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RESUMO

A caracterizagdo das propriedades acusticas de sedimentos marinhos € essencial para o moni-
toramento de poc¢os de petréleo em ambientes offshore, onde a compactacdo desses sedimentos
desempenha um papel critico nas estratégias de alivio do acimulo de pressdo anular (APB).
Essa dissertac@o explora a correlag@o entre a compactacdo do sedimento de barita e sua resposta
ultrassdnica, com foco na atenuacao e na velocidade da onda como indicadores-chave do com-
portamento do sedimento. Dois tipos de amostras foram analisados: barita, um dos principais
materiais utilizados para o aumento do peso de coluna de liquido em pocos offshore, e esferas
de vidro (60-120um) para avaliar a influéncia do tamanho e formato dos graos nas assinaturas
acusticas. Uma técnica ultrassonica de alta frequéncia (400kHz) foi empregada utilizando um
unico transdutor (pulso-eco), demonstrando também, a viabilidade de configuragdes econdmicas
que produzem resultados compardveis a técnicas mais complexas. Os resultados experimentais
revelam uma forte relacdo entre a compactacao de sedimentos e a atenuacao acustica para ambos
os tipos de amostra, com a barita apresentando uma diminui¢ao na atenuagdo a medida que a
compactagcdo aumenta. Além disso, a velocidade da onda na barita apresentou um claro aumento
com a compactacao, enquanto tal tendéncia ndo foi observada em amostras de esferas de vidro.
Essas descobertas contribuem como uma base fundamental para o desenvolvimento de técnicas
de sensoriamento remoto para caracterizacdo de sedimentos em ambientes subaqudticos de
alta pressdo e temperatura, com potenciais aplicacdes na avaliacdo da estabilidade de pocos de

petréleo e gerenciamento de pressao.

Palavras chave: ultrassom, atenuac¢do, velocidade de onda, sedimento de barita, compactacao,

método pulso-eco, APB



ABSTRACT

Understanding the acoustic properties of granular sediments is essential for offshore oil well
monitoring, where sediment compaction plays a critical role in Annular Pressure Build-up (AP B)
relief strategies. This dissertation examines the correlation between compaction of barite—a
common drilling fluid densifier—and its ultrasonic response, focusing on attenuation and wave
velocity as key indicators of sediment behavior. Two types of samples were analyzed: barite, the
primary weighting material used in offshore wells, and glass spheres (60 — 120pm) to assess
the influence of grain size on acoustic signatures. A high-frequency (200 to 600k H z) ultrasonic
technique was employed using a single transducer (pulse-echo), demonstrating the feasibility of
cost-effective setups that yield comparable results to more complex systems. Experimental results
reveal a strong relationship between sediment compaction and ultrasound acoustic attenuation
for both sample types, with barite exhibiting a decrease in attenuation meanwhile glass spheres
exhibiting a high order frequency dependence as compaction increases. Additionally, wave
velocity in barite increased with compaction, whereas no such trend was observed in the glass
sphere samples. Furthermore, both samples exhibited positive velocity dispersion with frequency.
These findings contribute to a primary ground foundation for the development of remote sensing
techniques for sediment compaction characterization, with potential applications in oil well

stability assessment and pressure management.

Keywords: ultrasound, attenuation, wave-velocity, barite sediment, compaction, pulse-echo

method, APB
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1 INTRODUCTION

This dissertation is organized as follows:

In Sec. 1.1, the motivation behind investigating the correlation between barite sedi-
ment compaction and its ultrasonic properties is discussed, emphasizing its significance in field
applications. Following, in Sec. 1.2, the choice of acoustic waves for this investigation is justified,
highlighting their capability for remote underwater sensing. In Sec. 1.3, the main goals of the
present research are outlined.

2. Next, in Sec.2 acoustic models are introduced, and their relevance to characterizing
barite compaction is discussed. The section begins by presenting the early pioneers who
developed the foundations of acoustic sediment theory in the early 20th century, followed by
a discussion of contemporary acoustic models that build upon these theories to investigate the
physical properties of sediments.

3. Sec. 3 presents the methodology adopted for data acquisition, signal processing,
and the construction of the experimental apparatus. First, in Sec. 3.1, the processing of acoustic
data in the frequency domain is detailed, followed by the mathematical methods used to extract
and compare the desired acoustic parameters. Then, in Secs. 3.2 and 3.3, the experimental
setup is described, along with the main challenges encountered during implementation and the
solutions adopted to overcome them for future applications Sec.3.2.3.

4. In Sec. 4, the experimental results are analyzed. The effects of varying barite
compaction levels on P-wave attenuation (Sec. 4.1) and P-wave velocity (Sec. 4.2) are investi-
gated. Additionally, the acoustic properties of compacted glass spheres are also examined for
comparative analysis.

5. Finally, in Sec. 5, the experimental findings are discussed, including an evaluation

of whether the research objectives were successfully achieved.

1.1 Research contextualization

Petroleum is a naturally occurring liquid, ranging in color from yellow to black,
found in geological formations beneath the Earth’s surface. It is typically processed into various
fuels and is considered an essential global energy resource. Its extraction is often made by

drilling process (springs are not common), hence, engineering efficiently ways to extract it from
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the formation are always on the mind of the oil and gas companies around the world (Schulte).

