges in Fig. II.16 where the positive near field contribution cancels out the
negative thermoelastic contribution in the time domain.

In conclusion, the pulsed-laser source is broadband in our experiments performed in aluminum,
spreading from a few kHz to a few MHz in Fig. II.16. This is a very nice property when seis-
mic dispersion must be studied, particularly for poroelastic media (single or double porosity) or
anisotropic media, where their attenuation properties might be highly frequency dependent (Dupuy
et al., 2016a). It may also be well adapted to the study of seismoelectric effects (Pride, 1994) whose
frequency dependence is not well-known (Devi et al., 2018).

II.5 Radiation pattern of pulsed-laser seismic sources
A real seismic campaign deploy large amounts of receivers associated with different sources along
the surface, producing data-sets that we can view as seismograms. We have thus extended our
epicentral measurements of uz to an entire receiver line with a constant interval of 1 mm, as shown
in Fig. II.2, with the objective to study the radiation pattern of the different regimes obtained
by a pulsed-laser seismic source and to compare them with the radiation pattern of a typical
piezoelectric source.

The precedent analysis performed in section II.4.3 demonstrated that the ablation is the main
origin of the recorded seismic waves when the lens-target distance d = 140 mm; on the contrary, the
seismic waves originate predominantly from a thermoelastic regime when d = 260 mm. We chose
these two distances to run the linear measurements depicted in Fig. II.2 in order to study both
regimes. An extra acquisition was done with a high frequency piezoelectric transducer (C548-SM
from Panametrics, diameter 10 mm, Ricker waveform of a nominal frequency at 1 MHz) as the
seismic source located where the Q-switched laser beam hit the aluminum target.

Fig. II.17 shows the 3 seismograms measured on the 50 mm thick aluminum block under differ-
ent regimes or sources. At first sight, these seismograms are rather similar in terms of arrival times:
we can indeed easily identify the first longitudinal arrivals and their reverberations respectively
labeled L1, L3, L5 in Fig. II.17. Shear wave arrivals are also clearly identified in the seismograms
based on their well-known travel times: they are labeled S1 and L2S1, the latter one being the
S-wave converted from the L2 longitudinal wave on the aluminum-air interface. Seismic reflections
and conversions coming from the side of the aluminum blocks at ± 140 mm offsets are also clearly
observed with straight lines bouncing on the side boundaries of the three records in Fig. II.17.

Looking now more closely into these three seismograms, where negative displacements are
colored in blue and positive ones in red, we can decipher some differences amongst them. The
thermoelastic depressions are visible especially in the central part of Fig. II.17a) where wave
propagation trajectories are the shortest, indicating that the negative displacements due to the
thermal expansion attenuate quite rapidly in space with the geometric spreading. Similarly, we
observe in Fig. II.17b) a central zone where the displacements are first positive, a signature of
the positive near-field waves in the ablation regime, followed by negative signatures of the sound
wave mentioned in section II.4.3. Finally, Fig. II.17c) recorded with the piezoelectric source has
less continuous (low frequency) components than in Fig. II.17a) or b), probably due to a quasi
zero-mean waveform of the piezoelectric source, whilst the waveform of the pulsed-laser source is
not zero-mean as mentioned earlier in section II.3.4.

First arrival amplitudes are then extracted from the three seismograms displayed in Fig. II.
17 and processed to get radiation patterns of the various seismic sources. We first filtered all
the seismic traces in the seismograms: we applied a low-pass IIR filter whose pass-band upper
frequency is at 4 MHz which eliminates the high frequency noise. In a second step, the amplitudes
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Figure II.17: Seismogram (uz) registered by LDV along a straight line (see Fig. II.2) on the
surface of the 50 mm thick aluminum block. a) d = 260 mm, the waves originating mainly from
the thermoelastic regime. b) d = 140 mm, the waves originating mainly from the ablation regime.
c) Using a P-wave piezoelectric transducer (1 MHz) as the seismic source.
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Figure II.18: Radiation patterns of the normal seismic displacement uz extracted from the onset
P wave arrivals measured by LDV, with a) a pulsed-laser seismic source in the ablation regime, b)
a piezoelectric transducer and c) a pulsed-laser seismic source in the thermoelastic regime. The
radiation pattern are expressed in nm vs angles in degrees. The experimental data are shown in
solid black lines with rms values shown as error bars, accompanied by modeled radiation patterns
in red lines.

(maximum positive value) of the first P-wave arrivals are measured directly on each record. We
then normalized the amplitudes by the geometric spreading factor [1/r]. We show the experimental
radiation patterns obtained from the LDV measurements of uz for the three different cases in
Fig. II.18 with black curves. In terms of amplitudes, we can directly see in Fig. II.18 that the
displacement uz generated by the piezoelectric transducer is at most three times larger than the
one generated by the pulsed-laser in the ablation regime, the displacements in the ablation regime
being itself one order of magnitude stronger than the displacements generated in the thermoelastic
regime, which is coherent with the experimental configuration where the thermoelastic regime is
yield by a post-collapse laser beam.

The experimental radiation patterns are then compared with different models in red curves in
Fig. II.18:

✓ The measured radiation pattern of the ablation regime in Fig. II.18a) is compared with the
radiation pattern of a point source simulated with the numerical code Hou10ni presented in
section II.3.4: the agreement between the point source model and the measurements is perfect
at small incident angles, whilst the two patterns tend to differ slightly above an aperture
angle of 30◦. We have to notice however that the reflections and conversions occurring
at the aluminum-air boundary at large angles influence considerably the amplitudes of the
experimental first arrivals according to the Zoeppritz equations (Castagna & Backus, 1993),
whereas the numerical simulation allows to measure inside the medium thus getting rid of
the boundary influences. This difference may explain the mismatch between the experiment
and the point-source model in Fig. II.18a) for angles beyond 30◦.

✓ The piezoelectric radiation pattern appears to be rather anisotropic with a strong radiation in
the normal direction and weaker ones on the two sides in Fig. II.18b): this pattern is expected
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for a collimated piezoelectric transducer. We use a polar anisotropic analytic expression of
type A = A0 · cos6(θ) to nicely fit the experimental radiation pattern in Fig. II.18b) where
A0 is the amplitude at the epicenter position.

✓ The radiation pattern of the laser thermoelastic regime in Fig. II.18c) differs noticeably
from the two previous cases: it shows minimum values at small incident angles and two
lobes pointing approximately with maximum values at 45◦. A theoretical P-wave radiation
pattern has been derived by Bernstein & Spicer (2000) who represented the thermoelastic
regime as a line source composed of a shear stress dipole. The comparison of the data with
this model is very good at small incident angles in Fig. II.18c). For incident angles larger
than 30◦, the comparison is still qualitatively satisfactory even if the experimental data is
rather noisy and the theoretical modeling does not take into account the free boundary
condition of the experiment. The radiation pattern in Fig. II.18c) is rather similar to
patterns observed from S-waves seismic source (Fukushima et al., 2009); this indicates that,
in the thermoelastic regime, the waves originate from a shear stress motion which is directly
converted into longitudinal displacement at the source-targeted interface.

II.6 Conclusions and perspectives
We have explored the possibility to use a pulsed-laser beam emitted by a Q-switched laser as a
seismic source for geophysical laboratory experiments. Our experimental set-up is composed of
a pulsed-laser, a convergent lens focusing the original laser beam (9 mm in diameter), aluminum
blocks and a Laser Doppler Vibrometer (LDV) measuring at the surface the seismic displacement
induced by the pulsed-laser source.

Measurements by LDV of the displacement uz at the epicenter point (orthogonal projection of
pulsed-laser impact on the opposite face of the aluminum block) proved that the incident power
density Pd of the pulsed-laser is generally stable in intensity, even throughout long-lasting ex-
periments where thousands of laser impulses are successively generated, which will be necessary
once systematical seismic acquisitions are launched. We should however note that the amplitudes
measured by LDV can be influenced by the state of the impacted surface: if a high Pd is used,
ablation (White, 1963) can occur right on the impacted surface. One of the consequences is that
the measurements of uz are affected by the ablation since on the one hand, a part of the laser
energy is lost in the ablation process; on the other hand, the ablated area influence locally the
wave propagation. We have therefore suggested that when ablation occurs, a possibility to keep
the source reproducible is to “renew” periodically the impact point, e.g. slightly displacing the
point of impact, in order to avoid biased measurements of u. Another option is to derive an em-
pirical law to estimate the amplitude fluctuation in uz as a function of the pulsed-laser number
amid repetitive shots: this empirical law could be used to correct and retrieve reliable values of
uz measurements as long as the experiments are performed on an homogeneous surface with fixed
acquisition parameters.

By varying the distance between the lens and the aluminum blocks, we are able to vary the
incident power density Pd and the spot size of the laser beam hitting on the target. Measurements
of the displacements induced by the pulsed-laser impact highlighted 3 types of regimes (Aussel
et al., 1988): 1) when Pd ≤ 5 MW/cm2, the thermoelastic regime dominates. The thermoelastic
deformation of the impacted surface is the origin of the elastic/seismic waves; 2) the intermediate
regime occurs when 5 ≤ Pd ≤ 20 MW/cm2 where both the thermoelastic deformation and the
slightly ablated surface contributes to the wave generation. The ablation creates an excitation
force pointing normal to the impacted surface (Aussel et al., 1988; Dewhurst et al., 1982); 3)
when Pd ≥ 20 MW/cm2, the ablation regime dominates. We also demonstrate that the pulsed-
laser generated high-frequency (of MHz order) waves recorded by LDV were accompanied by a
low frequency sound wave (of the order of a few tens of kHz) propagating also in the volume of
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aluminum. This combination leads to a remarkably broadband seismic source by pulsed-laser in the
ablation regime in aluminum, ranging roughly from the kHz to the MHz; the wide frequency band of
this pulsed-laser source differs noticeably from the rather narrow bands of the other mechanical or
piezoelectric seismic sources used in geophysical laboratory experiments. This broadband seismic
source will be a powerful equipment to perform high quality namely high resolution geophysical
imaging at laboratory scale (Waite et al., 2008).

We studied quantitatively the ablation regime by experiments adopting Pd = 28 MW/cm2.
From these experimental data, we have analyzed precisely the seismic waveform generated by this
regime at the epicentral point in the three aluminum blocks of different thicknesses. We could nicely
model the recorded seismic waveforms both analytically and numerically. The analytic approach
demonstrates that the first P-wave arrivals in the 3 blocks have a main frequency around 2 MHz and
that they are followed by near field waves. The 2D and 3D numerical elastodynamic modeling of
the wave propagation in the aluminum blocks were performed by finite element approach featuring
the Interior Penalty Discontinuous Galerkin method (Baldassari, 2009): we demonstrated that 2D
modeling was sufficient to retrieve a good agreement between the experiments and the simulations
in terms of arrival times of the different wave-fields (P-wave, S-wave, near field). The 3D complete
simulations were however required to get reliable amplitudes comparable with the experiments.
However, the present 3D modeling is quite “noisy”, compared to the 2D ones, which is due to
two major reasons: firstly, the tetrahedron side-length is not always sufficiently small (compared
to the wavelength) to guarantee an accurate solution, mainly because of the computer memory
limit issues; secondly, the absorbing boundary condition (ABC) still needs improvement, especially
concerning the shear wave absorption on an ABC.

We applied the pulsed-laser source in a simple geophysical seismic exploration configuration in
the last experimentation set. We measured along a line of receivers the seismic wave-field gener-
ated by the pulsed-laser, producing seismograms where the records were symmetric with respect
to the epicentral point. We analyzed seismograms in both regimes where waves were generated by
either thermoelastic deformations or ablations. We also acquired a seismogram with a piezoelectric
transducer acting as a seismic source for comparison with the pulsed-laser source. We therefore
extracted the amplitudes of the first arrivals in the seismograms and produced the radiation pat-
terns according to the seismic displacements linked to the three types of excitation: thermoelastic,
ablation and piezoelectric. The modeling of the radiation patterns and the comparison with the ex-
perimental ones demonstrated that the thermoelastic pulsed-laser source behaves as a shear stress
dipole (Bernstein & Spicer, 2000; Scruby et al., 1980) with weak displacements normal to the
impact vector, the main displacements being around 45◦ with respect to the impact vector. The
radiation pattern of the ablation pulsed-laser source turns out to be quite close to a point source
force normal to the impacted surface. Lastly, the radiation pattern of the piezoelectric transducer
is, as expected, rather collimated compared to the ablation one, with most of the energy in the
direction normal to the impacted surface.

In conclusion, we have demonstrated that a pulsed-laser seismic source is suitable for geophysical
laboratory experiments where seismic wave propagation is involved since:

✓ it is a contact-free source, hence coupling issues are avoided and the source can be applied
onto regular as well as irregular or uncommon shapes in both solid and liquid media; it can
also adapt to unusual conditions such as reservoir conditions where both the temperature
and pressure can be high.

✓ it is convenient to handle and easy to direct the laser beam spatially with optical sets; it offers
the possibility for example to impact a target in a tiny hole. The size of the pulsed-laser source
impact is moreover adjustable with an optical lens.

✓ the incident power density Pd of the laser beam is satisfactorily reproducible when a set
of successive pulsed-laser is generated, which is an expected feature for high space-density
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seismic acquisitions with the PS-PD setup and for seismic monitoring purposes.

✓ different regimes of the pulsed-laser source (thermoelastic or ablation) can be adapted to
different experimental demands. For example, the ablation regime is particularly efficient
for generating broadband P-waves with a relatively isotropic radiation pattern, while the
thermoelastic regime is shear source-like.

✓ a large range of amplitudes and frequencies of the pulsed-laser source is available by either
changing the Q-Switched FLQSdelay of the apparatus or the lens-target distance.

✓ the radiation patterns are simple and regular; the easily-handling feature makes the radiation
pattern more stable and predictable than those of piezoelectric sources, which is of first
importance when quantitative analysis on seismic amplitudes are desired.

We have conducted our study in an ideal homogeneous, elastic and isotropic aluminum alloy to
avoid non-linear effects induced by heterogeneous and/or anisotropic materials on the source; the
use of other materials will certainly modify the amplitude and the frequency of the pulsed-laser
source wavelet, which will therefore require proper upstream calibration work. Another material-
dependent property of the pulsed-laser source is the non-negligible surface-consuming feature in
case of very strong ablation; a special surface treatment or coating (Pan et al., 2011) might be
necessary for some materials in that case.

This laser-generated seismic source opens new perspectives on various applications such as pre-
cise Non-Destructive Test (NDT) on metals, micro-seismic exploration on small and intermediate
scale samples of random shapes in the laboratory. We are especially interested in its eventual
geophysical applications in rock mechanics (Dupuy et al., 2016b), rocks or digital rocks imaging
for geological reservoirs explorations. The pulsed-laser source appears to be particularly adapted
to generate broad-band seismic full wave-fields in heterogeneous natural rocks.

Eventually, another evident perspective resulting from the present study is a quantitative char-
acterization of the displacements measured on an interface where all the wave reflections and
conversions should be considered in the analysis. That would require beforehand an “Amplitude
vs Angle/Offset”, (Castagna & Backus, 1993) study in a numerical way where the amplitude
attributes of seismic data would be quantitatively modeled and explored before establishing a sim-
ulated reference for experimental data processing. This can be of special interest if we aim at
exploring efficiently and finely the experimental attributes of amplitude.

96









Chapter III

Data acquisition on carbonate cores
and signal processing

Let us investigate in this chapter the natural carbonate cores with the experimental and simulation
tools described and calibrated in Chapters I and II.

As in a field scale, two types of seismic explorations can be envisaged in a laboratory scale:
the passive and the active seismic techniques. Passive seismic techniques consist in looking for
coherent events by cross-correlating seismic recordings of noises (Hadziioannou et al., 2009; Boué
et al., 2013; Larose et al., 2015; Voisin et al., 2016; Garambois et al., 2019). The term “passive”
indicates that no artificial source is used. Active seismic techniques involve artificial seismic sources
such as in seismic reflection of exploration geophysics. We apply the active seismic method to probe
the carbonate cores, namely with the C548 PZT or the pulsed-laser as artificial seismic sources.

III.1 Geological settings of the carbonate cores
The carbonate cores investigated under this PhD framework have been studied first by the “Lab-
oratoire Souterrain à Bas Bruit’ (LSBB). The cores were extracted in Rustrel, known also as the
“Colorado of French Provence” where a Urgonian (low Cretaceous) carbonate platform is located.
This carbonate platform is thought to be an excellent analogue of the Middle-East carbonate for-
mations bearing hydrocarbon resources due to the similar geological age, paleo-environment and
facies (Borgomano et al., 2013; Baden, 2017).

Fig. III.1 shows a series of CT-scan (see section III.2) images of one carbonate core named
Ech11.03, the suffix numbers indicating the position of the core segment’s top in the original core
(11.03 cm beneath the top of the entire core). Geologists have looked into the carbonate core and
identified the stratification: thus the core has been successfully scanned following the dip and strike
directions as shown in Fig. III.1. The core Ech11.03 has also undergone a thorough scan along the
main axis: such as slices 1∼5 at different core height. The image in the middle of Fig. III.1 displays
the unrolled CT-scan of the side surface. Ech11.03 is strongly heterogeneous according to these
CT-scans: different facies are clearly recognizable under the X-ray that reveals also considerable
porosity in the lower part of the core.

Baden (2017) performed acoustic experiments on the same cores. The carbonate rocks are
submerged in water, probed by a PZT receiver with another transducer as the seismic source
(fc ≈250 kHz). The sources and receivers were kept slightly away from the core surface in order
to avoid all shear waves, which is the main advantage of the experimental setup of Baden (2017),
who studied the anisotropy of the cores under the Vertical Transverse Isotropy (VTI) assumption.
Baden (2017) concluded that the apparent anisotropy was predominantly controlled by the fracture,
followed by the embedded dense fossils. The experimental setup of Baden (2017) showed that all
the measurement were performed following the core diameter that measured more than 10 cm
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widely used in academic and industrial contexts. The X-ray tomography is based on the X-ray
attenuation when it passes through an object. This phenomenon can be quantified by the Beer’s
Law:

I = I0e
−µx (III.1)

The initial intensity I0 of the X-ray is reduced to I after traversing an object along a path of
length x. µ is the linear attenuation coefficient of a homogeneous material. The expression (III.1)
can be generalized to a common case by summations and integrals. Different algorithmic and
numerical strategies (Gerstenmayer & Thiery, 2002) are available to retrieve the linear attenuation
coefficients of the interior of the object. Once the reconstruction is done, it will be quite convenient
to view the object through sections of various azimuths. The efficiency of the CT-scan method on
3D reconstruction of meter-to-micrometer scale geological elements is superior to most of the other
mechanical (including ultrasonic imaging) and chemical serial-sectioning (Ketcham & Carlson,
2001; Landis & Keane, 2010) methods. CT-scans highlight however shapes of objects, which is fairly
different from the ultrasonic imaging highlighting for example the wave propagation velocities.

The resolution of the X-ray tomography depends on several factors, including the radiation
intensity, the exposure time, the detector size and density. According to Ketcham & Carlson
(2001), conventional CT-scan systems widely used in medical care are suitable for meter-scale
investigation with millimeter resolutions. High-resolution and ultra-high-resolution systems aim
at decimeter and centimeter scales respectively, with a few tens of micrometers resolution. The
micro-tomograph (Saur et al. (2020)) of DMEX - Développement de méthodologies expérimentales
in Pau, France) targets micrometer resolution upon mm scale objects.

CT-scan’s nondestructive nature is also a major advantage in geoscience applications. Natural
rock samples are often vulnerable to mechanical impacts which can bias the measurement or make
the experiment unrepeatable. Therefore, starting investigations on geological elements with the
X-ray tomography is always a good idea to get a first and precised picture of the sample interior.

The linear attenuation coefficient µ is closely related to the atomic numbers Z of the material
atoms interacting with the X-ray photon energy. The photon energy loss is proportional to Z or
Z4−5, depending on the X-ray energy levels. In theory, it is therefore possible to establish a density
ρ map of the object from the values of µ, even though the µ-to-ρ conversion will neither be linear
nor straightforward. From this viewpoint the CT-scan images are far from quantitative assessment
of the material’s density distribution. However, CT-scan images are doubtlessly suitable for taking
pictures of geological element morphology, phase contours, porosity or fluid-flow dynamics that
are highly useful for quantitative analyses (Ketcham & Carlson, 2001; Cnudde & Boone, 2013) in
geosciences.

III.2.1 X-ray CT-scan slices of the carbonate cores: Ech2 and Ech11.08
The CT-scan images of our carbonates cores are produced and processed by TOTAL CSTJF.
Fig. III.2 displays 2 key images of the CT-scan DICOM (Digital imaging and communication in
medicine) data-set for core slices Ech2 and Ech11.08 respectively, the resolution being ∼260 µm.
TOTAL’s medicine scanner comes from General Electric’s Discovery® series.

On each of the 2 slice illustrations, the colors indicate the linear attenuation coefficients scaled
to the color range [0, 255]. Red colors imply stronger X-ray attenuation while blue ones for weaker
attenuation. Visible pores appear to be dark blue under this color scale. A hole can be literally
identified on the slice Ech2, which has actually been subjected to the study by multi-component
measurements with the setup 3 in I.5 of Chapter I. As already shown in Fig. I.37 in the previous
chapter, the abnormally strong S1 polarization patterns of the sixth and seventh sources, which
are positioned in the vicinity of the hole, and the anomalous curved patterns inside the box zone
close to these two sources originate apparently from the wave scattering around this hole. The slice
Ech11.08 is also conspicuous due to the contrast between the bright side and the dark side, the
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The RT for a 2D function f(r) is defined as following:

Rf(L) =

∫

L

f(r)|dr| (III.2)

Rf(L) in (III.2) gives the projection of f(r) along a line that does not depend on the values of
f(r), hence it is a pure geometrical operation (Virieux et al., 2016) on f(r).

In X-ray CT-scan reconstruction, the projection of the density or the linear attenuation co-
efficient along a straight line corresponds to the physical behavior of X-rays traversing straight-
forwardly the studied object. Therefore f(r) can be directly linked to the density or the linear
attenuation coefficient. However, other tomography methods such as the electrical resistivity to-
mography (Nguyen et al., 2007, 2009; Hermans et al., 2012) and seismic tomography(Nolet, 1987;
Tarantola, 1987) are characterized by notable non-linearity physics where the integral path depends
on the integrated function itself. In seismic tomography for instance, the ray paths connecting the
sources and receivers are generally curves depending on the unknown velocity/slowness model. Let
f(r) express the slowness structure of an 1D medium, such as a spherically symmetric model of
the Earth whose velocity field depends only on the radius, |dr| should be a small portion of the ray
concerned, and the Rf(L) will be the wave travel time between the source and receiver. The ray

parameter p =
1

cx
=

sin(i)
c

, also known as the horizontal slowness, is constant for a given ray and
can be introduced into the RT (Virieux et al., 2016) in order to take into account the curvature.
After all, the Inverse Radon Transform (IRT) will allow us to reconstruct the velocity profile for
the 1D model, coinciding with the HWB method.

As a direct inversion method, the HWB method and other methods (Knopoff & Teng, 1965;
Gerver & Markushevich, 1966) based on this method require often interpolation of travel-time
curves or other functional hypotheses on the the model. These methods can be quite sensible to
errors in the data or yield biased results due to subjective hypotheses. Backus & Gilbert (1967,
1968) studied the inverse problems on the Gross Earth Data, from mass to mechanical properties
as well as quality factors, in a analytical way with a modern mathematical view on the data-to-
model mapping. Backus & Gilbert (1968) applied the first-order perturbation theory (Kato, 2013)
on observed quality factor data in order to estimate the local quality factors of the Earth interior
and the resolution conditioned by the observation intensity and the error of the data. Backus &
Gilbert (1970) did a remarkable theoretical analysis on the uncertainty estimation of the inversions
on quality factors and the gravitational mass. The application of the perturbation theory onto the
Gross Earth Data opened new doors to the inversion studies in geophysical contexts. Even though
Bessonova et al. (1974, 1976); Garmany et al. (1979) introduced the Delay Time Function τ(p)
to facilitate the direct inversion procedure because they aimed at searching the extremities of the
acceptable models instead of the best fitting ones, the indirect and iterative methods based on
perturbation theories started to dominate in the 1980s until nowadays (Nolet, 1987, 2012).

III.3.2 The perturbation theory and the indirect inversion
The perturbation theory is the basis of modern mathematical methods to solve complicated eigen-
value problems for which one can hardly find the complete solutions. The general idea is to in-
troduce simpler systems admitting complete solutions and then study the slightly deviated system
with respect to the simple one (Kato, 2013).

Backus & Gilbert (1970) applied this idea onto gross geophysical data (e.g. Earth density
probing):

Let g1, g2, · · · , gN (gi ∈ G) be a finite set of functionals linking the Earth model m(r) and the
observations γ1, γ2, · · · , γN . In the case of travel time inversion, (III.2) indicated that gi is not
linear (Latorre, 2004). Backus & Gilbert (1970) assumed that gi was Fréchet differentiable and the
Earth was radially symmetric, which implies that:
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∀m(r), ∃
{

G1(r),G2(r), · · · ,GN(r)
}

satisfying :

gi(m′)− gi(m) =

∫ 1

0

[
m′(r)− m(r)

]
Gi(r)dr +O(m′ − m)2 (III.3)

m′ is another Earth model which is generally slightly different from m in the sense of perturbation.
Backus & Gilbert (1970) called Gi the “data kernel” for gi at the Earth model m′. gi(m) can be
considered as the generalized moment of m with respect to data kernel Gi. For the sake of
simplicity, the Earth’s radius is reduced to 1 in the demonstrations, which is justified by the radial
symmetry.

One should not expect exact values of the true model mE given a finite number of generalized
moments. However, it is absolutely reasonable to calculate weighted averages of the mE values at
different locations. After introducing a weighting function A:

∫ 1

0
A(r)dr = 1 (III.4)

and letting A be a linear combination of Gi:

A(r) =
N∑

i=1

aiGi(r), ∀{a1, · · · , aN}, (III.5)

along with the definition of qi:

qi =

∫ 1

0
m(r)Gi(r)dr (III.6)

the weighted average on m can be written as the inner product:

⟨m,A⟩ =

N∑

i=1

aiqi. (III.7)

If both m and m′ are G-acceptable Earth models (Backus & Gilbert, 1970), gi(m′) = gi(m).
Combining (III.3) and (III.7):

⟨m′,A⟩ =

N∑

i=1

aiqi +O(m′ − m)2. (III.8)

Even though the Backus-Gilbert method is seldom applied in solving geophysical inverse prob-
lems (Pujol, 2013), Backus & Gilbert (1970) introduced some important terms into the inversion
problem in general: the G-acceptable measurement and the averaging kernel A depending on the
data kernel G at model m. The G-near criterion allows to determine whether the data are capable
of uncovering the Earth interior, while the averaging kernel can measure the resolution G in space.

Furthermore, by introducing measurement uncertainty estimations ∆γ1,∆γ2, · · · ,∆γN into
γ1, γ2, · · · , γN , one can do error analyses and statistics, which is a must when inversion confidence
needs to be established. Backus & Gilbert (1970) did a comprehensive study on this subject as well
and stated that complete scientific (experimental) measurements should always be accompanied
with uncertainty estimations (Backus & Gilbert, 1968). The mathematical study of Backus &
Gilbert (1970) on the inverse problem led to their introduction of the trade-off between resolution
and error (Pujol, 2013), which influenced numerous mathematicians and geophysicists such as
Menke (1984); Tarantola (1987); Aki & Richards (2002).
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III.3.3 General Radon Transform and linearization of the forward problem of
wave propagation

(III.2) expresses the classical RT in 2D space. Classical RT are integrals along straight lines (2D)
or on hyperplanes (3D). The General Radon Transform (GRT) perform integrals with a weight
function over general curves or hypersurfaces (Beylkin, 1985). In III.3.1, we introduced the direct
inversion methods based on the HWB formulae which coincides with the IRT for a 1D Earth model.
Due to the dependency of the integral path on the unknown model, the inversion is not linear. The
introduction of the ray parameter helped to take into account the true rays in the 1D case. The
linearization of more general inverse problems uses the small perturbation strategy. Beylkin (1985)
applied the small perturbation technique onto a Helmholtz wave equation posed in a region X with
sources η and receivers ξ on ∂X, then deduced the integral representation of the singly scattered
field, which is described as Kirchhoff Simulation Approximation by Symes (1995). Beylkin (1985)
proposed also an approximate reconstruction algorithm which synthesizes the idea of migration
with a Generalized Backprojection Operator (GBO) denoted as R∗:

R∗F+R ≈ I∂X0
η
. (III.9)

Beylkin (1985) inspired from advanced mathematical tools including the perturbation theory,
the GRT (R) and the Fourier Integral Operator (FIO), whose first term is I∂x0

η
. The perturbation

theory allowed him to linearize the differential equation and to deduce the first-order asymptotic
expression of the diffraction field from the incident field and the observed diffraction field measured
on the boundary. Beylkin (1985) established the relation between the asymptotic expression of the
singly scattered field and the GRT, which is closely related to the FIO when applied to solve wave
equations. More mathematical details of the GRT and the FIO are available in Beylkin (1984).

The solution given by Beylkin (1985) consists in searching for a velocity model near a constant
or a variable background model. Consider the following acoustic wave equation:

1

ρc2
P̈ −∇ ·

1

ρ
∇P = F, (III.10)

where P stands for acoustic pressure, ρ is the density (specific mass), c is the acoustic wave velocity
and F denotes the source term.

Introducing δρ and δc to represent the perturbations in the model, Symes (1995); Virieux et al.
(2016) demonstrated that the linearized equation about δP can be written as:

1

ρc2
¨δP −∇ ·

1

ρ
∇δP =

2δc

ρc3
¨δP −

1

ρ
∇
δρ

ρ
· δP. (III.11)

Virieux et al. (2016) wrote Eq.(III.10) in the frequency domain, which turned out to be the
Helmholtz equation:

−(∇ ·
1

ρ
∇+

ω2

ρc2
)P̂ = F̂ , (III.12)

then deduced a similar equation as (III.11) but in the frequency domain.
Eq.(III.11) shows that the perturbation field δP is linear with respect to the model pertur-

bations, respectively the variation in density (specific mass) δρ and in velocity δc. Nevertheless,
Symes (1995) emphasized that δP is strongly and nonlinearly dependant on the background ve-
locity model c. This remark is the major motivation of velocity analyses in migration where rough
background model is estimated in order to solve δP .

However, we should be aware of the following conditions or simplifications adopted by Beylkin
(1985):

✓ Only the single scattering is taken into account;
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✓ The Helmholtz operator ∆+ k2 is used for the forward simulation with a point source;

✓ Only the first term is kept where an asymptotic expansion or a Taylor expansion is involved;

✓ Only the first term of the geometrical optics approximation is retained when evaluating the
incident field;

✓ Only the first term of the FIO intervenes in the reconstruction algorithm, neglecting the
other terms which appear to be smoothing operators;

✓ The result will depend on ray tracing since the Eikonal and Transport equations are involved.
These a priori settings contribute to simplify the inversion problem while preserving a good

accuracy in appropriate cases (Symes, 1995).
It is not surprising that several of the assumptions above consist in taking only the first term

of Taylor series approximations since the exact integral equations expressing the perturbation field
δP or the scattered field outside the scatter is implicit (Ishimaru, 1978). Two approximation meth-
ods are frequently used in the perturbation field estimation, the first-order Born Approximation
(Virieux et al., 2016) and the first Rytov Approximation (Symes, 1995). Briefly, the Born Approx-
imation can be regarded as a Taylor expansion of the wave field ψ in powers of the heterogeneity
measure (seismic wave velocity for example), while the Rytov Approximation will be an expansion
on ln(ψ).

Another commonly used approximation is the WKBJ (Virieux et al., 2016) method which
assumes that the solution of the differential equation can be approached by asymptotic series.
Under this approximation, the Green’s Function G (impulsive response of a geological model under
a point source) can be simplified as follows:

Gij ≈ aijδ(t− τij), (III.13)

where τ is the travel time function from the Eikonal Equation and a is the transport coefficient
from the Transport Equation.

III.3.4 The inverse problem as a qualitative migration
When it comes to the qualitative inversions, we can not give Migration a miss. Migration seeks
to put back seismic reflections that can be read on a seismogram onto the locations of geological
interfaces (reflectors). The very first classical migration was graphical (Hagedoorn, 1954; Miller
et al., 1987) and evolved into the Kirchhoff migration (French, 1974; Schneider, 1978) based on the
diffraction theory and Kirchhoff summation. Migration was rather a qualitative imaging method
because it was considered as a relocation procedure for seismic reflections through graphical-like
methods. Claerbout (1971); Claerbout & Doherty (1972) proposed another point of view of the
reflector mapping in which the wave equation is comprehensively involved, leading to the idea
of crossing the upgoing and downgoing field, which is commonly known as the image condition
(Berkhout, 1984; Stolt & Weglein, 1985). The wave equation methods has grabbed great attention
and popularity since then, giving birth to the Reverse Time Migration (RTM) family which includes
some quantitative members such as the Amplitude-preserving RTM (Zhang et al., 2014).

However, Claerbout (1971) admitted the amplitude ambiguity in the RTM method because he
was convinced that it would be rather difficult to explore it quantitatively. In fact, he pointed
out the “severe” problems in the amplitudes observed on the surface, which is actually true. The
amplitudes that we measure on a free surface will suffer from wave conversions, or the Amplitude vs
Angle (AVA) phenomenon, as is stated in II.5 of Chapter II. Besides, the polarization discrepancy
illustrated in I.5.5.2 of Chapter I is also tightly related to the AVA phenomenon: the angle-
dependency of the converted/reflected wave’s amplitude leads to a polarization discrepancy with
respect to the normal/tangential direction of the free surface. We will readdress this tricky issue
later in section III.5.2.
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Equation (PDE) whose solution has discontinuous gradients, Van Trier & Symes (1991) proposed
another FD scheme to solve the gradient of arrival times in a polar coordinate system, which
turned out to be more general and efficient because the working flow is vectorizable and the grid
point computation order is no longer essential because the travel-time is solved by integrating the
corresponding gradients.

Van Trier & Symes (1991) actually were not far from the Hamiltonian formulation used by
Virieux (1991), for example because the former naturally introduced the take-off angle of rays
thanks to the polar coordinate system. The Hamiltonian formulation displays the symmetry be-
tween position x and “momentum” p in a dynamic system:

ẋ = ∇pH,

ṗ = −∇xH,
(III.14)

where (x,p) forms the canonical coordinates where the rays can be represented by characteris-
tic curves in this phase space (Virieux, 1991; Lambare et al., 1996). Concretely, p is the time-
dependent (τ) local slowness vector of the ray, whose magnitude should be equal to the slowness
s of the isotropic medium at the corresponding location x. Hence one can formulate the following
Hamiltonian (Virieux, 1991; Lambare et al., 1996):

H(x,p) = 1

2
c2(x)(p2(τ)− s2(x)), (III.15)

where c(x) is the velocity.
It is obvious that H ≡ 0 in the ray space, which spans actually a Lagrangian submanifold

(Hanyga, 1984; Lambare et al., 1996).
Combining Eq.(III.14) with Eq.(III.15), one can obtain the ray PDE system (Lambare et al.,

1996):

ẋ = c2(x)p,
ṗ = −p2c(x)∇xc(x).

(III.16)

Evidently, the two equations in (III.16) are not independent (Virieux, 1991). Linearization is
necessary to solve this PDE system and once again, the small perturbation theory can be used to
achieve it (Farra & Madariaga, 1987; Virieux, 1991; Lambare et al., 1996):

(
˙δx
˙δp

)
=

(
∇p∇xH ∇p∇pH
−∇x∇xH −∇x∇pH

)(
δx
δp

)
,

with:
δH = ∇pH · δp +∇xH · δx = 0.

(III.17)

The second equation is a “ray construction” condition meeting the Eikonal Equation, which simply
means that the Hamiltonian should be constant along the ray. As mentioned earlier, the Hamil-
tonian chosen as (III.15) should be equal to 0 along any ray. In practice, it is sufficient to ensure
this condition at a given position (Virieux, 1991), for example the beginning (source position) of a
ray.

The Propagator Matrix Method (Aki & Richards, 2002) can be applied to solve the linear
PDE of (III.17). The solution is formulated with a propagator matrix P(τ, τ0). Given a known
(δx0, δp0) at τ0:

(
δx
δp

)
(τ) = P(τ, τ0)

(
δx0
δp0

)
, (III.18)

the travel-times can then be calculated by integrals along the rays.
Lambare et al. (1996) illustrated Eq.(III.16) and Eq.(III.17) through the concept of “paraxial

rays” with clear graphs. The perturbation theory is actually the basis of ray tracing from initial
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conditions and boundary condition, namely paraxial rays which are slightly deviated from the
reference ray. It also backs the idea of searching for better models by introducing perturbations into
the ray field (Virieux, 1991). The paraxial rays provide also stability and uncertainty information
around a given ray (Virieux, 1991; Cerveny, 2005).

The ray theory led to two approaches of asymptotic assessment of the travel-time: the FD
Eikonal solver promoted by Vidale (1988, 1990) from Eulerian viewpoint and the Ray Tracing
based on Hamiltonian formalism from Lagrangian viewpoint and the perturbation theory (Farra
& Madariaga, 1987; Virieux, 1991; Lambare et al., 1996). The Eikonal solver is performed in the
configuration space (x) while the Ray Tracing is done in the phase space (x,p). In practice, Eikonal
solver is suitable for solving first arrival travel-times on a dense grid in a complex medium, where
the Ray Tracing might encounter difficulties even fail (Le Bouteiller, 2018) in travel-time mapping
on the dense grid in case of a strongly heterogeneous medium. However, Eikonal Solver can not
handle caustics and triplication, which correspond to folds of the Lagrangian submanifold spanned
by the parameterized rays in the phase space. According to Lambare et al. (1996), the caustics are
the images of the folds of this Lagrangian submanifold under the (x,p) → (x) projection mapping,
where the projection is not invertible, thus the Ray Tracing is capable of handling multivalued
travel-times (Lambare et al., 1996) caused by strong heterogeneity.