Over the decades, increasingly complex drilling environments have become ac-
cessible, ranging from onshore wells to highly sophisticated offshore wells designed to reach
extremely deep oil and gas formations. Some offshore pipelines extend for thousands of meters
and are subjected to significant temperature gradients along their length, from the ocean surface
to the seabed and into the formation. These gradients increase the likelihood of the annular

pressure build-up (APB) phenomenon.

1.1.1  Annular pressure build-up

Annular Pressure Buildup (APB) refers to the pressure increase caused by the thermal
expansion of confined fluids within the various annuli that make up a wellbore as they are heated.

A schematic representation of these annuli is shown in Fig.1.1.

Annulus C Conductor

Annulus B Surface casing

Annulus A —

Intermediate casing

Produciton casin;
Cement g

Production tubing

Packer

Figure 1.1 — Wellbore annuli schematics. Wang et al. 2022

According to Moe & Erpelding 2000, this phenomenon is present in every well ever
produced, yet it is generally overlooked by well designers. This phenomenon has gained attention
due to the extreme conditions faced in recent decades, including deeper cold water production
and hotter extraction formations (Moe & Erpelding 2000). Given that the pressure rise is a
function of fluid properties and temperature changes, there is a clear relationship between these

factors, which underscores the need for a comprehensive study.
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The occurrence of annular pressure buildup in the annuli has been documented by the
industry for many years (Adams & MacEachran 1994). A notable case occurred in the Marlin
oil field in the Gulf of Mexico, where casing pipes collapsed due to excessive annular pressure,
leading to a temporary shutdown of operations. This incident highlighted the critical importance
of protecting annular trap casings, making it a key factor to consider in the design of deep-water
oil and gas wells.

There are some methods for reducing annular pressure buildup, such as increasing
the annulus strength, removing the annulus itself, and pressure relief, bleeding valves, relief
seals, each having advantages and disadvantages. Onshore platforms and spar-type wells with
access to the annuli generally manage annular pressure build-up by periodically relieving the
pressure as required (Vargo Richard F. er al. 2003). However, this procedure isn’t simple for
off-shore cases.

With this in mind, among the APB mitigation strategies for off-shore platforms,
ensuring communication between the annulus and the formation is often considered; i.e deep
when the pressure of the confined fluid exceeds the fracture pressure of the formation, the drilling
fluid can be displaced from the annulus to the formation.

These challenges highlight a critical conclusion: controlling subsurface pressure is
essential in extraction operations. To manage these pressures, high-density minerals such as barite
and hematite are commonly added to drilling fluids to increase their density (Nguyen et al. 2011).
However, the sedimentation of the weighting material particles under suspension causes fluctua-
tion in fluid density and consequently several problems during drilling or completion
(Calgada et al. 2016).

Sedimentation is the process by which solid particles settle out of a fluid in which
they are suspended and accumulate against a barrier. This phenomenon occurs as the particles
move through the fluid under the influence of forces such as gravity, centrifugal acceleration (due
to de inertia of the particle), or electromagnetic forces. The accumulation of solid particles at the
bottom of the drilling string can create numerous challenges during the oil extraction process.
These include erosion, reduced drilling efficiency, decreased oil permeability, and increased
pressure. Taken together, these issues contribute to higher overall costs in oil and gas production
(Irawan et al. 2017).

To mitigate these problems, studies are carried out in a way that manages sediment-

related problems. Some examples are carefully formulated drilling fluid systems that remove
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sediment from the drilling zone, Managed Pressure Drilling (MPD), advanced sensors and moni-
toring technologies, allowing operators to detect and respond promptly to changes in well condi-
tions. Even with all these approaches presented, there are no general or satisfactory solutions
and the proper characterization of this phenomenon, still a difficult task (Nguyen et al. 2011).

Another challenge posed by sedimentation arises in approaches where pressure com-
munication between the annulus and the formation is intended. In such scenarios,
Calcada et al. 2016 report that, over time, barite sedimentation (or sag) in the drilling fluid
can form an impermeable layer within the formation pores. This layer may obstruct pressure
transmission from the annulus to the formation, potentially compromising the communication
Sstrategy.

The main idea of such phenomenon, also proposed by several authors other than

Calcada et al. 2016 is presented illustrated in Fig. 1.2.

Figure 1.2 — APB phenomenon schematics.

As shown in Fig. 1.2, the increase in pressure resulting from the thermal expansion
of the downstream cold fluid, as it heats from the top to the high temperatures at the bottom, can
lead to significant pressure buildup A P. If the pressure relief is situated in a zone with sufficient
particle (barite) compaction, preventing timely pressure relief, this may lead to the fracturing
of the annulus. Therefore, the development of a way to observe the barite compaction behavior

within the wellbore is extremely useful for field monitoring applications.
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1.1.2 Remote Survey of Offshore Wells

Several direct contact methods are possible, such as the placement of numerous pres-
sure transmitters along the string to the bottom, or temperature measurement devices. However,
this approach faces many problems in field applications due to the extremely inhospitable envi-
ronment inside offshore wells, creating measurement gaps and money waste due to replacement
or rescheduling of the internal team for the task. The use of remote devices addresses several of
these issues, which is why remote measurements have become a viable option.

There are numerous remote measurement methods, which can be categorized into
two types of wave communication: mechanical waves and electromagnetic waves. Both play a
crucial role in characterizing materials and different media. Since our case involves an underwater
environment, acoustic waves are the most prominent and least attenuated type of mechanical
wave. Therefore, they will be used in subsequent analyses.