The transport equation is another aspect of the ray theory under the geometrical optics ap-
proximation:

2∇T (x) · ∇A0(x) +∇2T (x)A0(x) = 0, (III.19)

T is the solution of the Eikonal equation and A0 comes from the leading-order (until the first
order) terms of the geometrical approximation applied to wave propagation equation. Eq.(III.19)
can also be written in the phase space (x,p) (Symes, 1995). Cerveny (2005) demonstrated the
relation between the transport equation III.19 and the geometrical spreading, which is actually a
phenomenon obeying the energy conservation law along the ray tube. Geometrical spreading must
be taken into account when computing the amplitude within the geometrical optics approximation.

III.3.6 Core-scale seismic tomography by First Arrival Travel-time Tomography
(FATT)

The asymptotic ray theory provides all the ingredients for computing First Arrival Travel-times
(FAT). Le Bouteiller (2018) presented a comprehensive work on solving the Eikonal equation as
well as the accompanied transport equation, from the theory to the practical issues. The compu-
tation of the FAT is essential for performing First Arrival Travel-time Tomography (FATT). I will
demonstrate the link between the seismic wave travel-time and the seismic tomographic inversion
in the following paragraphs.

Despite the diversity of arrivals that we can measure on the surface of a core, as illustrated in
Fig. I.19, our priority remains on the exploration of the first-arrivals. The FATT is a conventional
method to achieve reliable velocity models, at least on coarse scales, which depends doubtlessly on
the spatial density of seismic shots (ray coverage or illumination).

Generally, FATT starts with forward modeling with an initial slowness/velocity model m0. The
forward modeling concentrates on solving travel-times of interest, mostly the First Arrival Travel-
time (FAT), because it is quite convenient to identify them on real data. The second step consists
in comparing the observed travel-times tobs and the simulated ones tcal. The objective of the
tomography is thus to minimize the difference between tobs and tcal by adding small perturbations
into the prior model in an iterative manner. The final model will be an estimation of the real but
unknown Earth model mE .

In terms of forward modeling, we adopted the Eikonal solver instead of Ray Tracing since we
concentrate presently on FAT. The FD scheme for the Eikonal Solver has been improved by several
authors (Podvin & Lecomte, 1991; Hole & Zelt, 1995) since the original one proposed by Vidale
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(1988). In general, the improved schemes added head wave operators and reverse propagation
of times into a solved cell, which allowed to handle strong velocity contrasts. More recently,
Le Bouteiller (2018) proposed solving the Eikonal equation with the Discontinuous Galerkin method
(DGm). Moreover, Le Bouteiller (2018) developed a Finite Element (FE) scheme that can naturally
handle the topology. The Eikonal solver that I used is however based on a FD scheme.

Once the travel-times are calculated on a regular grid with the FD scheme, rays can be traced
with the a posteriori method (Vidale, 1988; Podvin & Lecomte, 1991). This means that the rays
are “backtracked” from the receivers to the sources following the steepest gradient paths of the
travel-time field.

Ray trajectories are essential in tomography in order to construct the objective function Φ,
which can be formulated either by “backprojection” of the residuals (Hole, 1992) or by measuring
the data misfit and the model roughness (Zelt & Barton, 1998). The second option is adopted for
the inversions involved in the present thesis.

The linear problem in an isotropic medium can be defined as follows:

LNr×NcδmNc×1 = δtNr×1, (III.20)

where δm contains the perturbations that will be added to the last model m0, which are the
unknowns, in order to obtain the new model m; L is the Fréchet Derivative matrix whose element lij
equals to the length of the ith ray in the jth cell under a FD scheme; δt is the residual vector, namely
tobs − tcal, with tcal calculated under the last model m0; Nr and Nc are the number of rays and
the number of cells respectively. In general, Nc ≫ Nr, which means that the linear problem has a
considerable under-determined part. Besides, L is a very sparse matrix. Therefore Eq.(III.20) needs
some regularization before inversion. Zelt & Barton (1998) proposed an regularization configuration
consisting in minimizing an objective function Φ that measures the model toughness and data
misfit:

Φ(m) = δtTC−1
d δt + λ(mTC−1

h m + szmTC−1
v m), (III.21)

where the first term measures the misfit and the second one measures the toughness; Cd is the
data covariance matrix that is usually an identity matrix if the data are independent between each
other; Ch and Cv are respectively the in-plane and out-of-plane roughening matrices; λ is a trade-
off parameter and sz determines the relation between the in-plane and out-of-plane smoothness of
the model. Given m = m0 + δm, Minimizing the function (III.21) consists in solving the following
equation system:




C−0.5
d L
λCh

szλCv


 δm =




C−0.5
d δt

−λChm0
−szλCvm0


 . (III.22)

Obviously, the second and third rows of (III.22) will cancel the second term of (III.21), assuring
minimal value of Φ as well as constraining (III.20).

Finally, Eq.(III.22) can be solved through the LSQR (Sparse Linear Equations and Least Square
Problems) algorithm (Paige & Saunders, 1982; Nolet, 1987; Zelt & Barton, 1998). Although LSQR
and the Conjugate Gradient method are analytically equivalent, Paige & Saunders (1982) stated
that the former features more favorable numerical properties.

III.4 First-arrival based tomography results
In order to perform FATT on our experimental and synthetic data, I used the TomoTV program
(written in Fortran) developed by the research team of J.Virieux in ISTerre of the University of
Grenoble-Alpes. TomoTV is composed of a series of subroutines that can be flexibly assembled by
users. I collected the TomoTV subroutines and assembled them in user-friendly Python programs.
The workflows behind the assembling is illustrated in III.4.1.
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III.4.1 Numerical workflow of the tomography
The central part of the numerical workflow of the tomography applied on our experimental data
follows closely the procedure in III.3.6.

Fig. III.4 illustrates the major steps and some key settings. The six main modules are high-
lighted in light blue boxes:

✓ INTERPOL MODEL: the initial velocity model defined on a regular grid is interpolated onto
a finer regular grid for the Eikonal Solver in order to do the asymptotic forward modeling;
we will choose from 3 types of forward grids: first, fixed forward grid (361×4×361); second,
twice finer as the grid for inversion; third, progressively refining forward grids;

✓ RAY BACKTRACK: rays will be backtracked from the receivers to the sources once the
travel-time field is achieved by the Eikonal Solver;

✓ FRECHET DERIVE: Fréchet derivatives are calculated and stored in the matrix L where
each element corresponds to the ray length of a certain ray in a certain cell.

✓ PRECONDITIONING: the linear problem of (III.20) is regularized with some preconditions
to enhance the numerical stability on one hand, and perform model smoothing on the other
hand. The regularized linear system is similar to (III.22).

✓ LSQR INVERSION: the sparse linear equation of (III.22) is then solved with the LSQR
algorithm, minimizing the l2 norm of time-delays between tobs and tcal.

✓ SLICING TO 2.5D: slicing on the 3D model in order to get a 2D tomography.

These major steps will repeat in a loop, where the last velocity model is reintroduced into the
procedure as the new initial velocity model in order to calculate the new velocity model. This is
a nonlinear but cost-efficient approach. The end of the loop will depend either on the maximum
iteration number defined by the user or the lower limit of meaningful root-mean-square (rms) of
time-delays. The whole procedure will be done on a unique fine grid.

One of the key elements of tomography based on small perturbation theory is the “previous
model” m0 in which the “perturbation” δm will be added. Since the perturbations should remain
small, it is better that the search of the optimal model be sufficiently progressive. Therefore, we
added the central workflow shown in Fig. III.4 into a multi-grid framework as highlighted in Fig. III.
5. The multi-grid or multi-scale (Lutter & Nowack, 1990; Ravaut et al., 2004) strategy consists
in starting the inversion with much coarser cells and ending with fine ones, through a series of
continuously refining grids. The transition from a previous coarser grid to the next finer grid needs
interpolations on the previous model in order to meet with the finer grid structure. In addition, a
median filter is applied on the previous model before the interpolations when appropriate.

I will present in the following the tomography experiences and results yielded by the workflows
fulfilled by Python programs. Comparisons of the two workflows will be illustrated in order to
help us choose an optimal tomography strategy. I will apply the workflows on both the original
experimental data and simulated ones.

III.4.2 Seismic experimental configurations
The deployment of sources (pulsed-laser or PZT) and receivers (LDV) around the core is another
key element of the core-scale tomography. The configuration will have a strong impact on the
uniformity and the rate of illumination inside the core by seismic probes. Experimentally, it
is difficult to precisely estimate the uncertainties on the location and the effective energy of a
piezoelectric (PZT) source due to the complicated coupling on an imperfect PZT-core interface.
Nevertheless, the application of a laser source will minimize these uncertainties.
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INIT
UNIQUE GRID

INTERPOL
MODEL

RAY BACK-
TRACK

FRECHET
DERIVE PRECONDITIONING

Smoothing:
None;

∆xyzm = 0;
∆xy,zm = 0;
∆x,y,zm = 0

LSQR
INVERSION

Damping,
dvp_max ...

SLICING
TO 2.5D

Max Iter Num
OR Failure

END

NO

YES

Figure III.4: FATT workflow with single-grid. “INTERPOL MODEL” and “RAY BACK-TRACK”
assume the model parametrization, the FAT computation by the Eikonal solver and the back-
tracking of the rays. “FRECHET DERIVE” consists in calculating L of III.20. “PRECONDI-
TIONING” are actually smoothing operators corresponding to Ch and Cv in III.22. There are
three smoothing modes: conditioning the Laplacian of the model, conditioning respectively the
in-plane Laplacian and the out-of-plane 2nd-order derivative, conditioning respectively the three
2nd-order derivatives. A damping factor is introduced into “LSQR INVERSION” for convergence
control. dvp_ max sets the hard bound of Vp’s spacial variation.

Source Number of sources for EchA Number of sources for EchB
PZT C548 8 6
pulsed-laser 16 8×9a

Table III.1: Number of sources by core and by source type: four configurations in total are explored
a8 aluminum flakes (see II.7 of Chapter II) with 9 point sources on each

Receiver Number of receivers for EchA Number of receivers for EchB
LDV 301 @ 1◦ 73 @ 2.5◦
LDV 101 @ 3◦ 109a @ 3◦

Table III.2: Number of receivers by core: four configurations corresponding to those in Tab.III.1
a13 receivers for the central secondary source, 12 for the others
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? END
MULTI-GRID END
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MODEL
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Figure III.5: FATT workflow featuring multi-grid. The single-grid workflow displayed in Fig. III.
4 is integrated into another loop iterating on the grid. Green blocks represent the main elements
of the extra loop, including an interpolation during grid transition. The median filter before grid
interpolation is empirical and optional, nevertheless, it can improve the tomography result when
appropriate.
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Tab. III.1 and Tab. III.2 present lists of four source-receiver configurations that were used
in different experiments. The two slices shown in Fig. III.2 respectively for EchA and EchB are
subjected to 2D scans within the depicted experimental setup illustrated in Fig. I.12 b). The
C548 PZT source and the laser source are respectively applied on each section. Fig. III.6 pictures
different source-receiver deployments. The C548 PZT source is used in Fig. III.6 a) and b),
where each source is divided into several secondary sources according to the receiver spacing. The
piezoelectric source is then modelled in the following way:

✓ The two external secondary sources (e.g. src11 and src17 in Fig. III.6 b)) will be linked
to most of the receivers which are located outside the cylindrical beam of the PZT. It is
obvious that these receivers can be divided into 2 symmetric groups if the data acquisition
is symmetric;

✓ The other secondary sources (e.g. src12 to src16 in Fig. III.6 b), only the sources with odd
indices are displayed for legibility) will be connected to the receiver right on the opposite side
of each source.

✓ Each PZT source leads to a beam corridor in which many rays are superposed together, which
is not favorable for the illumination rate.

Since the laser source is punctual when well focused, it is much more convenient to model it,
as is shown in Fig. III.6 c), where each single source will be simply linked to all the receivers
concerned. However, we mentioned in II.7 the material-consuming nature of the laser ablation
source as well as the necessity of applying surface protection such as sticking aluminum flakes.
Although aluminum flakes resist much better to laser shots than the natural rock surface, the
number of shots on each point should still be inferior to a certain threshold. Empirically, one
single point on the aluminum flake can bear up to 6000 shots of a well-focused laser beam under
the FLQS of 150 µs. During several thousands of shots for one point source, we should sweep the
receivers one by one with the LDV and run sufficient stacks (averaging records) on each receiver
points. The record stacking is necessary to improve the S/N ratio which is an important quality
indicator of the experimental measurements. Each point source in Fig. III.6 c) is connected with
101 receivers covering a 300◦ range, allowing a maximum averaging number of 50 shots for each
recorded signal. In practice, 40 shots are averaged to get one signal in this configuration yet the S/
N ratio remains low. Consequently, a variant configuration is proposed in Fig. III.6 d), where nine
point sources are uniformly distributed on each aluminum flake. Contrary to Fig .III.6 c), several
hundreds of stacks can be done for each measurement, which allows to increase considerably the
S/N ratio.

Meanwhile, Fig. III.6 gives an outline of the illumination rate inside the core domain by the
source-receiver setups. They correspond actually to the ray plots in case of a homogeneous media.
Apparently, the central area of the core is always poorly illuminated by ray intersection points with
respect to most of the other areas in the same core. Figs. III.6 a) and b) show that the corridors
formed by the PZT beams are also less illuminated than the areas outside. Particularly, Fig. III.6
b) highlights six weakly-illuminated and shallow zones between each two neighbor PZTs due to the
narrow azimuth range of receivers, namely 90◦ instead of 300◦ in the other cases. All the cases in
Fig. III.6 present very high ray densities at the vicinity of each point source, especially in Fig. III.
6 a), b) and c). Rays in Fig. III.6 d) are better distributed than the others due to the sparser
spacial distribution of the point sources.

III.4.3 Application on synthetic models
Let us start with the testing the two tomography workflows in synthetic models. The synthetic
data are also obtained by successively executing two of the TomoTV subroutines: namely the
“INTERPOL” and “RAY BACK-TRACK” as shown in Fig. III.4. I will illustrate a comprehensive
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resolution analysis by means of spike test (Humphreys & Clayton, 1988; Latorre, 2004; Rawlinson
& Spakman, 2016), followed by a series of random checkerboard-like tests. Some more realistic
mimic models will also be tested.

III.4.3.1 Resolution of the inversion problem

Resolution analysis is essential for any inversion. Since the real model mE can not be truly retrieved
from a finite series of observations which can be themselves considered as weighted averages, the
resolution kernel R(x) (Backus & Gilbert, 1970; Menke, 1984; Hole, 1992) at x0 can be defined as
follows:

m(x0) =

∫

Ω
R(x,x0)mE(x)dx (III.23)

The intuitive interpretation of (III.23) is to regard the model estimation at x0 as a weighted average
of the real model mE.

The research of m(x) is actually the inversion procedure which depends on the observed data,
therefore, the definition of R by means of (III.23) seems to link it to the inversion which in turn
depends on the observation. However, Menke (1984) emphasized that R(x) is independent of the
observation and depends merely on the geometry of the seismic survey configuration. The resolution
can thus be studied given a certain source-receiver setup in the domain of interest, even before the
data acquisition (Menke, 1984). This point of view could be valid as long as we consider ray beams
instead of infinitesimal rays. Fig. III.6 allows to visualize the rays represented as infinitesimal
straight lines and gives an intuitive impression on the resolution kernel which is closely linked to
the ray coverage. A more general point of view proposed by Backus & Gilbert (1970); Chou &
Booker (1979); Tarantola & Valette (1982); Tarantola & Nercessian (1984) considers the inversion
as a generalized nonlinear least-square problem where we seek a pair of simulated data and model,
satisfying the forward equation as well as being closest to the pair of real observation and a priori
model. The resolution kernel for each location x0 can be naturally deduced from the generalized
inversion.

Evidently, R(x,x0) will depend on the location x0 where the resolution is estimated and will
be a matrix or a vector whose flattened length equals Nc (see Eq.(III.20)) under a FD scheme
(Latorre, 2004):

m(x0) = ⟨R,mE⟩F. (III.24)

where F denotes the Frobenius inner product. In case of a 2D FD scheme for tomography, mE
can be organized as a 2D matrix containing true values of the sampled model and R should be a
matrix with the same size as mE. R is expected to be large only near the location x0. The more
the spacial distribution of elements in R resembles a spike located at x0, the better the resolution
at x0 is.

Analyses on L of (III.20) can also yield the resolution matrix in theory but nearly unfeasible due
to the size and the sparse feature of L. Unfortunately, neither the commonly used “back projection”
nor the LSQR inversion strategy will construct such heavy matrices. Hole (1992) resumed several
approaches to estimate the resolution of tomography, including the generalized method of Backus
& Gilbert (1970); Chou & Booker (1979); Tarantola & Valette (1982); Tarantola & Nercessian
(1984). Actually the latter one provided a brilliant idea for solving ill-posed geophysical inversion
problems in general and led to many of the modern inversion strategies, which will be discussed
later in Section III.6.

Within the framework of our FATT, the LSQR strategy is used to solve the linearized equation
system. Consequently, an alternative approach based on small perturbation theory can be applied
to estimate the resolution. Tarantola & Nercessian (1984) demonstrated that

m − m0 = R(mE − m0), (III.25)
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where m0 is an a priori model. (III.25) established the relation between the real perturbation
mE − m0 and the reconstructed perturbation m − m0. Humphreys & Clayton (1988); Latorre
(2004) applied this approach to estimate the resolution kernel. Particularly, Latorre (2004) ran
spike tests which consist in inputting a Dirac delta-like perturbation and reconstruct it through
the inversion by LSQR. The 2D discretized form of (III.25) can be written as follows:

δmNc×1 = RNc×NcδmENc×1, (III.26)

where δm will be equal to the ith column of R if δmE is set to be a unit vector.
In case of seismic velocity tomography, δmE can be set to δvêi, where δv is a carefully-chosen

velocity perturbation. (III.26) becomes:

Ri
Nc×1 =

1

δv
δmNc×1. (III.27)

Latorre (2004) set δv to 400 m/s for P wave velocity and ran inversions on synthetic data to
get δm. The entire matrix of R can be huge. For instance, R will contain (50 × 50)2 = 6250000
elements in case of a 50× 50 grid with one unknown for each node.

As to our synthetic studies, Dirac-like spikes are replaced by 2D Gaussian functions with a
finite bandwidth:

dv(x, z) = δvExp
(
−
(x− µx)

2

2σ2x
−

(z − µz)
2

2σ2z

)
, (III.28)

where σx and σz are set to be twice the element length applied during the forward model creation.
(µx, µz) is the coordinate of the center of a Gaussian-like spike. The element length adopted for the
inversion is half of those used in forward modelings. The single-grid workflow is used for the spike
reconstruction. Even though the inner parameters of the inversion workflow will have an impact
on the result of the resolution analysis, I would like to remind that the absolute resolution should
be independent to the inversion method: the resolution measures the limit of the data’s capability
in recovering the Earth interior, similarly to the data kernel described by Backus & Gilbert (1970)
in III.3.3 which is initially a general concept. Once again, the spike test is one of the comprise and
practical methods to estimate the resolution of an ill-posed geophysical inverse problem thanks
to the observation (III.25) of Tarantola & Nercessian (1984). The estimate of resolution can vary
from one method to another, we should nevertheless focus on the essential contributions of the
data kernel and the Earth model itself.