Acoustic wave methods include techniques such as:

High-frequency pulsed waves;

Low-frequency steady waves;
* Resonance chambers.
Similarly, electromagnetic wave methods also have various techniques, such as:

* Transmission and reflection-based techniques;

Resonance-based methods;

Time-domain devices.

The name of the technique depends on several factors, including the dependence on
the transducer position, the number of transducers, the type of transducer (emitter, receiver, or
both), the frequency range used, and whether there is direct contact with the material or not.

This classification highlights the diverse range of techniques available for remote
material characterization.

Building on this, the present work aims to offer a preliminary validation of the
acoustic ultrasound response at various stages of barite solid particle compaction, thereby laying

the foundation for a remote method to monitor the phenomena mentioned above.
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Knowing that our problem is solid particle sedimentation under high-pressurized
fluids, along hundreds/thousands of meters deep, mechanical waves seem to be a feasible way to
fulfill it. The origins of underwater acoustics date back to 1490, Leonardo da Vinci being one of
the pioneers, who wrote: “If you cause your ship to stop and place the head of a long tube in
the water and place the outer extremity to your ear, you will hear ships at a great distance from
you.” Fast forward to the beginning of the twentieth century, amid the tensions leading to World
War I and following the sinking of the Titanic in 1912, there was a surge in patents related to
underwater communication and object localization. Since then, mechanical waves have been
used in underwater environments for decades.

The popularity of acoustic waves over electromagnetic ones in an underwater envi-
ronment is due to its low attenuation during propagation through this media. Electromagnetic
waves are highly attenuated underwater, so for distant communications or localization, their use is
more feasible in low density media, such as air or vacuum. This is the mainly difference between
mechanical and electromagnetic wave propagation, the first one needs a medium to propagate
through. This characteristic makes mechanical waves particularly important for characterizing
high-density media; all their physical properties, such as amplitude variation, velocity, diffusion,
and others, depend on the type of medium through which the wave propagates.

For this reason, it is reasonable to infer the acoustic properties and behavior of a
mechanical wave from the physical properties of the medium, such as density, bulk modulus,
porosity, permeability, and other relevant parameters, depending on the type of medium.

As we shall see in Sec.1.2, a mechanical wave describes how mechanical energy
propagates through a compressible medium, allowing this vectorial propagation to be in a
specific direction due to the spring-like reaction in its microstructure. This phenomenon is
closely related to the properties of the medium, highlighting the importance of mechanical waves

for a comprehensive understanding of the medium.

1.2 Mechanical Waves

Mechanical energy transported through a material medium is called mechanical
waves. For example, when a rod is moved from one place to another, the motion occurs at the
material’s speed of sound. In other words, for the displacement applied to one side of the rod to
reach the other side, the mechanical energy must be transmitted through the material at the speed

of sound of the material, as governed by mechanical waves.
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Figure 1.3 — Simplification of wave propagation and particle behavior
(Daniel A. Russell. The Pennsylvania State University Website).

There are two main types of wave propagation, the longitudinal and transversal, as
can be seen in Fig.1.3.

When dealing with mechanical wave propagation in solids, such as a rod, it is
unlikely that only one type of wave propagation occurs. For example, if a hammer strikes
the center of the cross-sectional area of the rod, a slight eccentricity will generate transverse
waves. This type of elastic motion is associated with shear stress T, where the force is always
perpendicular to the direction of energy transport, as illustrated in Fig.1.3(b). In contrast, when
dealing with fluids, where shear forces are negligible compared to compression and rarefaction
(normal) pressures Vp, wave propagation is typically assumed to be predominantly longitudinal
(compression), as shown in Fig.1.3(a) (Kinsler ez al. 2000).

Nearly inviscid fluids experience fewer limitations to deformation compared to solids.
The restoring forces that drive wave propagation in fluids are the pressure variations that arise

when the fluid undergoes compression or expansion Vp. Fluid elements move back and forth in
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the direction of the applied forces, creating alternating regions of compression and rarefaction,
similar to the behavior of longitudinal waves in a bar.

For the development of all the acoustic equations needed to understand our phenom-
ena, the continuum assumption must be made. Which is basically that all the fluid element have
enough number of particles, ensuring that properties are constant throughout the entire volume.
The terms "fluid element" and "acoustic particle" refer to an infinitesimally small volume of fluid
that is sufficiently large to encompass millions of molecules, allowing the fluid to be treated as a
continuous medium. At the same time, it is small enough to ensure that all acoustic properties
remain uniform within that volume.

In a fluid, the molecules do not have fixed average positions within the medium.
Even in the absence of an acoustic wave, they constantly move in a random fashion, with their
average velocities far exceeding the velocities of particles associated with wave motion. However,
a small volume can be treated as a stable unit, as any molecules leaving its boundaries are, on
average, replaced by an equal number with similar properties, ensuring that the macroscopic
characteristics of the element remain constant.

We also must create a small displacement of the source within the range of linear
acoustics. This ensures that the changes in the density of the medium remain small compared
to its equilibrium value. The amplitude is dependent on a parameter, called condensation, that
describes how much the medium is compressed as the sound wave moves. When the condensation
reaches certain levels, the sound becomes nonlinear (Kinsler et al. 2000).

Without linear simplification, we first have the nonlinear Navier-Stokes equation

Eq.1.1.

p (% +( - vﬁ) = —Vp+ (gn +np)V(V-U)—nV x V x 1. (1.1)

The last two terms on the right represent the expansion of the viscous stress tensor,
accounting for bulk viscosity 1p and shear viscosity 7. Unlike the simplifications typically
applied to fluids under Stokes’ hypothesis, the divergence of the velocity field must be explicitly
considered in this case.

The bulk viscosity, 775, governs the energy losses associated with compressibility and
density variations, which are particularly relevant for the propagation of sound waves. In contrast,
shear viscosity, 7, accounts for viscous losses due to shear deformation between fluid layers

with differing velocities; this makes it a factor in absorption even during purely longitudinal
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motion. Both processes involve a finite time for the system to return to equilibrium following
changes in density and temperature caused by compression or expansion. These delays lead to
the conversion of acoustic energy into random thermal energy.

Using the assumptions made previously, we can simplify Eq.1.1 using the linearized

equation of continuity Eq.1.2:

0s
V- -U = — (1.2)

which can be applied for small perturbations, turning the bulk density equal to the
media density which is independent of space and time. With the linearization of the left side of

the momentum equation Eq.1.1, assuming the process to be adiabatic:

p = poc’s, (1.3)

and assuming a mono frequency motion e/“!, we can reduce the lossy wave equation

to the lossy Helmholtz equation Eq.1.4:

V2p +Kk*p = 0. (1.4)

With k being:

k=Fk—ja. (1.5)

By assuming the linearity of the wave equation, the complete solution can be con-
structed by superimposing the individual solutions for each frequency. A physical analogy for
this process is the behavior of light waves. Similarly, as one can study the behavior of red, orange,
yellow, green, blue, indigo, and violet light individually and then combine them to understand
the overall behavior of white light, the same approach can be applied to construct a general wave
solution by combining the responses of its constituent frequencies.

The harmonic solution, expressed in the complex form as a function of the acoustic

pressure propagating as a plane wave described by the differential equation Eq.1.4, is given by:

p = Pye T ellwr—he), (1.6)

All of these equations account for various losses in wave propagation across a wide

range of fluids, including water, accounting for viscous losses, heat conduction losses, and losses
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associated with internal molecular processes, which are commonly referred to as molecular or
relaxational sound absorption.

It’s worthy to now that all these equations break down at frequencies where the
relation w7, ~ 1 holds. Given that 7, ~ 1 x 10725 for most liquids, except for highly viscous
liquids such as glycerin, the operational frequency must be below 1.5915964 x 10*2Hz to
maintain the validity of the continuum hypothesis, thankfully such frequency is far higher the
one utilized in this work (Kinsler ez al. 2000).

Since the primary interest is in the decay of pressure due to attenuation, rather
than the oscillatory nature of the sound wave, the harmonic solution for the "lossy" Helmholtz

equation given by equation Eq.1.6 can be written as:

p = Pye %, (1.7)

The representation of amplitude decrement as a mechanical wave propagates through
a lossy medium is typically described by an attenuation factor, a. This type of absorption
occurs in all media through which a mechanical wave propagates, with varying levels of strength
depending on the properties of the medium. This makes attenuation an excellent parameter for
characterizing the properties of a desired medium.

Nevertheless, since the objective of this dissertation is to analyze the compaction
of granular medium (barite) rather than a homogeneous fluid, understanding the differences in
their acoustic loss mechanisms is crucial. Due to this, the acoustic aspects of granular media will
be discussed in detail in the next section, supported by information from various sources of the

literature.

1.3 Research objectives

The three main purposes of this dissertation are as follows:

1. To obtain P-wave sound speed and attenuation measurements in sedimented barite
within the high-frequency range (hundreds of kilohertz), establishing reference data for the use of
high-frequency ultrasound waves to study the physical behavior of underwater barite compaction.

2. Establish a comparison between barite sediment and fine-grained glass spheres
to better understand the influence of grain size on the acoustic behavior during the granular

compaction process.
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3. Simultaneously, to propose a novel measurement cell arrangement for granular
media. This new experimental setup, featuring a monostatic transducer, will have its applicability

evaluated through comparison with specialized literature, highlighting its relevance for sediment

characterization.
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2 LITERATURE REVIEW

The goal of this section is to provide a comprehensive overview of the significant
efforts made over the decades to understand and predict the acoustic behavior of sedimentary
media. First, we will present the pioneering researchers who established the foundations for the
modern understanding of such phenomena, with a focus on achieving a physical comprehension
of ultrasonic acoustic behavior in water-saturated sedimentary media, such as barite. Moreover,
at the end of the section, recent works will be presented that reflect our current understanding of

the physics behind sedimentary acoustics.

2.1 Wave propagation through wet sediments

Since barite BaS0, is a sedimentary mineral and its compaction process occurs
similarly to that of seafloor sediments, it is reasonable to apply acoustic theories developed over
decades to better understand the behavior of this phenomenon. According to McClements 1996,
the acoustic properties of a particle system are influenced by changes in the phase and magnitude
of the wave resulting from interactions between the ultrasonic wave, the particles and the
surrounding liquid. This is particularly relevant for the sensitive probing of various granular
processes, such as compaction, avalanches, and shear band formation (Tournat & Gusev 2010).

Another example is from Zhang et al. 2021, which has shown that the frequency-
dependent attenuation behavior of a sound wave can be used to characterize the microstructural
properties of materials, such as grain size and porosity. This approach is valuable for structural
health monitoring, including the detection of early damage and defects in structures.