Fig. III.7 shows an example of results from 9 spike reconstructions at different locations. The
background velocity vbg is chosen to be 4500 m/s with the +400 m/s perturbation in a Gaussian
“bell” shape. There are 71× 71 grid points for each of the 9 images in Fig. III.7, while 141× 141
grid points are implicated in the corresponding forward modellings. The colors indicate the ratio
between the reconstructed perturbation and the real perturbation (400 m/s). Therefore, where
there is no perturbation the ratio should be near 0 while it is expected to be close to 1 at the
center of the well-known Gaussian-like spike. We can clearly see the spike featuring a red center
on each of the 9 images of Fig. III.7 despite the radial patterns of moderate amplitudes around the
reconstructed spikes.

Most of the spike reconstruction percentage centers in Fig. III.7 feature a value near 80%. It
shows obviously that the resolution depends on the location, which indicates variation of illumi-
nation rate inside the domain under the source-receiver configuration c) depicted in Fig. III.6.
Consequently, we need more spike points to get a thorough view of the illumination rate or the
ray coverage inside the domain under a given source-receiver configuration.

In order to get a comprehensive and quantitative insight into the resolution kernels, similar
simulations and inversions have been run on 20 concentric circles, comprising totally 1321 points
(see Fig. III.8) including the central one for each of the four configurations depicted in Fig. III.6.
This is a feasible compromise compared to calculating the entire R involving millions of points.

The results are illustrated in Fig. III.9, III.10, III.11 and III.12:
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Figure III.7: Reconstruction of nine spikes under the configuration c) of Fig. III.6. Colors indicate
the value of |vtomo−vbg |

δv
. vbg is fixed at 4500 m/s and is well retrieved by the tomography because

the background of all the nine images is 0, which indicates the absence of spikes in the background.
δv is chosen to be +400 m/s and is properly inverted by the tomography: most of the spike
reconstruction percentage centers feature a value near 80%, depending on the spike location.
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of Fig. III.6: there are 2408, 438, 1616 and 872 rays for Figs. III.6 a), b), c) and d) respectively.
Configuration c) prevails over a), b), and d) on all the issues except the spike location recovery, on
which configuration d) performs slightly better. Configuration a) performs rather decently, but it
employs the largest number of rays which makes it the least efficient configuration. Configuration
b) should be avoided unless improvements are made or the rapidness is privileged over the precision.

Last but not least, configuration c) can be hard to implement due to the large number of
receivers associated with each single point source, which is assumed by material-consuming laser
ablation shots. In consideration of the stack times and the step-by-step LDV scan, configuration c)
is probably not a good compromise between satisfactory S/N ratio and core surface conservation.
Contrary to configuration c), configuration d) is a promising alternative which is set to achieve this
compromise. It can also be improved by adding both primary (aluminum flakes) and secondary
(laser impacts) sources, through reduction on the secondary source spacing for instance.

Since the velocity perturbation δv could also be negative, similar spike tests are done with δvp
set to -400 m/s. The results are illustrated in Figs. III.13, III.14, III.15 and III.16:

✓ The spike locations are as well reconstructed as in the case of a positive δvp.

✓ The reconstruction percentage of the negative spike amplitudes are at least 10% less than
those of the positive spike amplitudes.

✓ The reconstructed std of the spikes are notably different from the that of the positive spikes.
The deformation of the negative spikes are less severe than that of the positive ones, especially
in the central area of the core slice.

✓ The anisotropy of the reconstructed negative spikes are fairly similar to that of the positive
ones in general. Configuration b) holds some of the highest eccentricities of the recovered
spikes. The overall eccentricity degree is slightly higher than in Fig. III.12.

In a real geological context, the natural rock cores can feature positive velocity anomalies as well
as negative ones. Estimation of the elastic wave velocities inside these cores by ultrasonic probes
and tomography will depend not only on the source-receiver deployment but also the velocity
variations, which is unknown. The results of the spike tests with both positive and negative
amplitudes demonstrated that the final resolution of the velocity estimation on a given point will
also depend on the resolution of the adjacent points due to their translation and deformation.
Synthetic tests on various velocity models are thus necessary to get a more practical view on the
resolution.
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Fig. a) b) c) d) e) f) g)
Points per side 3 9 17 25 41 61 81
Element length (mm) 72.90 18.22 9.11 6.07 3.64 2.43 1.82

Table III.3: Random checkerboard-like model geometries

III.4.3.2 Synthetic tests on random models

Vp models of random values are used in this series of synthetic tests. The results of these tests will
help us estimating the robustness and precision of our inversion workflows for highly heterogeneous
(random) media.

Fig. III.17 a) to g) displays the seven velocity models concerned. Detailed information on the
grid of each image in Fig. III.17 is listed in Tab. III.3. The element lengths range from several
tens of mm to several mm.

The velocities are distributed between 3000 m/s and 6500 m/s. The distributions are illustrated
in Fig. III.18. They follow closely normal distributions except a) due to the small number of different
velocity values.

Configuration c) of Fig. III.6 is adopted for this series of tests. The forward calculations are done
on fine grids (201×201 nodes in case of single-grid inversions, variable or fixed node numbers for
multi-grids). The corresponding inversions are run respectively following the single-grid (Fig. III.4)
and multi-grid (Fig. III.5) workflows. The reconstructed Vp models will be compared quantitatively
with the real models. Furthermore, these tests permit us to make quantitative comparisons between
the single-grid and multi-grid inversions.

Fig. III.19 shows the results of inversions performed on single-grids of 101×101 nodes. Fig. III.
19 a), b), c), d), e), f) and g) are respectively Vp reconstructions of models displayed in Fig. III.17
a) to f). From Fig. III.19 a) until d), one can establish the resemblance with Fig. III.17 a) to d),
even if the task seems to be uneasy for Fig. III.19 c) and d) without persistence. Fig. III.19 e), f),
g) appears to be quite imprecise because of the small size of random heterogeneity. Consequently,
heterogeneity beneath 6 mm will be difficult to reconstruct through the single-grid inversion.

Fig. III.20 compares the distributions of the Vp model and the Vp tomography displayed in
Fig. III.19. Figures III.20 b) and c) show good resemblances between the model and tomography
distributions, except for some singularities of the model distributions. Fig. III.20 a) shows that the
mean values of the four singular velocities are nicely recovered despite the much larger standard
deviations for each of them. The tomography Vp distribution in Fig. III.20 d) differs notably from
that of the model, especially on the lower velocity range. It is however better than those in Fig. III.
20 e), f) and g), where the tomography distributions have considerably smaller standard deviations
than those of the models.

In order to improve the results illustrated in Fig. III.19, we proceeded to the multi-grid strategy.
The main idea behind this is based on the dependency of the next model on the precedent one.
Since the precedent model has a huge influence on the research of the next model under the
small perturbation assumption, it is preferable to start from grasping a coarser picture of the
velocity field and refine it little by little. Within the multi-grid workflow, some extra but beneficial
procedures can intervene when appropriate to improve the robustness and precision. In addition
to the smoothing and damping parameters that are already available in the single-grid workflow,
the choice of the starting grid, the grid interval and the forward grid can influence notably the final
result. The manner of grid transitions also has significant impacts on the inversion result. In this
study, the following settings are applied (not always simultaneously):

✓ The growth of grid cell number on each dimension follows an arithmetic sequence with a
common difference of 2;

✓ The grid cell number starts from 4 at least. However, it can reach 80 for some cases;
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✓ The forward grid is always finer than the one on which the inversion is performed. Three
options are available under the multi-grid framework:

– Constantly twice finer than the inversion grid;
– Fixed at 160 cells on each dimension, which corresponds to a cell side length between

0.8 and 0.9 mm;
– Evolving from an N times finer grid until a threshold defined by the smallest meaningful

cell side length lmin that can be estimated from the approximate S wavelength (lmin ⩾

λS ∗ ε, λS ≈ 3 mm and ε is a small fraction).

✓ The precedent velocity model is spline-interpolated onto each correspondent new grid;

✓ A median filter could be applied during grid transitions in some appropriate cases.

✓ The smoothing and damping parameters are finally fixed after some quick tests: smoothing
is compulsory to ensure rapid convergence and stability, however, difference between the
smoothing modes listed in Fig. III.4 is not compelling; I noticed that the damping factor
can modify the convergence speed but does not change the final result a lot. Henceforth, the
damping factor is fixed at 0.5 and the first smoothing mode of in Fig. III.4 is adopted.

The Vp tomography from the multi-grid workflow are presented in Fig. III.21. Fig. III.21 a), b),
c), d) and e) see remarkable improvements with respect to their counterparts in Fig. III.19. Fig. III.
21 e) and f) witness contrast enhancement as well in spite of the limited resolution. Therefore,
heterogeneity above 3 mm will be decently reconstructed through the multi-grid inversion, which
is twice the resolution under the single-grid workflow. Heterogeneity between 1 mm and 3 mm will
be nevertheless uneasy to recover albeit the multi-grid strategy. Finally, it seems inconceivable to
reconstruct heterogeneity beneath 1 mm.

Comparisons between the model Vp distributions and those of the tomography Vp from the
multi-grid workflow are shown in Fig. III.22. The standard deviation around each singular velocity
in Fig. III.22 a) decreased with respect to its counterpart in Fig. III.20 a), which implies that the
velocity contrast is better recovered. Fig. III.22 b) and c) sees improvements in terms of singular
and extreme velocity values. The improvement of Fig. III.22 d) and e) is also notable due to the
significant decrease of their standard deviations. The same trend can be identified in both Fig. III.
22 f) and g).

Quantitative estimation of the difference between a Vp tomography field and the corresponding
Vp model field can be done by comparing the two images of Vp. The most straightforward method
is to calculated the Root Mean Square (RMS) of the relative errors from the common differences.
Fig. III.23 contains seven duel distributions, each of them demonstrating the distribution of the
relative errors calculated on every single point of a given model grid. A slight to moderate difference
can be recognized in each Figs. III.23 a), b), c) and d), where the error distributions from the multi-
grid calculations are sharper around 0. A majority of the errors is less than 10% with respect to
the model Vp values.

Fig. III.24 takes a census of the RMS values of the relative errors. The result backs the
superiority of the multi-grid workflow. It is worth noting that a RMS value measures the global
difference of two images, which can hardly be sensitive to local differences, not to mention the
pattern coherence among images. As a result, the tiny differences between the RMS values of the
two workflows in f) and g) indicate that the RMS values may fail to distinguish and estimate the
two methods quantitatively because it is obvious that the contrast of Fig. III.21 f) and g) is higher
than that of Fig. III.19 f) and g). Other methods to compare 2 images, such as the Structural
Similarity index (Sampat et al., 2009; Li & Bovik, 2010), may offer other standpoints on the image
resemblance. After all, the size of homogeneity in e), f) and g) are between 1 mm and 3 mm which
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should be at the fringe of the resolution limit, thus we should not expect unrealistic resolution
improvements at these scales from the multi-grid strategy.

Synthetic tests with random Vp models are generally tough. It is encouraging to pass these
tough tests that testify the robustness of the inversion workflow. Regarding the resolution, we
deduced that an heterogeneity above 3 mm is highly probable to be recovered with the configuration
c) of Fig. III.6, particularly in terms of its location. This conclusion is coherent with the result of
the spike tests where the maximum spike location offset is near 1.6 mm (Fig. III.9). Evidently, the
resolution will also depend on the spike amplitude reconstruction (Fig. III.10) and form conservation
(Fig. III.11 and Fig. III.12), therefore the final resolution is expected to be coarser than the 1.6
mm stipulated in the conclusions of the precedent spike tests. Fig. III.21 confirmed also the better
resolution near the boundary than in the core center, which is consistent with the results of the
resolution analyses (spike tests) on configuration c).

III.4.3.3 Synthetic tests on some other models

Besides the random checker-board test, some other synthetic tests have been done to evaluate the
performance of the two inversion workflows in more realistic contests. Fig. III.25 illustrates six
synthetic models with Vp ranging from 3000 m/s to 6500 m/s. Fig. III.25 a) and b) can be regarded
as sedimentary rock cores with alternating or gradually-compacting layers; Fig. III.25 c) and d)
feature constant Vp gradient along the diameter at 45◦. Figures III.25 e) and f) are characterized
by an intrusion of higher or lower velocity anomaly inside a relatively homogeneous core.

The objectives of this synthetic study consist in quantitatively comparing the single-grid and
the multi-grid approaches as well as searching the inversion settings. Given the beforehand fixed
internal smoothing, damping, iteration times for each grid and the multi-grid interval, the remaining
variable parameters are the starting grid, the forward grid and the inter-grid median filter.

The tomography results as well as their histograms are displayed in Figs. III.26, III.27 and
III.28. The histograms of the real models are in red while those of the tomography results are in
blue. Left columns contain results from the single-grid workflow while right columns hold their
counterparts from the multi-grid workflow.

Under velocity models of Figs. III.25 a) and b) characterized by the layers and their inter-
faces, the advantage of multi-grid is unambiguous compared to the single-grid counterparts. The
histograms tell that the multi-grid approach fixes much better the velocity contrasts and disconti-
nuities in the distribution. They also show that the higher velocity groups are better constrained
than the lower ones both in terms of mean values and lateral sprawling. In this case, the multi-grid
approach underestimates the lower velocity groups, while the single-grid approach tends to overes-
timate them. The layer boundaries are clearly much better determined by the multi-grid approach.
Note that a starting grid of 21 × 21 nodes, a fixed forward grid (161 nodes per side) and a median
filter (kernel = 3) are employed to achieve the apparently optimal result shown in Fig. III.26 a12),
while a starting grid of 11 × 11 nodes, twice-finer forward grids and a median filter (kernel = 3)
are used to obtain the one displayed in Fig. III.26 b12).

The tomography results for synthetic data from the velocity models displayed in Figs. III.25 c)
and d) are displayed in Fig. III.27. Similarly, it is obvious that Figs. III.27 c12) and d12) are more
faithful renderings of Figs. III.25 c) and d) than Figs. III.27 c11) and d11). The Vp tomography
distribution colored in blue of Fig. III.27 c22) overflows less than its counterpart in Fig. III.27 c21)
with respect to the real Vp model distribution colored in red. The same remark can be made on
Fig. III.27 d22) compared to Fig. III.27 d21). The multi-grid approach again outstands. Regarding
the multi-grid settings, the same fixed forward grid (161 nodes per side) for both of the two cases,
without any median filter. The starting grid of the case c) includes 5 × 5 nodes while 25 × 25 for
the case d).

The last two synthetic models highlight a deformed intrusion inside the relatively homogeneous
core. The difference between the two is the relative elastic velocity with respect to the surroundings.
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The model depicted in Fig. III.25 e) has an intrusion featuring lower velocities while Fig. III.25 f)
features a higher velocity intrusion. From the single-grid tomography result displayed in Fig. III.
28 e11), it would be hard to recognize the whole intrusion apart from the central lobe. Besides,
some strong and concentric curved artefacts appear on the left side. The counterpart tomography
from the multi-grid workflow displayed in Fig. III.28 e12) shows notable improvement in terms of
intrusion shape and contrast, as well as the surrounding velocities. Nevertheless, artefacts are also
visible in the surrounding area in Fig. III.28 e12) even if they seem to be more discreet. Figures III.
28 e21) and e22) demonstrate that both the higher and lower velocities are better retrieved under the
multi-grid framework, which confirms the observations on the correspondent tomography results.
In the opposite case illustrated in Fig. III.25 f), where the intrusion has higher velocities than the
surroundings, both the single-grid and multi-grid workflows succeeded to reconstruct the global
form of the intrusion, as is shown in Figs. III.28 f11) and f12). However, the reconstruction yielded by
the multi-grid workflow (Fig. III.28 f12)) comprises finer and preciser details of the intrusion whose
central lobe is significantly well retrieved with respect to its counterpart of Fig. III.28 f11), even
though the resolution analyses concluded poorer resolutions in the central area of cores. Moreover,
Fig. III.28 f12) is less contaminated by linear artefacts than Fig. III.28 f11). The histograms of
these two tomography results are displayed in Fig. III.28 f21) and f22), from which we conclude
that the higher velocity distribution is better constrained under the multi-grid framework while the
lower velocity distribution is spreading more than the result of the single-grid despite the numerous
artefacts in the latter. The correspondent interpretation of this phenomenon on the tomography of
Fig. III.28 f12) is the formation of lower velocity patches and higher velocity artefacts that barely
match the real Vp model. As a reminder of the multi-grid settings, a 6 times finer and upper-
bounded forward grid (smallest forward cell length = 0.5 mm) is used for both of the two cases,
without any median filter. The starting grid of the case e) includes 5 × 5 nodes while 11 × 11 for
the case f).

Fig. III.29 summarizes the RMS values of the relative errors between the synthetic Vp models
and their reconstructions. Remarkable decreases (43% and 33%) of the error RMS can be seen for
the models a) and c) when the multi-grid result is compared with the single-grid one. Considerable
decreases (16% and 11%) distinguish the cases b) and e) as well. The case d) shows a decent
decrease of a little more than 8%. Contrary to the good performance of the multi-grid demonstrated
in Fig. III.28 f21), the error RMS from multi-grid for the case f) is about 4% higher than that of the
result from single-grid. This is an example where the error RMS fails to quantitatively estimate
the 2 tomography results because Fig. III.28 f12) is closer to the original model depicted in Fig. III.
25 f) than Fig. III.28 f11).

The whole series of synthetic tests, including the resolution analysis through spike tests, backs
the capability of our experimental configurations in imaging the cores’ interior. The spike test
performed on each experimental configuration quantitatively measures the illumination efficiency,
the heterogeneity and anisotropy of each source-receiver setup. The resolution contrast between
results from positive spikes and negative spikes discloses the dependency of the resolution on the
unknown model, which reveals the nonlinear nature of an ill-posed geophysical inverse problem.
Even though the absolute resolution should not depend on the inversion method, the real resolution
is doubtlessly dependent upon the inversion strategy. I compared the single-grid and multi-grid
FATT workflows and demonstrated the efficiency and accuracy of the multi-grid FATT. The results
of the random checkerboard tests suggests that the resolution of a multi-grid workflow could be
twice preciser than a single-grid workflow. Finally, the synthetic tests on realistic mimic models
show the better performance of the multi-grid workflow in terms of contour and form detection,
nonetheless, they reveal the limitation of the RMS errors as a unique indicator of reconstruction
quality: this is largely due to the difficulty of reconciliation the global and local precision. However,
the distribution illustrations might have provided another point of view of the model estimate:
theories in probability and statistics may have a role to play in geophysical inverse problems, such
as the stochastic simulations and the Monte Carlo method.
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III.4.4 Application on carbonate cores
At this stage I figured out the resolution limitations of the single- and multi-grid workflows. The
synthetic tests also helped with determining and choosing inversion parameters such as the smooth-
ing mode, damping factor, forward and inversion grid steps, starting and ending grid, filtering and
interpolation during muti-scale transition. In the next paragraphs I will display our experimen-
tal measurements and apply the multi-grid tomography workflow on the first arrival travel-times,
followed by discussions and conclusions on the tomography results.