Sediments may be assumed to be two-phase composite materials made of granular
media filled with fluid in its pores. The acoustic response of sediments resembles that of
suspension of particles in a fluid, characterized by low rigidity and shear modulus (Dunlop 1988).
For all such materials, the particle size is comparable to the overall size of the system. This
similarity in scales results in the inherent heterogeneity observed in these systems.

To avoid misunderstandings, Jackson & Richardson 2007 divided the granular prop-
erties of sea sediments in two groups, the geophysical and geoacoustic properties.

In acoustic modeling, a distinction is often made between geoacoustic parameters

and physical parameters, both of which play critical roles in understanding and predicting wave
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propagation in granular media such as sediments.

Geoacoustic parameters are derived quantities that describe the acoustic properties
of a medium as they relate to wave propagation and attenuation. These parameters include
quantities such as wave velocity (both phase and group velocities), attenuation coefficients,
acoustic impedance, and reflection coefficients. Geoacoustic parameters are typically obtained
through experimental measurements or derived from wave-based models and are directly tied to
the interaction of acoustic waves with the medium.

In contrast, physical parameters are the fundamental properties of the medium that
define its material characteristics. These include porosity, density, grain size, bulk modulus,
shear modulus, permeability, and fluid saturation. Physical parameters describe the inherent
structure and composition of the medium and are independent of wave propagation. However,
they form the basis for the calculation or estimation of geoacoustic parameters.

The relationship between these two sets of parameters is central to acoustic modeling.
Physical parameters serve as input for theoretical models, such as Biot’s theory or scattering-
based models, which predict the geoacoustic behavior of the medium.

For example, Jackson & Richardson 2007 stated that acoustic impedance is a com-
monly used geoacoustic parameter, valued for its ease of measurement and strong correlation
with other physical properties; as well as the acoustic attenuation of an ultrasonic wave passing
through a fluid, which is higher in the presence of suspended particles compared to when they
are absent (Flammer 1962).

Building on this understanding, several researchers developed theories to explain
the relationship between geoacoustic and physical parameters in seafloor sediments, aiming
to predict one property using another as input. These investigations paved the way for this
work for exploring the feasibility of using acoustic waves to more effectively characterize barite
porosity and permeability (compaction level) through the geoacoustic properties of the medium,

specifically wave velocity and attenuation.

2.2 Biot-Stoll Theory

The first successfully attempt to relate acoustical properties with the composition of
a heterogeneous dispersion in a surrounding liquid was accomplished by Wood (Wood 1946).
Wood saw that the adiabatic bulk modulus of a suspension with one or more heterogeneity

heterogeneities is equal to the sum of the modulus of each component multiplied by its fraction
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of the total volume. In his work, he exemplified the applicability of his model to a water-air
mixture but stated the applicability for a liquid-solid mixture. In subsequent studies, researchers
tested his equations on various sediment types, finding that Wood’s theory aligned more closely
with refined (clay-like) sediments and deviated significantly from experimental data for coarser
(sand-like) sediments. This deviation is attributed to the model’s assumption that the sediment
behaves as a fluid.

According to Dunlop 1988, Gassman 1951 proposed that assuming an elastic wave
propagation through a spherical packing filled with liquid or gas, the elastic modulus should
account for the interparticle interaction of the skeletal frame formed by the integration between
the particles. His assumption improved those wave velocities results yielded by Wood’s model,
though they were still far from the ideal at the time.

Zwikker 1949 studied an air saturated porous material assuming compressional
waves only. Although its results had a lot of simplification, the idea behind a vibration between
the skeletal solid frame and the saturated fluid is an extremely intuitive vision and it is worth
understanding the physics behind the wave propagation throughout a porous media. Their results
were later utilized and improved by Biot.

In 1956, Maurice Anthony Biot introduced a groundbreaking theory on sound propa-
gation in isotropic, homogeneous, poroelastic media saturated with a viscous fluid (Biot I 1956;
Biot II 1956).

Building on the foundational work of Zwikker 1949, which examined air-saturated
elastic porous materials, Biot developed a more comprehensive framework that incorporates
all relevant physical mechanisms in a systematic and quantitative manner focusing on liquid-
saturated elastic porous materials.

Biot essentially considered the relative motion of an elastic fluid within an elastic
porous cube, calculating the strain energy by assuming that it depends on the divergence of the
relative flow between the fluid and the solid, as well as the cubic strain or dilatation. He applied
elastic theory, which states that the strain energy is a quadratic function of the strain invariants
and the divergence of the relative displacement.

These assumptions allowed Biot to derive a set of constitutive equations for porous
materials, establishing relationships between stress and strain in such systems. This set of
equations included four constants, which he related to bulk parameters commonly used to

describe porous systems. With these constitutive equations, he applied the equations of motion
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to both a volume element attached to the porous frame and to the fluid moving in and out of this
element (Dunlop 1988).

Biot accounted also for the viscous resistance being a frequency dependent variable
for high frequencies, where the pore flow deviate from the Poisseuille regime. His theory serves
as the foundation for understanding the acoustic properties of porous fluid-filled sediments,
providing predictions for both dilatational and shear wave propagation. Due to its versatility,
Biot’s theory is a generalized model that requires several input parameters (physical properties
of the sediment), making it challenging to accurately evaluate all the necessary parameters.

To highlight the broad applicability of Biot’s approach, it is useful to compare it with
previously developed methods by Wood 1946 and Gassman 1951, which are specific cases of
Biot’s theory. The former assumes fluid-like behavior, while the latter focuses on differential
elastic properties.

In spite of that, Biot’s theory, as discussed in this section, is not the only existing
formulation, but remains one of the most widely used, thanks in part to the adaptations by Stoll
for granular media (Stoll 1989). Specifically, the Biot-Stoll model interprets the collection of
grains that constitute the sediment as the porous frame through which pore fluid can flow.

Apart from this adjustment in the geometry of the model, no major modifications
were required to extend the theory to granular media. This adaptation is often referred to as the
"Biot-Stoll theory."

According to McCann & McCann 1969, the Biot equation that relates acoustical

attenuation o with frequency f can be represented as Eq. 2.1:

20 = K1 f + Ky f'/2, (2.1

In this equation, K; cannot be determined due to the absence of a theoretical frame-
work. In contrast, K, can be calculated using Biot’s (Biot II 1956) equations, provided that all
the elastic coefficients necessary for the specific sediment are known. The concepts regarding the
importance of each term will be discussed in greater depth at an appropriate point in this section.

The concept of correlating geoacoustic properties with physical characteristics is
straightforward; however, it remains an extremely challenging task due to the inherent complexity
of the granular media.

Unconsolidated granular media, such as assemblies of elastic beads in noncohesive

contact, represent one of the most complex classes of materials for studying acoustic wave
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propagation. These materials exhibit a wide range of phenomena that influence mechanical
waves, including velocity dispersion, nonlinear behaviors (such as hysteresis, clapping effects,
and classical nonlinearity), scattering caused by bead interactions, contact and geometrical
disorder, and force chain dynamics. Additional complexities arise from anisotropy, memory
effects, relaxation processes, thermoelastic interactions, mode coupling (e.g., Biot waves and
rotational waves), macroscopic inhomogeneities (such as elastic property gradients), spatial
correlations, and fragility. Together, these features make wave propagation in such media
particularly challenging to analyze and model

There exist various medium configurations and wave parameters, each influencing
the dominance or insignificance of certain processes in linear and nonlinear acoustic propaga-
tion (Tournat & Gusev 2010). As highlighted by Biot’s theory, the acoustic properties generally
depend on 14 parameters; however, the impact of these parameters varies according to the
sediment type and frequency (Dunlop 1988). Consequently, it becomes the responsibility of the
acoustic modeler to effectively manage all these parameters, focusing primarily on the critical
ones that contribute significantly to geoacoustic characterization.

Based on the Biot-Stoll theory, we can assume two types of wave propagation regime
through granular media. The first is the long-wavelength regime, which is characterized by
wavelengths with nominal sizes much bigger than those of porous structures ka << 1. This type
of regime seems to fit well with the results obtained by Wood 1946, which assumes the granular
medium as an isotropic fluid. Relative movement between the skeletal frame and the pore fluid
is not established due to the significant restriction to flow imposed by the porous parameters in
comparison to the inertial forces exerted by the mechanical wave on the fluid. In this regime,
the acoustic wave is primarily propagated through the beads and their contacts. Consequently,
the entire medium can be treated as a single homogeneous medium with uniform characteristics
(Dunlop 1988).

When this regime is more dominant, the first term on the right-hand side of Eq. 2.1
prevails, causing the attenuation to scale approximately linearly with frequency Fig.2.1(b) f!. A
simplified representation of wave velocity and attenuation based on Biot’s theory is shown in

Fig. 2.1, which is adapted from an image in Dunlop’s work (Dunlop 1988).
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Figure 2.1 — Wave velocity (a) and attenuation (b) for low frequencies. Reference: Adapted from
Dunlop 1988.

It is important to note that in a long-wavelength regime ka << 1, maintaining a
constant frequency while increasing the grain size (eventually reaching a "sand-like" granular
medium) can transition the system into a short-wavelength regime Fig.2.1(b) f'/2. Conversely, a
granular medium initially in a short-wavelength regime can shift to a long-wavelength regime by
lowering the frequency of the excited wave or reducing the grain size.

While varying the frequency in the long-wavelength regime,
McCann & McCann 1969 observed that the wave attenuation varies linearly with frequency,
which is supported by the Biot-Stoll model. In this regime, where the relative movement between
the pore fluid and the frame is negligible, the only loss mechanism is frame damping, which
exhibits this linear relationship with frequency variations, as noted. In the long-wavelength
regime, where ka << 1, the assumption of spherical grains by theoretical models has shown
satisfactory agreement with some experimental results (Wu et al. 1993).

Some insights can be drawn from the developments made by
McCann & McCann 1969, such as the fact that since there is no relative movement between
fluid and frame, geometrical properties like pore size and grain shape should not influence the
attenuation considerably. This assumption has been confirmed by several authors over the years,
but it is only valid for long-wavelength regimes.

Another important point is that if the granular medium behaves like a homogeneous
liquid, the frequency changes should not affect the wave velocity in the long-wavelength regime,

which was observed by Shirley D. J. ; Bell 1979. However, in high-frequency regimes, the
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wave velocity changes in function of frequency depending on various parameters of the porous
material.

In the transition region, near the characteristic (relaxation) frequency—represented
as 10*Hz in 2.1(b), viscous losses arise from slight relative motion between the fluid and
solid frame. As multiple loss mechanisms overlap in this range, the frequency dependence of
attenuation can temporarily increase to an f2 scaling. According to their work, Biot proposed that
viscous resistance is frequency-dependent, leading to a nonlinear behavior of wave damping with
varying frequency. This implies that the transition from linear to nonlinear attenuation behavior
indicates the increasing significance of viscous resistance, making it a crucial mechanism for
characterizing granular microstructures.