III.4.4.1 On EchA

Both the C548 PZT source (Fig. III.6 a)) and the impulsive laser ablation source (Fig. III.6
c)) are employed to investigate core EchA. The first interest of using both sources lays on the
qualitative and quantitative comparisons of wave events generated by each of them. The second
interest consists in examining the two tomography results. Thirdly practical issues during the data
acquisitions could help to assess and make a choice on the source.

First arrival travel-time picking is one of the first and crucial steps in FATT. The precision
of the experimental FAT picking depends on two factors: the picking strategy and the frequency
which is also linked to the wavelength. The asymptotic approximation behind the FATT does
not necessarily mean that the frequency is indifferent. The wave frequency actually influences
the picking uncertainty: higher frequency implies smaller FAT uncertainty. The picking strategy
that I adopted for experimental data remains on the manual picking which is more reliable than
cross-correlation pickings because the frequency content of the experimental first arrivals can vary
notably. During a FATT, the iteration should stop if the RMS residual goes smaller than the
uncertainty of the FAT picking.

In order to make the FAT picking more user-friendly, a series of Python programs are created
with graphical and interactive features allowing users to conveniently pick the first arrivals. The
FAT picking functionality includes picking, erasing, canceling, skipping and saving. The skipping
function is useful in case of rejecting invalid experimental traces but preserving the geometrical
information. Erasing and canceling is necessary when mistakes occur during hundreds of pick-
ings. Apart from the picking functionality, some preliminary data visualization and processing
functionalities are also available, which permits seismogram contrast enhancement, extraction of
first-arrival wavelets by windowing and automatic first-arrival detection by cross-correlation.

Figs. III.30 and III.31 from configuration a) of Fig. III.6 a), along with Figs. III.32, III.33, III.
34 and III.35 from configuration c) of Fig:III.6 c) display seismograms recorded on the slice shown
in Fig. III.2 a) from core EchA, as well as the precised manual pickings on the FAT highlighted
with green markers. Although configuration c) featured 16 laser ablation point sources while
configuration a) deployed only eight piezoelectric sources, it is still relevant to compare half of the
seismograms from the configuration c) with all the eight of configuration a).

First of all, images in Figs. III.32, III.33, III.34, III.35 from configuration c) are much more
seriously damaged by noises than those of Fig. III.30 and III.31, even though appropriate low-pass
filters are applied onto the data to reduce high frequency noises. The configuration depicted in
Fig. III.6 c) has some major drawbacks in practice. Since the total shooting number on one point
should be contained under 6000 times, the stacking number for each LDV record should not ex-
ceed 60 (stacked conservatively 40 times in reality), which can compromise the S/N ratio. Another
drawback concerns the manner to deploy the aluminum flakes. For the sake of automatising and
efficiency, we stuck all the 16 aluminum flakes at the meantime before launching the acquisition,
which formed surface obstacles and led to notable wave scattering on the surface, disturbing sub-
stantially the LDV measurements. These shortcomings will be overcome by the configuration of
Fig. III.6 d).

Secondly, the configuration c) leads to significantly stronger surface waves than the configuration
a). This is normal due to the point source as already illustrated by Fig. I.20 and I.21. The
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amplitudes of these straightforward arrivals in Figs. III.32, III.33, III.34 and III.35 are overwhelming
with respect to those of the other seismic events, which could hide some weak arrivals behind the
surface wave domination. These weak events could by brought to light through F-K filtering. After
all, our priority remains seismic tomography based on FATs, which are legible enough for precise
manual picking. Hence, the FAT curves are displayed with green crosses on the figures mentioned
above. The relevance and precision of the FAT picking are key predictors on the quality of future
inversions.

Figs. III.30 and III.31 show highly smoother first-arrival curves than those in Figs. III.32, III.33,
III.34 and III.35. Considering the CT-scan image in Fig. III.2 a) for this core EchA, it seems aston-
ishing to have such smooth curves despite the hole that can certainly cause complicated scattering
and should have delayed the first-breaks concerned. Besides, a considerable amount of first-arrivals
are unidentifiable thus skipped during manual picking, which results in 108/2408 (4.48%) invalid
first-arrival observations for the configuration a) and 101/1616 (6.25%) for configuration c) on core
EchA.

Results of multi-grid FATT on the slice of core EchA are shown in Fig. III.36 and III.37. Nine
amongst the multi-grids are selected for the illustrations.

Fig. III.36 illustrates nine of the multi-grid tomographic images from the experimental (core-
probing) configuration a) featuring eight PZT sources and 301 receivers for each source. The image
of grid-77×77 is sufficiently pertinent. The others are either too blurred or enhancing artefact local
details. The lower velocities are essentially on the lower left of the slice. The rest of the domain
is filled by higher velocities. The whole velocity model does not indicate specifically the existence
of a hole, which disturbed so heavily the wave propagation that the FATT fails to reflect the real
model. However, if we compare Fig. III.36 c) with the CT-scan in Fig. III.2 a), we can see that the
tomography velocities around the hole position are strongly heterogeneous. The FATT inversion
was trying to reconstruct strong but smooth heterogeneity because the Eikonal solver supposes
smooth media, which is certainly not adapted for the reconstruction of a hole that is brutally
heterogeneous.

Fig. III.37 illustrates nine of the multi-grid tomographic images from the experimental (core-
probing) configuration c) featuring 16 laser pulsed sources and 101 receivers for each source. The
image d) of grid-61×61 is sufficiently pertinent. The lower velocities are essentially on the lower left
of the slice as well and the rest of the domain is fulfilled by higher velocities. The whole velocity
model does not indicate specifically the existence of a hole neither. Nevertheless, the velocity
contrast of Fig. III.37 is much higher than that of Fig. III.36. Similarly, if we compare Fig. III.
37 d) with the CT-scan in Fig. III.2 a), we can see a heavily disturbed triangular area around the
hole position, with very strong velocity variations. The FATT is again restricted by the Eikonal
solver’s smooth-media assumption.

Fig. III.38 and Fig. III.39 display the Vp tomography distributions for each image shown in
Fig. III.36 and Fig. III.37.

Fig. III.38 shows that the majority of the tomography velocities from the core-probing config-
uration a) are contained between 4.5 km/s and 7 km/s. These velocities can be divided into two
groups: a dominant higher velocity group centering at about 6.2 km/s and a discreet lower velocity
group centering around 5 km/s. The evolution of the velocity distributions tends to stabilize after
the grid-77×77. All the velocity distributions share a similar envelope.

Fig. III.39 shows a significant evolution of the distribution of tomography velocities from the
core-probing configuration c): from a very sharp one to very sprawling ones. These velocities can be
divided into 3 groups: a dominant higher velocity group centering at about 6 km/s, a discreet lower
velocity group centering around 2.5 km/s and intermediate velocity group around 4 km/s. The
evolution of the velocity distributions tends to stabilize after the grid-61×61. Some velocity values
in the higher velocity group can reach 10 km/s, which is unrealistic. Unlike Fig. III.38 from the
experimental configuration a), the Vp distributions in Fig. III.39 from configuration c) show that the
tomography tried to search velocities in a much wider range to minimize the cost function, which
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is closely ruled by the FAT curves illustrated in Figs. III.32 to III.35, where strong discontinuities
are visible, whilst the FAT curves are much more continuous in Figs. III.30 and III.31 for the same
slice of EchA. The differences in FAT pickings on the seismograms from the two configurations a)
and c) are certainly linked to the two different sources, one using the C548 PZT and the other the
laser pulse. The FAT curves from configuration a) appear less disturbed by the hole’s scattering
than those from the configuration c) where the laser pulsed source are applied instead of the PZT
source. Even though intuitively this hole should have delayed the FAT to some extent, the only
assuring way to verify the impact of such a hole on the FATT consists in simulating within the
elastodynamic regime instead of the asymptotic framework. The elastodynamic simulation will be
shown later in Section III.5.3.1.

Figures III.40 and III.41 illustrate the correspondent rays for each tomography results in
Figs. III.36 and III.37. The rays from the grid-77×77 are selected for the illustration.

Fig. III.40 displays the rays from configuration a) where the PZT source is used. Each PZT
source is modelled with a line source comprising 11 secondary point sources. The background
corresponds to the Vp tomography of Fig. III.36 c), grid-77×77. The rays are separated into nine
groups for a better visualization. Rays tend to avoid lower velocities and be attracted by the
higher velocities, forming the leaf-like patterns in Fig. III.40. The edges of the leaf-like patterns
are envelopes of certain ray groups, which is known as caustics in optics. Most of the sharp velocity
variations are near these ray envelopes.

Fig. III.41 illustrates the rays from configuration c) where the laser pulsed source is applied.
The background corresponds to the Vp tomography image of Fig. III.37 e), grid-77×77. The rays
are also separated into nine groups for a better visualization. Rays are avoiding completely the
lower velocities and get trapped in the paths formed by higher velocities, forming the extremely
strong caustics in Fig. III.41. A large amount of the rays are bunched together, concentrating
in the higher velocities and engendering numerous blind zones. Some of the rays even overflow
from the core domain. These ray illustrations are highlighting an extreme case where a part of
the velocities are bipolarizing, leading to blind zones that no rays traverse, as well as overcharged
zone in which the rays concentrate. The smooth-media assumption of the Eikonal Solver is behind
this dogged behavior of rays when dealing with strong variations. This assumption restrains the
Eikonal Solver from correctly tackling caustics.

In one word, even though the FATT failed to take a credible picture of the interior of the
slice from EchA, it is worth studying the behavior of the tomography in order to comprehend the
limits of this method and to look for more sophisticated ways that can push these limits further.
Finally, Fig. III.42 displays the RMS error curves for each of the 2 FATT inversions. Fig. III.42
a) shows the curve from the configuration a) and Fig. III.42 b) shows that from the configuration
c). The RMS are the Root Mean Squares of the differences between the observed FAT (tobs) from
the manual pickings and the calculated FAT (tcal) by the Eikonal Solver. We look at the RMS
evolution with the multi-grid refinement. Since merely two iterations are done on each grid, there
are two RMS for each grid, hence there are two RMS curves for each configuration. Fig. III.42
shows that the RMS decreases continuously as the grid refines. The first and the second iterations
converge rapidly after several grids. The hard lower bound of the RMS error is 10−8 s, which
corresponds to the time sampling rate of 100 MHz so that the RMS should never be smaller than
this lower bound. The RMS values from the two tomographic inversions in Fig. III.42 do not fall
beneath this hard bound.
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III.4.4.2 On EchB

Similar to the investigations done on the EchA, both the C548 PZT source (Fig. III.6 b)) and the
impulsive laser ablation source (Fig. III.6 d)) are employed to investigate the core EchB. We will
compare qualitatively the wave events generated by each of the two configurations and examine
their tomography results.

Fig. III.43 from configuration b) of Fig. III.6 b), along with Fig. III.44 and III.45 from con-
figuration d) of Fig. III.6 d) displays seismograms recorded on the slice shown in Fig. III.2 b)
from core EchB, as well as the precise manual pickings on the FAT highlighted with green mark-
ers. Configuration b) features six PZT sources while configuration d) employed 9×8 sources. The
seismograms from these two configurations were not comparable because unfortunately, due to
experimental constraints, the data were not acquired under the same condition, namely the source
number, source positions and the signal length. However, qualitative comparisons can be done on
the wave events and the S/N ratio for example.

First of all, images in Fig. III.43 from the configuration b) are much noisier than those of
Fig. III.44 and III.45, despite the appropriate low-pass filters applied onto the data to reduce high
frequency noises. This seems to be very different from the comparisons done on the seismograms
obtained on the EchA, where the seismograms from the PZT sources are much cleaner than those
from the laser pulsed sources. However, the configuration depicted in Fig. III.6 d), which is an
improved version of configuration c), turned out to be a successful amendment. Thanks to this
new configuration, the stack number has been raised to 300, which helped to increase considerably
the S/N ratio of the seismograms in Fig. III.44 and Fig. III.45 compared with those in Fig. III.
32 to Fig. III.35. The only practical issue of configuration d) concerns the difficulty to automatize
the application of the aluminum flakes. We had to stick them one after another in order to avoid
annoying scatterings caused by the aluminum flake obstacles, which took a lot of time and could
pose some other problems on the precision control. Nevertheless, this manual way to stick aluminum
flakes onto the core is at present the best compromise that we figured out.

Secondly, configuration d) leads to significantly stronger surface waves than configuration b),
which is coherent with the seismic source characteristics. Despite the strong amplitudes of these
Rayleigh arrivals in Figs. III.44 and III.45, we can still distinguish other wave events even better
than in Fig. III.43. The FAT are manually and precisely picked and displayed with green crosses
on the concerned seismograms. These FAT values will be used to perform tomographic inversions.

Figs. III.43, III.44 and III.45 show smooth first-arrival curves. Considering the CT-scan image
in Fig. III.2 b) for this core EchB, it is quite normal to have such smooth curves due to the relatively
smooth CT-scan image unlike the EchA in Fig. III.2 a) featuring a hole. As a result, almost all
the first-arrivals are well identified thus nearly 100% of the first-arrival observations for both the
configuration b) and the configuration d) on the core EchB are preserved.

Results of multi-grid FATT on the slice of core EchB are shown in Fig. III.46 and III.47. Nine
amongst the multi-grids are selected for the illustrations.

Fig. III.46 displays nine of the multi-grid tomographic images from the core-probing configu-
ration b) featuring six PZT sources and 73 receivers for each source. At first glance the images
of each grid appear to have similar patterns, with a boot-like lower velocity pattern in the upper
right part of the core domain. Another lower velocity area is visible in the lower part, which is
connected with the boot-like pattern. Two main higher velocity areas can be distinguished: the
first one neighboring the boot-like pattern on the upper right corner, the second one surrounded by
the lower velocity patterns. Despite the overall similarity among the nine images, local differences
can be seen if we look into the details of each pattern. The outline profile of the slice is efficiently
achieved after several multi-grid iterations. The further refinement of the grid will mainly con-
tribute to local improvement, namely the resolution on smaller objects. The whole velocity model
shares some common points with the CT-scan image in Fig. III.2 b) for the EchB. However, the
position of the boot-like lower velocity pattern is too close to the core center compared to the
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moon-like lower velocity pattern on the edge of Fig. III.2 b). This position shift is not surprising
given the poorer resolutions for such a core-probing configuration as are shown in Fig. III.13 b) to
Fig. III.16 b). The FATT reconstructed a meaningful Vp model in this case because the smooth-
media assumption of the Eikonal solver is relevant for the slice of EchB. However, the resolution is
considerably restrained by its core-probing configuration. In other words, the uncertainty on each
tomographic velocity value is high.

Fig. III.47 illustrates nine of the multi-grid tomographic images from the core-probing con-
figuration d) featuring 9×8 laser pulsed sources and 12∼13 receivers for each source. Similar to
Fig. III.46, the images in Fig. III.47 show the same outline profile, with a moon-like lower velocity
pattern in the upper right part of the core domain and some patches featuring higher velocities
in the center and on the left. As the grid refines, the tomography change in details, focusing on
smaller and smaller objects. We can see contrast enhancement of Vp model as the grid goes finer.
The whole velocity model shares good resemblance with the CT-scan image in Fig. III.2 b) for the
EchB. Not only the lower velocity pattern is moon-like as in Fig. III.2 b), but also the position of
this pattern is well constrained. The better resolution of the core-probing configuration d) is backed
by the correspondent resolution analyses shown in Fig. III.9 d) to Fig. III.12 d) as well as Fig. III.
13 d) to Fig. III.16 d). If we look into the details of smaller patterns in Fig. III.47, we see that
their contours get better and better determined with the grid refinement. These detailed patterns
do not always match with the patterns that can be seen in Fig. III.2 b), even if some similarities
express vaguely. Nevertheless, one should keep in mind that the physical quantity expressed by
Fig. III.2 is the attenuation coefficient to X-ray of the material, which can hold a nonlinear rela-
tion with the elastic wave velocity; the FATT reconstructed a fairly precised Vp model under the
core-probing configuration d) with respect to Fig. III.46 from configuration b). The resolution is
considerably improved by this core-probing configuration, making each tomographic velocity value
more reliable.

Figures III.48 and III.49 display the tomographic Vp distributions for each image shown in
Figs. III.46 and III.47.

Fig. III.48 shows that the majority of the tomography velocities from the core-probing configu-
ration b) are contained between 4.0 km/s and 5.4 km/s. The velocities are continuously distributed
in the interval. The velocity distribution evolves as the grid refines. Most of the velocity distri-
butions share a similar envelope, whose peak probability density (pdf) appears at about 4.7 km/
s. The left side of the envelope is slightly plumped, where a flat stage can be seen on e), f) and
g) between 4.3 km/s and 4.6 km/s. As the grid evolves, the envelope changes in small scales,
preserving the overall-scale shape.

Fig. III.49 shows the evolution of the distribution of tomography velocities from the core-probing
configuration d). These velocities can be divided into two groups: a major higher velocity group
centering at about 4.8 km/s, a minor lower velocity group centering around 4.3 km/s. The whole
velocity ranges from 3.8 km/s to 5.7 km/s, which is larger than the results from the configuration
b). The velocity distribution evolves as the grid refines. Even though they all share a similar
envelope, small-scale changes constantly occur, looking for higher resolutions. The Vp tomography
distribution in Fig. III.49 has a similar peak pdf as in Fig. III.48. Nevertheless, there are two major
differences between the two of them: first, the flat stage in Fig. III.48 e), f) and g) turned out to
be a valley featuring a local minium pdf in Fig. III.49; second, the Vp distributions in Fig. III.49
are sprawling over a larger range than those in Fig. III.48, which explain the better contrast that
we observed in the Vp models illustrated in Fig. III.47 than in Fig. III.46.

Figures III.50 and III.51 display the correspondent rays for each tomography results in Figs. III.
46 and III.47. The rays from the grid-75×75 are selected for the illustration.

Fig. III.50 illustrates the rays from the configuration b) where the PZT source is used. Each PZT
source is modelled with a line source comprising seven secondary point sources. The background
corresponds to the Vp tomography of Fig. III.46 h), grid-75×75. The rays are separated into nine
groups for a better visualization. Caustics can be clearly observed in Fig. III.50 f) and i), where
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rays tend to avoid the boot-like lower velocity pattern, forming the leaf-like patterns. The caustics
in this case are much milder than those in Fig. III.40, because the slice from EchB is smoother
according to Fig. III.2 b). Fig. III.50 f) and i) also show that the caustics depend on ray shooting
angles with respect to the interfaces: f) and i) are highlighted with stronger caustics because a lot
of their sources are shooting along the direction of the velocity interfaces.