For the short-wavelength regime ka ~ (0(0.05), represented in Fig.2.1(b) f1/2, the
inertial forces are able to overpower the viscous forces, generating relative movement between
fluid and skeletal frame. This can be visualized as follows: increasing the wave frequency results
in a reduction of the wavelength, while the wave amplitude remains unchanged. Since amplitude
represents the gradient between compression and rarefaction in a dilatational wave, this results
in a greater particle displacement over a shorter distance. Consequently, higher inertial forces
are imposed within that region.

As mentioned above, this regime can be achieved using frequencies in which the
wavelength has dimensions similar to those of the porous structures of the medium ka ~ O(0.05),
but not too similar to avoid a drastic presence of scattering. In this regime, viscous losses become
more prominent, as stated by Dunlop 1988.

For this frequency region, the second term on the right-hand side of Eq. 2.1 prevails,
causing the attenuation to scale approximately with the square of frequency f'/? Fig. 2.1(b).

Another important characteristic of this short-wavelength regime is the dependence
of the geoacoustic parameters on the geometrical properties of the grains. Parameters such
as pore size, grain size, and permeability partially influence the viscous resistance of the flow,
which creates more sensitive signatures in the geoacoustic parameters. However, when deal-
ing with ka ~ O(1), even the actual morphology of the grain must be taken into account
(Yang & Seong 2018).

Such acoustic parameters begin to exhibit variations in the transition regime up to
the short-wavelength regime, in contrast to the non-variational behavior observed in the long-

wavelength regime. This phenomenon is well known and widely documented in the literature.
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Theoretical attenuation values assuming perfectly rounded spheres are significantly less than the
experimental ones, highlighting the influence of roughness on acoustic attenuation values for a
regime not far less than ka < 1.

As presented before, when particles are much smaller than the wavelength, the
system satisfies the Rayleigh long-wavelength condition. In this regime, the estimation of
particle size is often preferred over the intermediate and short-wavelength ranges due to reduced
sensitivity to particle shape and the ease of theoretical analysis (Dukhin 2002). However, while
this simplifies the acoustic modeling, it also limits the number of variables available for material
characterization. This is the case in our study, where the goal is to correlate geoacoustic
parameters with the physical properties of the sediment.

The model of sediment as a viscous fluid (long-wavelength) serves as a first-order
approximation, which can be useful for describing the overall acoustic behavior of many sedi-
ments. However, this approach has limitations when it comes to accurately predicting acoustic
properties, such as sound speed, based on the physical characteristics of the sediment. Moreover,
it does not account for the origins or magnitude of the acoustic damping observed in the sediment
(Dunlop 1988).

Williams et al. 2002 presented comparisons between measured sound speed and
attenuation in a sandy sediment and predictions from Biot’s theory. He claimed that for the
frequency range analyzed 125 H z — 400k H =z sound speed dispersion was well captured by Biot’s
theory, indicating good agreement with the experimental data following the positive velocity
dispersion observed in Fig.2.1(a). Attenuation predictions deviated at higher frequencies, possibly
due to scattering from volume heterogeneity or shearing at grain contacts.

In contrast, Lee ef al. 2007 observed a significant negative dispersion in the fre-
quency range of 300k H z — 1M H z, where Biot’s model predicts a slightly positive dispersion.
Multiple authors have reported similar findings, indicating that Biot’s theory does not accurately
describe high-frequency sandy systems above approximately 400k H 2.

For this work, we focus on high frequencies, specifically in the range of ka ~ O(1),
to better understand the microstructural behavior of barite compaction. A more detailed analysis
of the barite structure and the rationale for selecting this frequency range will be presented in
Sec. 3.2.2. To accurately capture the acoustic behavior at these frequencies, models capable of
describing the underlying physics of this regime are required.

Biot-Stoll’s theory begins to lose accuracy for coarse sandy sediments at frequencies
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around 400k H z, but this threshold may extend for barite due to its smaller nominal grain size.
The reduced particle size shifts the ka parameter closer to the long-wavelength regime at the same
frequency, potentially mitigating some of the inaccuracies seen in sandy sediments. However, for
a barite-based system with ka ~ ((0.1), the emitted wave must operate in the megahertz range.
This places the analysis in a frequency regime where the Biot-Stoll model is no longer reliable,
underscoring the need to explore alternative models for wave propagation in granular media.

Alternative models for acoustic wave propagation in sediments have been developed,
simplifying the sediment by approximating it as a fluid
(Buckingham 1998; Williams & Jackson 1998). One notable example is Buckingham’s dis-
sipative fluid-based model, designed to explain attenuation trends observed in experimental
data that deviate from predictions made by Biot-type models. This approach assumes that
the framework of unconsolidated grains lacks shear rigidity, with energy losses attributed to
intergranular friction.

The Biot-Stoll theory and the Buckingham dissipative fluid-based model also break
down in the "low frequency" regime, as observed in the sediment acoustics experiments conducted
in 1999 and 2004. Referred to as SAX99 and SAX04

Summarizing, over the past few decades, experimental data has increasingly deviated
from the predictions of the Biot-Stoll model, particularly at both low and high frequencies (below
20k H z and above 400k H z) (Argo 2012). In response, researchers have developed alternative

models to improve experimental agreement across all wavelength regimes.