Fig. III.51 illustrates the rays from configuration d) where the laser pulsed source is applied.
The background corresponds to the Vp tomography of Fig. III.47 h), grid-75×75. The rays are
again separated into nine groups for a better visualization. Caustics appear in practically all the
images. Figures III.51 h) and i) show that certain caustics are avoiding the moon-like lower velocity
pattern. Besides, almost all the images in Fig. III.51 contain caustics engendered by the higher
velocity patches. This figure infers that the caustics are inevitable when dealing with high velocity
contrasts, which is evidently not a strength of the FATT featuring an Eikonal solver. Finally, the
caustics in Fig. III.51 are much milder than those in Fig. III.41 due to the smoother slice of EchB.
However, they are severer than those in Fig. III.50. There seems to be a trade-off between coping
with tricky caustics and seeking higher resolutions, the latter requiring better approaches to deal
with the caustics.

In conclusion, even though the FATT encounters the bottleneck when seeking higher resolutions
while roughly tackling the caustics, in the event that the medium is smooth enough, we are capable
of seizing a good picture of the object through multi-grid tomography, otherwise the caustics need
to be well considered and handled at least with appropriate methods in order to keep a good
resolution. Last, Fig. III.52 shows the RMS error curves for each of the two FATT inversions,
similar to the Fig. III.42. Fig. III.52 a) shows the curve from the configuration b) and Fig. III.
52 b) shows that from the configuration d). We look at the RMS evolution with the multi-grid
refinement. Only two iterations are done on each grid, hence there are two RMS curves for each
configuration. Fig. III.52 shows that the RMS decreases continuously as the grid refines before
the intervention of the median filter at the moment of grid transitions. The first and the second
iterations converge rapidly after several grids before the median filter intervenes. Once a median
filter is applied regularly between two grids, the RMS jumps slightly at first, then continues to
decrease, and the second iteration yields smaller RMS than the first one. The median filter allowed
to ease the ray concentration along caustics and prolong the decrease of RMS. The hard lower
bound of the RMS error is 10−8 s, the sampling time interval, so that the RMS should never be
smaller than this lower bound. The RMS values from the two tomographic inversions in Fig. III.
52 are always beyond this hard bound.
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III.5 Parallel simulations vs experiments
Numerical simulations occupy a key place in most modern methods for inverse problem solving. The
forward computation of the FAT field through Eikonal solver in the framework of FATT is actually
an asymptotic simulation of the wave propagation. Contrary to the asymptotic simulation of the
Eikonal solver, Hou10ni is a simulator solving directly the wave equation with the weak formulation
in the Finite Element space. I already presented some 2D/3D simulation results produced by
Hou10ni in Chapter I and Chapter II. In what follows I would like to show the principal results
of elastodynamic simulations performed in both synthetic and realistic core models. Before that,
I conducted a series of benchmark 3D tests to justify our choice of finite element size. Such 3D
benchmark experiences also allowed us to quantitatively study the Amplitude vs Angle (AVA)
phenomenon and the Absorbing Boundary Condition (ABC).

III.5.1 Determination of the element size
Determining the element size for Finite Element Meshing is a key upstream step in FEM simula-
tions. On the one hand, the element size should be small enough to meet the Nyquist-Shannon
criterion stating that the sampling rate in space should be at least two points per wavelength.
On the other hand, it should not be excessively small, otherwise the numerical calculation can
encounter memory shortage among other numerical difficulties. In addition, the time interval dt
achieved by convergence analyses depends on the element size.

A series of 3D simulations is performed on a benchmarking cylinder sample of 25 mm large
and 21 mm high. I named it EchVM because the cylinder’s size correspond to a series of shale
plugs that will be investigated later. The average edge length dl of tetrahedrons ranges from 1
mm to 6 mm with an interval of about 0.5 mm, thus 11 independent simulations are run for the
cylinder EchVM meshed with finer or coarser tetrahedrons. Fig. III.53 displays the 11 meshes for
the concerned cylinder. Quantitative characterization of S/N ratio on synthetic records may help
to decide on the choice of element size.

The seismic source for simulation is a Ricker wavelet located on a boundary point at middle
height of the cylinder as shown in Fig. III.53 (case dl = 3.5 mm), pointing perpendicularly to the
cylinder’s center. The central frequency of the Ricker wavelet is 0.9 MHz. Vp and Vs are set to
6380 m/s and 3125 m/s respectively. VRayleigh can therefore be estimated neighboring 2900 m/
s. 360 point receivers are uniformly distributed along the circumference of the cylinder’s middle
section to register the displacements U . The sampling rate for the seismogram is fixed at 0.01 µs.
The whole configuration is symmetric with respect to the XOY plan illustrated by the red section
in Fig. III.53.

Free-surface (Neumann boundary condition) conditions are used. The polynomial order is set
to be 3 for all.

Based on all the available physical properties of the medium and the source, wavelengths λp
and λs can be reckoned as 7 mm and 3.5 mm respectively. According to the Nyquist-Shannon
sampling theorem, the element edge length dl should be less than 3.5 mm for P waves. Strictly
speaking, dl should further be contained under 1.75 mm due to the smaller S wavelength when
performing simulations in an elastic context. Fig. III.54 highlights the Ux component recorded by
the 180th receiver – on the opposite side of the source location as highlighted by the blue triangle
in Fig. III.53 – for each meshing case. P1 indicates the first P wave arrival while S2 indicates
the first-order reflected S wave, which is in theory the last seismic event before the first Rayleigh
arrival. It is worth noting that the receiver on the opposite side does not receive the first S wave
due to the symmetry of the problem. Obviously, the signal quality deteriorates as dl enlarges.

The amplitude of the Rayleigh (surface) wave is quantitatively compared with that of the short
noise wave segment between the S2 segment and the Rayleigh break. Fig. III.55 illustrates the S/N
ratio calculated by means of the method described above. The S/N ratio shows a decreasing trend
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in general, featuring an abnormally high value at dl = 3 mm, which is apparently an exception
where this quantitative method fails due to the complicated wave interference. Additionally, the
light-blue dashed curve highlights the nanosecond-scale numerical time interval dt obtained by
Hou10ni through the power method. It is not surprising that dt decreases as dl decreases, which
means that finer elements will harden the convergence condition for the time loop. This hardening
is the cost of rigorous precision request.

Since the S/N ratio can fail to quantify the simulation quality, four of the seismograms (dl =1,
2, 3, 4 mm) are highlighted in Fig. III.56 for the component Ux, Fig. III.57 for the component
Uy and Fig. III.58 for the component Uz. It is worth noting that the out-of-plane component Uz

should be negligible in theory due to the symmetry of the simulation configuration regarding the
XOY plane.

In terms of the component Ux, Fig. III.56 a) shows that the best one remains in the smallest
dl, where one can clearly distinguish most of the seismic events predicted in the 2D analytical
calculations as well as the 2D elastodynamic simulation results illustrated in Fig. I.20. The two
hyperbola-like arrivals outside the Rayleigh cone are only visible in the 3D simulation, indicating
that they originate from 3D effects that 2D simulations can not produce. Similar hyperbola-like
events are also present in the experimental seismograms illustrated in Figs. III.44 and III.45,
confirming the relevance of the 3D simulations. Figures III.56 c) and d) are both considerably
disturbed by noises and most of the arrivals suffer from distortion as well as phase shift despite the
relatively clear P1 arrival. The seismogram in Fig. III.56 b) shows slighter phase shift and noise
level than those in Figs. III.56 c) and d).

The component Uy in Figs. III.57 a), b), c) and d) presents similar trends as in Fig. III.56.
Besides, the y component of displacements brings out some different seismic events regarding the
x component.

Fig. III.58 displays the simulated Uz. As mentioned above, Uz themselves should be negligible,
especially with respect to either Ux or Uy. However, Fig. III.58 demonstrates that Uz becomes
substantial as the tetrahedron edge length reaches 3 mm, which is coherent with the observations
made on Figs. III.56 and III.57 characterized by notable noises.
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Nyquist-Shannon sampling theory. Besides, simulations on 3D FEM are mandatory if quantitative
amplitude comparisons with the field or experimental data are needed. 3D FEM simulations enable
AVA analyses on real data through comparisons with synthetic data.

III.5.3 Synthetic tests with Hou10ni Finite Element simulator
Despite the advantages of 3D simulations, we started with performing 2D numerical experiences
due to the following two reasons:

1. 2D simulations are good enough for First-arrival-based tomography since only the arrival
times are explored;

2. 3D simulations will be much more time-and-memory-consuming, especially in our High Fre-
quency (HF) context.

2D simulations are done on checkerboard-like Vp models as those in Fig. III.17. Particularly, a
synthetic model featuring a hole as in Fig. III.2 a) is studied numerically. Meanwhile, configuration
c) is used for all the 2D simulations. A synthetic Ricker source with a 0.8 MHz central frequency
is adopted as the seismic source for all. The results of the three FEM synthetic tests will be shown
in the following paragraphs.

The first example is run on the same Vp model as Fig. III.17 a) where the 2D domain highlights
four different velocities (2×2 checkerboard). Fig. III.61 shows the wave propagation snapshots at
a certain time for four of the 16 point sources that are depicted with red arrows, whose directions
indicate the acting direction of the seismic source pulse. It is convenient to identify difference events
from these snapshots. P wave first-arrivals are thus identified on the corresponding seismograms.
The FAT can certainly be recorded manually, nevertheless, manual FAT picking takes a lot of time
especially in case of densely-sampled acquisition as configuration c). Hence, automatic First-Break
detection based on the cross-correlation (xcorr) may be a relevant alternative of the heavy manual
picking. We did both of them in order to have a quantitative comparison between the two picking
methods.

Fig. III.62 displays the FAT pickings for each of the point sources. The curve of the manual
picking is shown in red while that of the automatic xcorr picking is presented in blue. The relative
differences (in ‰) between the two is highlighted with the gray curves. Most of the values of
the relative differences between the results of the two approaches are contained within ±20‰,
which means that the cross-correlation method can detect FB times as precisely as, if not better
than, the manual picking. Most of the gray dashed curves feature flat levels near 0‰, indicating
tiny “constant” shifts between the two FB time curves. On the contrary, the sharp but localized
variations infer either highly-deformed (enlargement of the frequency bandwidth for instance) wave-
fronts caused by the heterogeneity (Fig. III.61) or wide-azimuth records.

When dealing with synthetic data, the cross-correlation method can make the recording of
synthetic FB times much less time-consuming while keeping a similar picking precision as the
manual picking. If the cross-correlation could fail on some critical but local points, it is always
possible to correct them by localized manual picking, thus saving time regarding a pure manual
recording.

The FATs illustrated in Fig. III.62 are thereby input into the multi-grid FATT workflow shown
in Fig. III.5 in order to reconstruct the 2×2 checkerboard Vp model of Fig. III.17 a). Together
with the Vp tomography with FAT simulated by the Eikonal solver as shown in Fig. III.21 a), a
comparison of all the tomography results from different FAT inputs is highlighted in Fig. III.63.

Each column of Fig. III.63 corresponds to one particular FAT input: the first column displaying
the result from FAT calculated by the Eikonal solver; the second column from the hand-picked
FAT on synthetic data produced by Hou10ni in the time elastodynamic regime; the third one
corresponding to the xcorr-detected FAT on the same Hou10ni-simulated data. Each row of Fig. III.
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63 shows a particular result in different ways: the first row displaying every single Vp tomography;
the second comparing the tomography Vp distribution with the model Vp distribution; the third
highlighting the relative error distribution of each tomography. Fig. III.63 a2) appears to show the
best-fit tomography among all the three: the inner boundaries are notably better constrained than
the other two images in Figs. III.63 a1) and a3). Meanwhile, Fig. III.63 b2) shows the most relevant
tomography Vp distribution: the four velocity groups are successfully identified with equivalent pdf
like in the model Vp distribution. However, Fig. III.63 c2) seems to show dominant errors between
0.4% and 3.75% while the errors in Fig. III.63 c1) concentrate between 0% and 2.5%. This does not
necessarily indicate a better accuracy for Fig. III.63 a1) contrary to what the first and second rows
demonstrated because Fig. III.63 c2) highlights remarkably weaker pdf for stronger errors above
3.75% and the error pdf tends to vanish from 6.2%, while the error pdf is substantial until 9% in
both Figs. III.63 c1) and c3).

We emphasized that the difference between the hand-picked FAT and the xcorr-detected FAT
is fairly subtle, except on some particular portions of the FAT curves as shown in Fig. III.62: most
of the difference are contained within ±20‰. Such tiny differences in FATs led to significantly
different tomography results as shown in Fig. III.63 (second and third column). Therefore, the
precision of the FAT extraction is one of the most essential elements for accurate tomography, aside
from the probing illumination and the intrinsic properties of the medium that have been discussed
in the resolution analyses in III.4.3.1.

The second example is run on another checkerboard-like Vp model with 16 different velocities.
Four of the wave propagation snapshots are illustrated in Fig. III.64. Similar to Fig. III.61,
the P1 wavefront is clearly trackable in spite of the deformations caused by the core heterogeneity.
Fig. III.64 d) shows some anomalous diffraction that originates from the velocity Cartesian mapping
imperfections in the vicinity of the curved boundary.

III.5.3.1 A benchmark simulation featuring a hole

We failed at reconstructing the hole of EchA by tomographic methods. Simulations in a homoge-
neous media featuring the hole case is considered as a synthetic case that can be used to study the
impact of scattering on FB.

The last synthetic 2D simulation consists in studying the behavior of scattering and figuring
out its impact on seismograms. The 2D core section features a small hole whose size, shape and
position are similar to that in Fig. III.2 a), with the same Vp = 6000 m/s outside the hole. This is
a complementary study of the FATT on the slice from EchA reported in III.4.4.1.

Snapshots of wave propagation are taken when the first P-arrivals hit the opposite face regarding
the point source locations. They are illustrated in Fig. III.65. The scattering waves are nicely solved
by the numerical simulator featuring the IPDGm in the elastodynamic regime.

However, Snapshots in Fig. III.65 do not show evident perturbation on the onset P wavefront
because the scattering waves appear to hardly interfere with the first P-arrival. Much clearer
trends can be seen on seismograms that are shown in Figs. III.66 to III.69, where all the onset
P-arrivals seem to be continuous despite the scattering perturbation that can be clearly identified
on each seismogram. Remind that the experimental seismograms from EchA in Figs. III.30 and
III.31 appear continuous too, yet the PZT source is used in that experiment unlike the point
Ricker source in the present simulation. In terms of the experimental seismograms of Figs. III.32
to Fig. III.35 from the laser pulsed sources, we noted that most of their onset P-arrivals nearly
vanished along the scattering-impacted segment, which is rather different from the results of this
elastodynamic simulation despite the application of a point-like source. Some of the first arrival
travel-time pickings in the experimental seismograms correspond probably to the scattering arrivals
instead of the true onset P-arrival. Even though we know that the experimental data in Figs. III.32
to Fig. III.35 are heavily contaminated by various noises, and that the benchmark Vp model for the
elastodynamic simulation is oversimplified, it seems compulsory to rethink about the simulation
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parameters in order to acquire satisfactory synthetic datasets: at least the simulation should be
done within a realistic 3D framework. Furthermore the intrinsic attenuation probably needs to
be taken into consideration given the strong attenuation of scattering-impacted onset P-arrivals in
Figs. III.32 to III.35.

One can intuitively figure out that the FATT is set to fail in the reconstruction of the hole
shown in Fig. III.65 because the hole-caused scatterings arrives after the first break that seems to
imply a fairly homogeneous medium.
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III.5.4 Forward simulation on EchB – 2D benchmark
The Vp tomography result on EchB from the multi-grid FATT has been shown in Fig. III.47. It
is the most convincing ultrasonic tomography regarding the CT-scan image of Fig. III.2 b). We
already mentioned the limitation of the FATT and its results. Modern inversion methods promote
simulations solving wave equations rather than the Eikonal equation. Even if the FATs were the
only information of interest, the synthetic first arrival yield by solving wave equations would be
more reliable than that from an Eikonal solver. We injected thus the Vp model of Fig. III.47 h)
into the Hou10ni simulator, applying the same acquisition configuration as shown in Fig. III.6 d)
with a Ricker source of fc =0.8 MHz. Vs is simplified to be half of Vp. Another simplification
of the simulation consists in using the Ricker wavelet instead of the experimental wavelet from a
pulsed-laser. This choice is based on two reasons: first, the Ricker wavelet is sufficient in a 2D
benchmark if only the wave kinematics are of interest; second, it is demonstrated in Fig. II.7 a) of
Chapter II that the pulsed-laser wavelet may cause non-conservation of wave energy in case of 2D
simulations.

A quantitative comparison between Figs. III.44, III.45 and Figs. III.70, III.71 is meaningless
because a 2D simulation does not obey 3D wave propagation rules that guide the experimentation.
It remains pertinent to qualitatively compare their wave event arrivals in spite of the different
source wavelets. First, the first arrival times are consistent in all the correspondent seismograms:
for instance, the panel 49) in Fig. III.44 d4) and the panel 89) in Fig. III.45 d8 show a clear
offset with their neighbor panels, which can also be discerned in the counterparts of Figs. III.70
and III.71. Second, both the experimental and synthetic seismograms highlight the Rayleigh wave
domination in terms of energy. Third, the 2D synthetic seismograms seem to reveal more wave
event arrivals with respect to the experimentation, which is the result of the ideal Ricker source,
the lack of 3D wave events and the 2D energy profile.

III.5.5 Quantitative comparisons of the first arrival travel-times
The simulated FATs are extracted from Fig. III.70 & III.71 by manual picking and xcorr detection,
respectively, of the first breaks. The blue dotted curve in Fig. III.72 shows the hand-picked
FATs and the ref dotted curve corresponds to those detected by the cross-correlation method.
The correspondent experimental FATs (hand-picked) are already displayed in Fig. III.44 & III.45.
Again the experimental FATs are represented by the gray bold curve in Fig. III.72. The three
curves are close to each other. In order to quantitatively estimate the offsets among these FAT
curves, the relative differences are calculated for each receiver and displayed in dashed curves: the
cyan ones showing the relative differences (in %) between the hand-picked synthetic FATs and the
hand-picked experimental FATs, while the magenta ones highlighting such a comparison between
the xcorr-detected synthetic FATs and the hand-picked experimental FATs. The relative differences
are contained between ±5.0% in case of hand-picking. In case of xcorr-assisted picking, the errors
are also contained within ±5.0% except for the source group 4, 5 and 6 where the relative differences
can exceed 5.0%. Finally, the RMS of the absolute differences between each hand-picked synthetic
FATs and the correspondent hand-picked experimental FATs is shown on the top of each graph.
The RMS is estimated with respect to the sampling rate of the seismograms, namely a multiple of
dt=10−8. The biggest RMS is thus 2×10−7 and the smallest is 1.3×10−7, which is coherent with
the tomography RMS evolution shown in Fig. III.52 b). Tomography based on the least-square
formulation minimizes such a RMS value.
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III.5.6 From 2D to 3D
2D simulations are necessary for numerical scheme development and validation. Nevertheless, the
real world obeys the 3D laws, thus 2D simulation results are not suitable for quantitative comparison
with experimental measurements run in 3D conditions. Even though the amplitude of 3D signals
could be a posteriori processed to match with 2D simulation (Operto et al., 2006), this procedure
remains unpractical and could lack accuracy. In terms of numerical scheme implementation, the
passage from a 2D scheme to the corresponding 3D scheme is often unmediated. The true bottleneck
of 3D simulations lays in the time and memory demands. Fortunately, we often do not need
to consider the whole 3D domain due to various reasons, such as the limited area investigated
by experimentation or the limited zone of interest. Under this circumstance, the application of
Absorbing Boundary Conditions (ABC) can help considerably reducing the computational effort
while keeping a satisfactory accuracy.

Full-scale 3D simulations in our High Frequency (HF) context can be a challenging task be-
cause millions of tetrahedron elements will be needed to produce satisfactory results. Given our
millimeter-scale wavelength and megahertz-scale frequency, we have demonstrated in section III.5.1
that the tetrahedron edge-length should be constrained under several millimeters, which will make
the meshing of the whole core medium overwhelmingly heavy. Practically, the axial dimension of
most geological cores is much longer than the diameter dimension. In addition, the present labora-
tory acquisitions are run on 2D sections with a fixed axial position. It is hence reasonable to apply
Absorbing Boundary Conditions (ABC) on the axial dimension in order to relieve the calculation
effort. The application of ABC can also help us getting rid of complicated but less significant wave
events due to 3D bouncing. Indeed, ABCs are usually implemented to model infinite media. By
using them to model our finite sample (cores for instance) in a reduced scale, we will remove the
reflections occurring at the top and at the bottom of the sample. On the one hand, we will lose
accuracy since we will not be able to reproduce exactly the physical experiment, but, on the other
hand, removing these reflections will help us to better identify other significant phenomena, as we
will show at the end of the present section in Fig. III.74.

However, the reducible dimension should not be over-abundantly under-scaled, otherwise the
wave energy will be over-damped inside the medium. There is a reasonable and representative size
limit of the reducible dimension with respect to the original size within a given precision. In the
case of a core object, the limit of the representative axial length depends on the core diameter.
The precision estimate consists in comparing the results from the reduced model with that of the
original model. The same benchmark cylinder model (EchVM) is considered as the original one
and the height will be reduced gradually with a step of 4 mm – from 20 mm to 4 mm, denoted
as HABC – in order to grab this size limit numerically. All the surfaces of the original model are
featured with free boundary conditions while ABCs are assigned to the upper and lower surfaces
of the reduced models.

Fig. III.73 shows the synthetic signal recorded on the opposite side of the point source for each
reduced-scale simulation. The reduced core height varies from 16% to 80% of the core diameter
ϕ, of which the original height equals 84%. Except the reduced height of 16%ϕ, all the other
reduced models yield similar P1 wavelet as the reference one from the original scale simulation
with free surfaces. The reduced model of 32%ϕ high yields a much stronger Rayleigh wavelet than
the reference signal. The other reduced models produce both relevant P1 and Rayleigh wavelets
with respect to the reference.

In one word, if both the P1 and Rayleigh wavelets need to be correctly simulated, the core height
can be reduced to about 48% of the core diameter when ABCs are assigned to the concerned
surfaces; in the event that the Rayleigh wave is not precisely sought, the core height could be
downscaled at least until 32% of the core diameter. A drastically-reduced height underneath 16%
of the diameter will cause severe wave energy damping.

Finally, Fig. III.74 highlights the seismograms from a simulation featuring only free surface
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boundaries and another one with ABC. The seismograms b1) and b2 contains less wave events and
some of them are weaker than those in a1 and a2. These events correspond evidently to 3D events
coming from the top and bottom surface. Hence, this is an example where the simulation featuring
ABC helped recognizing wave events through a comparison with the classical 3D simulations.
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III.6 Toward Full Waveform Inversion?
At this stage, we focused on the First Arrival Travel-time – one of the numerous attributes that
seismograms carry. For purposes of pushing further the resolution limit, more attributes need to
be taken into account. For example, better estimates of negative Vp anomalies can be expected
if caustics arrival times are carefully considered. Eventually, why not take the whole waveform
information into consideration?

III.6.1 The inverse problem: from qualitative to quantitative
From the end of the 1980s, solving the inverse problem in geophysics attracted both geophysicists
and mathematicians. Years after Claerbout (1971) unified the migration theory with an imaging
condition based on a cross-correlation between the forward and retro-propagated wavefield, Lailly
(1983); Tarantola (1984b) studied the seismic inverse problem in a more general sense with the
first-order Born approximation and recognized that a similar imaging condition appeared naturally
during the minimization of the L2 misfit function of a general inverse problem:

J (m) =
1

2
||dcal(m)− dobs||

2, (III.29)

where m, dcal(m) and dobs denote respectively the model space (perturbation), the simulated data
as a function of the model perturbation and the observed data (experimental or field). The objective
function ∇mJ = 0 consists in searching the minimum of the misfit function (III.29). Applying
the Newton Method as is described by Tarantola (2005), the solution of the objective function will
further lead to the explicit expression of the model perturbation estimation:

m = −
(∂2J
∂m2

)∂J
∂m , (III.30)

where the second-order partial derivative is the Hessian and the first-order partial derivative is
the gradient, which was demonstrated by Lailly (1983); Tarantola (1984b) to contain the similar
imaging condition of migration after a development with the first-order Born approximation on the
Fréchet derivative.

The gradient of J in (III.30) yields actually a result of the classical migration, namely the
geometry and location of reflectors, which is a qualitative model estimate. The inverse Hessian
operator will bring some “corrections” to the gradient, which leads to a quantitative estimate of
the model. Hence, apart from the numerical method for solving wave propagation, quantitative
inversion methods differ mainly by the approximation of the Hessian and its inversion.

The Hessian is actually a Pseudo-differential Operator which is closely related to the Fourier
Integral Operator introduced by Beylkin (1984) with the intent of performing direct inversion, more
precisely a quantitative migration, on seismic data.

III.6.2 Method overview, state-of-the-art
Although Beylkin (1984) recognized and demonstrated the power of Pseudo-difference Operator in
solving inverse problems, along with Miller et al. (1987); Bleistein (1987) who continued develop-
ing quantitative migration in this way, they remained in searching direct inversion approaches, in
which the Born approximation of the scattering field is one of the key points. Tarantola (1984a)
also applied the Born approximation to linearize the inversion within the perturbation theory, af-
terwards, Tarantola (1984b) left aside the Born approximation as well as the perturbation theory
and presented a revolutionary nonlinear inversion concept, known as the Full Waveform Inver-
sion (FWI) nowadays. Tarantola (1984b) demonstrated the potential of this indirect inversion
approach even though it may require enormous computing resources. The generality of the ap-
proach presented by Tarantola (1984b) makes it possible to take into concern the whole wavefield
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(direct wave, primary reflection, multiples and refraction), as well as errors in seismic data. The
misfit function of FWI can be written in a similar way as (III.29), except that the model will be
expressed in its original sense instead of the perturbation. Both the direct (migration) and indirect
(FWI) methods require an background/a priori model, however, the background model for direct
inversion methods should be as accurate as possible, namely containing enough long-wavelength
information, while the indirect and iterative FWI method is expected to tolerate highly blurred a
priori models as long as there are abundant data covering the medium of interest.

The FWI has ever since been a dynamic research topic: Gauthier et al. (1986); Tarantola (1987);
Pan et al. (1988); Pan & Phinney (1989) presented pioneer works in the time domain; Pratt et al.
(1996, 1998); Sirgue & Pratt (2004); Gélis et al. (2007); de Hoop et al. (2012); Jun et al. (2015);
Faucher (2017); Faucher et al. (2019); Alessandrini et al. (2019) studied the FWI in the frequency
domain; Jun et al. (2013); Xu & McMechan (2014) combined both the two domains, modeling in
the time domain and derivating in the frequency domain. These studies mainly concentrate on
method developments and synthetic tests. Only a handful of application attempts on real seismic
data have been successfully performed, such as Crase et al. (1990); Operto et al. (2006) among
others.

Actually, Operto et al. (2006) performed the Full Waveform Tomography (FWT), which is
slightly different from the original FWI initiated by Tarantola (1984b). Due to the linearization
introduced in the FWT method, the waveform inversion becomes more exercisable and is success-
fully applied on real data (along with blind tests) by Dessa & Pascal (2003); Dessa et al. (2004b);
Ravaut et al. (2004); Brenders & Pratt (2007). Brenders & Pratt (2007) described the FWT as
a combination of FATT and 2D waveform inversions on well-selected early arrivals. Apart from
the technical and mathematical issues of minimizing the misfit function, Brenders & Pratt (2007)
emphasized also the important role of an “accurate” FATT and appropriate data pre-processing in
an eventually successful FWT.

I could not recommend more highly that interested readers refer to Virieux & Operto (2009)
in order to grasp a comprehensive picture on the FWT and FWI in general, as well as Virieux
et al. (2016) where a link between the direct and indirect inversions is drawn, demonstrating that
reconciliations can be done between the two of them.

III.6.3 Possible application on synthetic core datasets
Numerous benchmark FWIs have been performed on 2D synthetic models. For instance, Brenders
& Pratt (2007) showed the accuracy of FWI in reconstructing a realistic crustal model. Sirgue &
Pratt (2004) chose the Marmousi model, analogy of a passive margin, for the FWI reconstruction.
Faucher (2017) presented a comprehensive series of benchmark FWIs, including both 2D (passive
margin, Fault and Thrust Belt, salt domes) and 3D (salt dome, Fault Bend Fold) models.

All the benchmark studies above are posed in the field scale, where the wave frequency content
rarely exceeds 20 Hz. On the contrary, the wave frequency can reach 1 MHz (in carbonate rocks)
at the core scale that we worked on, which is fairly unusual for available FWI numerical schemes.
Nonetheless, Dessa & Pascal (2003) showed a benchmark test in a laboratory-scale configuration
where a PZT source emitted waves neighboring 36 kHz which remains considerably lower than
1 MHz. Instead of real rock, the medium studied by Dessa & Pascal (2003) is an artificial one,
featuring notably regular physical properties as well as an ideal boundary condition. Finally, the
only work, to our knowledge, that reported promising results of FWI on a body with a curved
boundary in a high frequency context comes from Guasch et al. (2020) where a dense network of
100∼850 kHz bandwidth sources has been employed to image the human brains.

Guasch et al. (2020) achieved a nice 3D inversion result after ∼32 hours computation on 3072
processors, which means that 3D FWI needs strong material and time supports. Even though the
mechanical properties of a brain (low shear modulus due to water) are far different from those of
our carbonate cores, the success of the FWI performed by Guasch et al. (2020) strongly backs the
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applicability of FWI on our synthetic core datasets, at least under an acoustic assumption.

III.6.4 Possible application on experimental core datasets
Similarly, since Guasch et al. (2020) succeeded to produce satisfactory FWI results on in both
in vivo and ex vivo experimental data, we can also seek a possibly successful application of FWI
on our experimental core datasets. However, the unsaturated carbonate cores obey the elastic
regime instead of the quasi-acoustic regime of the human brain. Another particularity of our data
lays in the source that we used: the pulsed-laser source, whose position is easy to model while
possessing an unusual wavelet form. Last, despite the fact that we have acquired some datasets
with the common C548 PZT source too, the size effect of the PZT may not be neglected because
the diameter of the carbonate cores are not sufficiently wide (about half of the human brain). That
is also the reason why we explored the alternative pulsed-source. All these points needs further
considerations before attempting a successful FWI on our experimental core datasets.
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Chapter IV

Discussions, conclusions and
perspectives

IV.1 Laboratory-scale experimentation: calibration and bench-
mark experiences

We performed a comprehensive series of preparatory and calibration studies on the experimental
and numerical tools, which helped us justifying the choices on the sources and receivers for the
laboratory-scale seismic measurements. The benchmark experiences verified the precision of the
experimental prototypes and the accuracy of the numerical scheme. The multi-component mea-
surement was a bonus offered by Polytec GmbH. It showed the advantage and potential of exploring
the wave polarization.

IV.1.1 The sensitivity and precision of Laser Doppler Vibrometer
After a quantitative study on the visibility minima of the OFV-505 single-point sensor, we estab-
lished the sensitivity and precision of LDV as a function of the stand-off distances. If some of the
stand-off distances (⩾ 250 mm) corresponding to the manufacturer’s visibility minima do cause
low S/N ratios, no evidence shows the existence of such a visibility minimum for short stand-off
distances (< 250 mm). Whatever the stand-off distance, the noise RMS values are small (from
one tenth to a few tenths of nm) compared to the amplitudes (dozens of nm) of the signals. Con-
sequently, the OFV-505 single-point sensor is suitable for measuring nanometer displacements on
surfaces, with a Signal/Noise ratio (Fig. I.5) superior than 10 if the instrumental visibility minima
are avoided, reducing also the uncertainty of the signal amplitude.

IV.1.2 Choice on the seismic source and calibrations
We calibrated the following two sources in order to figure out the advantages and disadvantages of
each of them in geophysical laboratory applications: the piezoelectric source and the pulsed-laser
source.

IV.1.2.1 The piezoelectric source

PZT sources are probably the most widely used ones in geophysics experimentation at laboratory
scale. The waveform of the C548 PZT that we employed in most of our experiments is close to a
Ricker wavelet, which is fairly convenient to model. However, within our core-probing framework,
a PZT source brings several inconveniences: first, the PZT size could induce uncertainty in the
measurements and makes it complicated to model; second, it can be tricky to stick a PZT onto the
surface of a core, not to mention the difficulty of ensuring its stability and a constant coupling.
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IV.1.2.2 The pulsed-laser source

We propose to apply the laser pulsed source as an alternative seismic source at laboratory scale.
On the one hand, a laser pulsed source can be a good candidate to overcome the shortcomings of
a PZT source: the size of a laser pulsed source is well controllable and can be tiny, which reduces
the measurement uncertainty due to the source geometry; a pulsed source is much more convenient
to model at least in space; meanwhile, such a source is contact-free hence highly manipulable. On
the other hand, the laser source has its own disadvantages. More details are available in IV.3.

Finally, we chose to apply both of the 2 sources respectively since they are more complementary
than opposed.

IV.1.3 3-component SLDV measurements
Multi-component measurements are appealing more and more attention in both marine and land
seismic campaigns. A 3-component seismic campaign measures the 3 orthogonal components of the
wavefield. Producing reduced-scale experiments in the laboratory scale is as challenging as in the
field scale even though the laboratory environment is well controllable. We had the opportunity
to try a full-field 3D SLDV from Polytec®GmbH on our parallelepiped and core samples. Despite
the geometry uncertainty and the poor S/N ratio, we succeeded to present the 3D data in terms
of the oscillation angles and analyze their dependency on the incident angle upon a free surface.

We figured out that the seismic events represented in terms of oscillation angles are much clearer
than the equivalent representation through displacement magnitudes. Therefore, oscillation angles
may help to track and capture subtle seismic events with less uncertainties when combined with
the 3C vector amplitudes.

IV.2 HPC simulation of wave propagation: implementation
Two of the characteristics that distinguish the Hou10ni HPC simulator from others are the IPDGm
and the ABC. The space discretization and formulations are based on this method. The ABC is
a remarkably useful boundary condition in practice. Both of the two characteristics contribute to
the high performance of the simulator.

IV.2.1 Interior Penalty Discontinuous Galerkin method (IPDGm)
Our FEM numerical simulator features the Discontinuous Galerkin method with Interior Penalty
for inter-element flux terms. The IPDGm possesses numerous advantages when dealing with geo-
physical problems since the geological objects are often highly heterogeneous thus discontinuous,
what’s more, we are particularly interested in these discontinuities such as in migration. The
IPDGm has been proven to be more accurate without increasing the calculation effort under these
circumstances. Another main advantage of the IPDGm is the possibility of p-refinement for a
chosen group of elements, which is already implemented in our simulator Hou10ni. Besides, the
IPDGm could enable the h-refinement and favor the implementation of the coarse mesh rebalance
strategy with adaptive time steps. All these adaptive strategies are essential for modern HPC.

IV.2.2 Absorbing Boundary Conditions (ABC)
In geophysical simulations, especially when 3D calculations are necessary, the reduction of the
full domain in space often turns out to be mandatory because of the time and memory limits. A
classical 1st-order ABC is operational in our numerical simulator and is used to reduce the out-
of-plane dimension of the carbonate core models, which helps us to gain a considerable amount of
time and relieve calculation effort.
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the number of elements in Fig. IV.1 b). If we maintain the other input parameters unchanged,
∼2 weeks will be required for such a task. This is fairly reasonable and feasible due to the new
“resume” functionality of the Hou10ni simulator. In terms of computational resources, future
simulation tests will probably be performed on powerful clusters granted by the PRACE project,
under which several experiences have already been conducted thanks to a Preparatory Access Call.

IV.3 The pulsed-laser source as a seismic source: characteristics
and caution

We carefully characterized the laser pulsed source under all its possible regimes and argued the po-
tential of this original source for geophysics experimentation at laboratory scale. Main advantages
as well as disadvantages of the pulsed-laser source are recapitulated below.

IV.3.1 The repeatability and stability
The incident power density Pd of the laser beam is satisfactorily reproducible when a set of suc-
cessive pulsed-laser is generated, which is an expected feature for high space-density seismic acqui-
sitions with the PS-PD setup and for seismic monitoring purposes. However, the laser-impacted
surface state can bias the measurement amplitudes. Our suggestion consists in “renewing” period-
ically the impact point, e.g. slightly offsetting the impact point if possible, in order to avoid biased
measurements of wave amplitudes. Another option is to derive an empirical law to estimate the
amplitude fluctuation as a function of the pulsed-laser number amid repetitive shots: this empirical
law could be used to correct and retrieve reliable amplitude values as long as the experiments are
performed on an homogeneous surface with fixed acquisition parameters.

IV.3.2 The flexibility
This is the major advantage of the pulsed laser source. In theory, it can be very flexible in terms
of manipulation, largely thanks to its contact-free characteristic. First, free of the coupling issues,
a laser pulsed source can be applied onto both regularly and irregularly shaped objects, in both
solid and liquid media; it can also be adapted for unusual conditions such as a high-temperature-
high-pressure reservoir condition. Second, it could target special parts of an object where a PZT
can not reach. Third, the laser beam size and the beam target position can be precisely controlled
by optical sets. Last, due to a variety of regimes, the laser source can be adapted according to the
experimental demand.

IV.3.3 The radiation pattern
The radiation pattern of a pure ablation or thermoelastic regime is simple and regular. In other
word, it is predictable hence convenient to model numerically, which is an awaited property that
can favor quantitative analyses on the amplitude attributes.

IV.3.4 Caution before the application of a laser pulsed source on natural rocks
The laser pulsed source can be material-consuming in the ablation and mixed regime. Therefore,
it is recommended to verify the hardness of the natural rock of interest and employ appropriate
protections on the rock sample if applicable. We applied aluminum flake in the source position
onto our carbonate core sample because of rock’s low hardness. The protection turned out to be
fairly efficient.
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IV.4 Experimentation on the carbonate cores at laboratory scale
Seismic campaigns at the laboratory scale are run on 2 slices respectively from 2 different cores,
namely the EchA and EchB. The CT-scan images of these 2 slices indicate that EchA includes a
small hole in its slice while the slice of EchB appears smooth. Four experimental configurations
are applied, employing either PZT sources or laser pulsed source.

IV.4.1 Behind the First Arrival Travel-time Tomography (FATT): the Ray The-
ory

The ray theory is behind the asymptotic expression of the wave propagation. The wave equation can
be separated into an Eikonal equation and a Transport equation within certain assumptions. The
asymptotic approach will naturally lead to the Eikonal equation which regards waves as infinitesi-
mally narrow wavefront. The Eikonal equation also meets with the Fermat’s principle. Numerical
Eikonal solvers are commonly used to approach the shortest or fastest path from the source to the
receiver. Since the unknown in an Eikonal equation is the arrival time of the wavefront, rays are
backtracked a posteriori once the arrival-time field is achieved.

IV.4.2 Resolution analysis by spike test
Resolution analyses are done for all the four core-probing configuration by means of the spike test.
The quality of the spike test results are estimated by four indicators: the spike location offset, the
spike amplitude reconstruction percentage, the average degree of spike enlargement or shrinking,
as well as the degree of anisotropy of the reconstructed spike. The results show notable differences
between a positive spike and a negative one. A negative spike is generally more difficult to precisely
reconstruct. The resolution analysis allowed to prioritize the four experimental configurations.
Configuration c) prevails over a), b), and d) in all the indicators except the spike location offset,
on which configuration d) performs slightly better. Nevertheless, in consideration of the stack
times and the step-by-step LDV scan, configuration c) is probably not a good compromise between
satisfactory S/N ratio and core surface conservation. Contrary to configuration c), configuration
d) is a promising alternative which is set to achieve this compromise. In addition, it can still be
improved by adding both primary and secondary sources. Finally, the resolution analysis indicates
that the experimental configurations are well designed for spike location recovery, with most of the
spike location offsets constrained under 1 mm. However, the final resolution on a given point will
not only depend on all the 4 indicators, but also on the resolution of its adjacent points due to their
translation and deformation. Besides, a natural rock core can feature both positive and negative
velocity anomalies, therefore the true resolution depends also on the unknown velocity variations
inside the core.

IV.4.3 Resolution analysis by random checkerboard test
The random checkerboard tests are run as complementary tests to the spike tests in order to obtain
a more practical and view on the resolution. Tomography reconstructions of seven gradually-refined
Vp models helped us to deduce that an heterogeneity above 3 mm is highly probable to be recovered
by the core-probing configuration c) within a multi-grid framework. Heterogeneity between 1 mm
and 3 mm should be at the fringe of the resolution limit, even if multi-grids are employed. It is
meaningless to expect a better resolution than 1 mm, which is unreachable within our configurations
and the FATT.
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IV.4.4 Tomography results on realistic synthetic core slices
Before doing tomography on the two carbonate core slices, we have run parametric studies on some
more realistic Vp models in order to search for best parameter-settings of inversion. We fixed the
parameters including smoothing, damping, iteration time and multi-grid interval, while leaving
the starting grid, the forward grid and the inter-grid median filter as the variable parameters.
We found that the starting grid should be well chosen in order to have a first Vp model which is
sufficiently relevant. We tested three types of forward grids: a fixed forward grid, a progressively
evolving forward grid and a twice finer grid with respect to the inversion grid. Either of the three
types of forward grids can prevail. The application of an inter-grid median filter favors searching
of interfaces, which is adapted for media with brutal but mild velocity changes. These synthetic
tests highlighted again the superiority of the multi-grid tomography.

IV.4.5 Tomography results on the two carbonate core slices
The FATT are manually picked and then inverted with well chosen parameters. The tomography
results for the slice of EchA are evidently not satisfactory. The FATT actually failed to reconstruct
a reliable model for this slice mainly because of the presence of the hole inside the domain. The
Eikonal solver supposes that the medium should be sufficiently smooth, thus at least derivable ev-
erywhere. Consequently, the sharp velocity change characterizing the hole violates this assumption
and causes the reconstruction failure. Although the tomography results are meaningless, we can at
least draw some lessons from them. First, the FATT are rather discontinuous on the seismograms
from the configuration c), which disturbed a lot the tomographic inversion. Second, a trade-off
between the caustics and resolution seems to push the tomographic velocities toward extremely
high/low values. In terms of the slice from EchB, the tomography results are fairly satisfactory,
especially the tomographic images from the configuration d) featuring laser pulsed sources, which
successfully reconstructed the global patterns, their positions, as well as some details. The rays
accompanying the tomography show notable caustics, which penalizes the research of better reso-
lutions. The tomographic images from the configuration b) are relevant to the CT-scan image of
the slice from EchB, however, they suffer from significant errors – the lower velocity pattern shifts
to the center of the core slice – which can be explained by the mediocre results of the resolution
analyses for the configuration b).

IV.4.6 Shortcomings of the FATT
The FATT exploits merely the first-arrival time within the asymptotic assumption in spite of
the abundant of seismic attributes that our seismograms convey. As a result, the resolution is
restrained in the first Fresnel zone. Additionally, our FATT workflow employs an Eikonal solver
to calculate the FATT field, nevertheless, the images highlighting rays in Fig. III.50 and III.51
infer that we have to deal with caustics which is generally not a strength of the Eikonal solver. In
one word, caustics need to be better tackled in order to improve further the resolution in the first
Fresnel zone; other seismic attributes from both the first arrival and other wave events need to be
considered to push further the resolution limits.

IV.5 HPC simulation of wave propagation: results
We have run a number of numerical simulation with the simulator Hou10ni for three purposes:
first, the 2D and 3D benchmark simulations for parametric study on the element size determination,
for wave propagation comprehension in synthetic Vp models as those used in asymptotic analyses;
second, the 3D benchmark simulation for parametric study on the size effect under ABC; third,
the 2D and 3D simulations on Vp models from the FATT.
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IV.5.1 Benchmark simulations
The first benchmark simulation run on a small cylinder core allowed us to quantify the impact
of element size on the precision of simulations. The result suggests that the element edge length
should be constrained under 2.5 mm, namely 36% of the P wavelength and 71% of the S wavelength
in order to obtain reliable phases as well as amplitudes without significant noise deterioration. We
also did a AVA (on the bounded free surface) analyses in this case, the ratio Uy

Ux
are illustrated and

compared with a reference curve from an unbounded case, bringing out 3 pivotal incident angles:
28◦ where the simulated curve starts to differ from the reference curve, 41◦ and 50◦ where the
simulated curve inflects. The other 2D benchmark simulations on synthetic Vp model helped us to
understand better the wave propagation inside the core, especially the impact of the small cavity on
the wave-field and seismograms, on which we deciphered that the scattering barely influences the
FATT under the 2D elastodynamic regime. Thanks to the clean simulation data, we quantitatively
compared the manual FATT picking and the cross-correlation assisted FATT, which infers that the
cross-correlation method may be a good candidate for automatic FATT picking when processing
synthetic data.

IV.5.2 ABC and 3D simulations
The numerical simulations run on a series of small cylinders featuring ABC allow us to quantita-
tively calculate an optimal reduced dimension with respect to the dimensions of interest. In our
core-probing configuration, the reducible dimension is the axial dimension which is also the out-
of-plane dimension within the experimental framework. The core height can be reduced to 48% of
the core diameter when ABCs are assigned to the upper and lower surfaces, which will maintain a
good precision on both the P1 and Rayleigh waves.

IV.5.3 2D simulation on EchB
The tomographic Vp model has been injected into the Hou10ni wave propagation simulator in
the elastodynamic regime. Even though the simulation seismograms Figs. III.70, III.71 and the
experimental ones Figs. III.44, III.45 are not quantitatively comparable, they show fairly similar
FAT curves, which is an encouraging result for potential application of FWI on such datasets in
the future. The next step will consist in performing the same simulation in a 3D setup.
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IV.6 Perspectives
The present study covered a large range of topics, from measurements of wavefields at laboratory
scale to advanced finite element simulations in the elastodynamic regime. We acquired a large
amount of both real and synthetic data that still needs further exploitation and valuation.

I already mentioned that seismic data are rich in attributes. The most common ones are the
travel-time and the amplitudes. We have thoroughly explored the first P -arrival travel-time for
FATT, which turned out to be a robust inversion method that could surely grasp a global picture
of the media interior. The well-designed experimental setups and the multi-grid inversion strategy
helped improving the tomography renderings. The Eikonal solver has been used to perform forward
simulations on the travel-time, however, the seismic tomography results showed moderate to severe
caustics that can hardly be handled with the Eikonal solver. It is therefore worthwhile to try other
methods solving the Hamilton-Jacobi equation, such as the ray tracing method. Other strategies
such as introducing weight coefficients to control the ray distribution also deserve a try.

The Finite Difference (FD) scheme that I used is efficient but can barely take the topography
into account, which leads to smearing effects during tomography on the curved boundary of a core.
Le Bouteiller (2018) proposed a Finite Element (FEM) scheme featuring Discontinuous Galerkin
method (DGm) to Solve the Eikonal equation and successfully computed the first-arrival travel-
time field inside a volcano highlighted with a curved boundary. The FEM scheme of Le Bouteiller
(2018) will allow us to appropriately handle the curved boundary of cores during the FATT and
potentially improve the tomography results, especially along the core boundary.

Along with the multi-grid method abundantly used in this PhD project, another method, named
layer-strapping proposed by Pratt et al. (1996), seems compatible with our experimental datasets.
The layer-strapping method consists in starting with a part of the real data on areas of good
resolution so as to solve these areas first before handling poorer resolution areas. The resolution
analysis that I performed demonstrated that the resolutions were generally better on the boundary
than in the core: it is therefore possible to run the tomography on the boundary (outer layer)
first with a well-selected data subset, then use the result as the new initial velocity model and run
inversion on the inner layers progressively.

Another improvement that we could make to our FATT workflow is a quantitative consider-
ation of errors in FAT. The estimation of FAT picking errors is not straightforward at all. One
could estimate these errors by picking a multiple of times manually, however, this approach will be
extremely time-consuming and the objectivity could hardly be guaranteed. Hermans et al. (2012);
Nguyen et al. (2009) proposed and used a “reciprocal error” estimation in electric resistivity mea-
surements, which can also be applied to estimate errors efficiently on our FAT data, especially for
the configuration d) of Fig. III.6 d) where there are 72 reciprocal source-receiver couples.

Amplitude is another key attributes of seismograms. Amplitudes is often conjointly studied
with frequencies in the frequency domain. It is quite tricky to study amplitudes in the time
domain due to wave separation and windowing issues. Amplitudes are indicators of Quality Factor
(Q) that quantifies the intrinsic attenuation of the medium, which is a fundamental property in the
poroelastic regime (Barrière et al., 2012; Holzhauer et al., 2017). Under the elastodynamic regime of
the current study, amplitudes can be explored in the sense of Angle vs Amplitude and polarization
inversion (Valensi et al., 2015). A compelling experimental study of amplitudes will require multi-
component measurement, which is not easy at all. However, 3D simulations yield naturally multi-
component seismograms, as shown in Fig. III.60 illustrating the polarization angle (ratio between
orthogonal components) as a function of incident angles. Thanks to the collaboration of Polytec
GmbH, we acquired a series of multi-component measurements of u̇, on which I presented some
preliminary results of polarization analyses in I.5. We could generalize the present polarization
analyses into a study on polarization inversion. Further more, these multi-component data could be
used to develop wavefield separation methods following the work of Robertsson & Curtis (2002). It
is thus reasonable to perform a joint study involving both the 3D simulation data and 3-component
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on the concerned shale samples infer the presence of VTI/TTI anisotropy despite the apparent
homogeneity. All the three shale plugs were extracted from the same location, but following the
three orthogonal axis: EchVMa was extracted following the axis of rotational symmetry; EchVMb
& EchVMc follow the two other axis (Deheuvels, 2019). Acoustic probes of the FATT lead naturally
to averaged Vp velocity estimations on such plug of the same size as the EchVM described in III.
5.1. Fig. IV.2 a) and b) outlines the two experimental configurations: a) featuring a pair of 5 MHz
transducers as both the source and receiver, while b) involving the newly-implemented pulsed-laser
source. The measurements always follow the plug’s diameter. They were performed on a complete
tour (350◦ each 10◦) in Fig. IV.2 a) and only a half tour (160◦ each 20◦) in Fig. IV.2 b). Due
to the symmetry of such plugs, a half tour should have been enough for assessing the the TTI
anisotropy. The measurement was quickly performed every 20◦ in Fig. IV.2 b) instead of 10◦
because of experiment planning constraints.

Fig. IV.2 c) illustrates the Vp estimates following the azimuth. The points from the pulsed-laser
sources are highlighted by filled markers unlike those from the PZT sources. We can straightfor-
wardly distinguish the EchVMa from the EchVMb & EchVMc: EchVMa is literally isotropic while
EchVMb & EchVMc manifest a similar level of anisotropy but also a 90◦ phase-shift between
the two of them. Generally, the Vp values calculated from FATs of pulsed-laser traces fit with
those from the PZT traces. Particularly, the PZT source failed to yield lucid first arrivals within
considerable azimuth ranges when probing EchVMb, however, the pulsed-laser source continued
to yield detectable first arrivals in those azimuth ranges, which indicates that combing the two
types of source could lead to integral and less biased assessment of the anisotropy. Eventually, the
measurements from the pulsed-laser source seem to bear stronger uncertainties on some azimuths.
It is fairly difficult to draw a compelling conclusion on this point because the measurements are
quite sparse and the experimentation was not conducted in optimal conditions. Last, the current
experimental data, particularly those measured by the 5 MHz PZT, are characterized by clearly dis-
tinguishable wave events featuring high S/N ratios. Deheuvels (2019) reported an anti-correlative
trend between the first-arrival amplitude and the apparent Vp following the azimuth, which could
be subjected to a conjoint study with poroelastic modelings.

A similar anisotropy analysis is done on EchB. Fig. IV.3 illustrates the FAT curves from
the experimental configuration d) of Fig. III.6, namely with 8×9 pulsed-laser sources and 120
receivers in total on EchB. Fig. IV.3 a) shows the Common Source Gather of FAT: each color
group corresponds to a single source. Fig. IV.3 b) displays the Common Receiver Gather: each
color group is linked to a single receiver.

In order to simplify the issue, let us keep supposing that the rays are straight. This assumption
is valid as long as we look into the apparent anisotropy. Given the source and receiver locations,
it is convenient to calculate the straight-line distance between each source-receiver couple, as well
as the azimuth (with respect to the North or the axis Y+) of each straight ray. The apparent Vp
is calculated by FAT/ray-length.

Baden (2017) performed some similar analysis on the same cores and concluded that the
anisotropy is negligible. Unlike the data acquired by Baden (2017) with a similar experimen-
tal configuration as what is shown in Fig. IV.2 a), the data that we obtained contain not only a
wide range of azimuth, but also a wide range of ray-length. Hence, I sorted the apparent Vp in
terms of respectively the ray-length and the azimuth.

Fig. IV.4 gives a glance on the preliminary results. Fig. IV.4 a1 and b1 are 3D scatter views
of all the Vp values for each azimuth and each ray-length. Fig. IV.4 a2 and b2 are two projections
of the 3D scatter views: a2 shows the Common Ray-length Gather, each color indicating a certain
Ray-length, blue ones corresponding to shorter rays while red ones for longer rays; b2 displays
the Common Azimuth Gather, blue points indicating smaller azimuths while red ones for bigger
azimuths. Fig. IV.4 b2 implies a ray-length dependency of apparent Vp: it increases as the ray-
length increases in general. Fig. IV.4 a2 shows thus several trends of apparent anisotropy depending
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on the ray-length: the apparent anisotropy is legible as the ray length is small (blue to cyan points):
Vp varies from ∼4.8 m/s to ∼4.2 m/s. However, red to yellow points (longer rays) seem to indicate
fairly weak anisotropy, which is coherent with the conclusion of Baden (2017) where were only
investigated the longest rays crossing the core center. This does make sense because smaller rays
averages less the apparent P wave velocities. On the contrary, longer rays will make Vp much more
“apparent” due to the strong averaging.

It is worth deepening the anisotropy analysis on both the shale-plug data and the multi-azimuths
multi-ray-length data following the preliminary results displayed in Fig. IV.2 and IV.4. Other seis-
mic attributes such as first-arrival amplitudes and frequency contents deserve careful treatments.

Finally, the inherent shortcomings of the classical tomography imply that it can completely fail
when dealing with highly heterogeneous media, for instance, one featuring strong velocity contrasts
or scatterings. The idea of FWI supplied significant support to overcoming the disadvantages of
the ray-theory-based tomography. One of the latest updates is the work of Guasch et al. (2020)
where the human brain is successfully imaged by a dense PZT network after a FWI reconstruction.
Therefore, FWI in a HF and transmission context is feasible. Guasch et al. (2020) deployed
a PZT network as a source-receiver configuration and it was proved to be efficient and yield
accurate results. Hence, the PZT source may have its place in core-scale experimentation aiming
at performing FWI. Nonetheless, we should be aware that the core is half the width of the human
head and unsaturated cores obey the elastodynamic regime instead of the quasi-acoustic regime of
human brains. The carbonate cores are indeed more complicated than human heads in terms of
wave physics regime, and fortunately not in terms of intelligence.
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Acronyms and Abbreviations

ABC: Absorbing Boundary Condition
AVA: Amplitude vs Angle
BNC: Bayonet Neill-Concelman
ABC: Absorbing Boundary Condition
AVA: Amplitude vs Angle
BNC: Bayonet Neill-Concelman
BVP: Boundary Value Problem
CT: Computerized Tomography
DMEX: Développement de Méthodologies EXpérimentales
DGm: Discontinuous Galerkin method
DICOM: Digital Imaging and COmmunication in Medicine
FAT: First-Arrival Travel-time
FAA: First-Arrival Amplitude
FATT: First-Arrival Travel-time Tomography
FB: First Break (First-arrival wave)
FE: Finite Element
FFT: Fast Fourier Transform
FD: Finite Difference
FEM: Finite Element Method
FIO: Fourier Integral Operator
FLQSdelay: Time delay in ns between the Flash Lamp and Q- Switch pulses
FWHM: Full Width at Half Maximum
FWI: Full Waveform Inversion
FWT: Full Waveform Tomography
GBO: Generalized Backprojection Operator
GPR: Ground Penetrating Radar
GRT: General Radon Transform
HF: High Frequency
IIR: Infinite-duration Impulse Response
IPDGm: Interior Penalty Discontinuous Galerkin method
HPC: High Performance Computation
HVAR: Horizontal-Vertical Analytic-attribute Ratio
HVSR: Horizontal-Vertical Spectral Ratio
HWB: Herglotz-Weichert-Bateman
LDV: Laser Doppler Vibrometer
LSQR: Sparse Linear Equations and Least Square Problems
MCS: Measurement Coordinate System
NDT: Non Destructive Testing
PDE: Partial Differential Equation
PML: Perfectly Matched Layers
PS-PD: Point-Source Point-Detector
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PZT: Titano-Zirconate de Plomb
RMS: Root Mean Square
RT: Radon Transform
RTM: Reverse Time Migration
IRT: Inverse Radon Transform
SEM: Spectral Element Method
SLDV: Scanning Laser Doppler Vibrometer
S/N: Signal to Noise
TTI: Tilt Transverse Isotropy
VTI: Vertical Transverse Isotropy
WKBJ: Wentzel-Kramers-Brillouin Jeffreys
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