2.3 Theoretical Alternatives

Although there are several modeling approaches for describing the behavior of
acoustic waves in water-saturated granular sediments, none can reliably predict both the speed
and attenuation of sound across a wide frequency range. Consequently, there is no universal
agreement regarding the validity or superiority of any particular model (Argo 2012).

Chotiros & Isakson 2008 introduced a modification to the Biot model to account for
fluid motion perpendicular to the wave propagation direction, commonly referred to as squirt
flow. This mechanism was developed to represent grain contact behavior in water-saturated
sediments, where the grain contact is modeled as a spring and the surrounding fluid is represented
as a spring-dashpot system. The model suggests that fluid flow between grains (squirt flow) influ-

ences the high-frequency behavior of the frame moduli. Furthermore, Chotiros & Isakson 2004
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incorporated viscous drag at grain contacts alongside shear drag and squirt flow mechanisms to
refine the understanding of acoustic wave propagation in granular media.

In Biot’s original model, the flow of viscous fluid through the pores was assumed to
follow a Couette flow profile. However, this assumption becomes invalid when the fluid boundary
layer occupies a significant portion of the pore space, requiring a more complex flow profile.
This frequency-dependent correction is incorporated into the shear modulus and depends on the
thickness of the fluid film between the sediment grains. Thinner fluid layers deviate further from
the Coettue flow, leading to greater discrepancies with the predictions of the original Biot-Stoll
model.

This modification of the shear modulus reduces the wave speed at frequencies above
the shear relaxation frequency, while the attenuation remains largely unaffected. In particular,
this adjustment introduces significant changes in the behavior of the fast wave, as the relationship
between sound speed and frequency transitions from an asymptotic trend to negative dispersion,
a phenomenon not predicted by either the Biot or Biot-Stoll models (Argo 2012).

Chotiros’ approach highlights that simplifications of the Biot-Stoll model can effec-
tively retain predictive accuracy in specific contexts while reducing computational complexity. It
demonstrates how researchers adapt theoretical models to focus on dominant mechanisms, such
as fluid flow and intergranular interactions, rather than over complicating with parameters that
may have negligible effects in certain scenarios.

The methods discussed earlier focus primarily on the application of Biot theory to
sandy sediments. However, Leurer 1997 proposed a squirt flow model specifically designed for
fine-grained sediments, such as barite. In this framework, fluid movement occurs within water
layers formed by the swelling of clays, as well as in the remaining pore spaces. This interaction
generates a grain modulus that is frequency-dependent, capturing the distinct acoustic behavior
of fine-grained sediments.

Lee et al. 2007 reported that, in their experiments, wave velocity in the frequency
range of 0.3 — 1M H = contradicted the predictions of both the Biot-Stoll model and Bucking-
ham’s GS model; however, it aligns more closely with the predictions of multiple scattering
models Schwartz & Plona 1984, which explain the negative dispersion observed in a glass-grain
composite. These models agreed well with experimental data for water-saturated sandy sedi-
ments. It is worth noting that significant wave velocity dispersion, while evident in this case,

was neither well understood nor widely accepted prior to the 1990s (Argo 2012).
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In the same work, Lee ef al. 2007 collected experimental data for the attenuation
coefficient that revealed a nonlinear increase with frequency in the range of 0.3 — 1.0M H .
In contrast, both the Biot and GS models predicted a nearly linear increase in the attenuation
coefficient with frequency. When the total attenuation coefficient was calculated as the algebraic
sum of the absorption and scattering components, it showed a reasonable agreement with the
experimental data across the entire frequency range. Their study concluded that scattering is
the dominant mechanism responsible for frequency-dependent variations in phase velocity and
attenuation coefficient in water-saturated sandy sediments at high frequencies.

In addition, attenuation and group speed measurements for water-saturated granular
materials, including natural sand and glass beads, were also presented by Hare & Hay 2018 in
the frequency range of 1.0 to 1.8V H z. The grain diameters ranged from 219 to 497um, corre-
sponding to ka =~ 1, placing the materials in the scattering regime. These measurements were
taken for various sediment thicknesses resting on a reflective surface, using monostatic geometry.
The attenuation and wave velocity estimates closely matched high-frequency experimental results
and the predictions of multiple scattering theory

Ohkawa 2006 reported a strong agreement between the attenuation data S AX99
and the calculated attenuation coefficient, which was determined as the algebraic sum of the
absorption and scattering components. The absorption attenuation, following the f/? depen-
dence, as predicted by the Biot model, corresponds to the viscous dissipation of the pore fluid.
The scattering attenuation, on the other hand, was modeled using the empirical f2 dependence,
which was derived by fitting experimental data for water-saturated fine sands with a mean grain

diameter of 230um, as measured by Seifert 1999.

2.4 Theoretical understanding of the compaction correlation

Numerous studies conducted over several decades to understand and predict the
behavior of geoacoustic properties across various types of oceanic sediments and frequency
ranges provide a solid foundation for interpreting and predicting the experimental data presented
later in this work, as will be further discussed in Sec. 4.

Hare & Hay 2018 gathered valuable data on the attenuation acoustic behavior of
various types of granular sediments, as shown in Fig.2.2(b), covering a broad range of frequencies,
attenuation values and comparing these findings with model predictions. The data gathered in

their work fall within the dashed data presented in Fig. 2.2. Their study provided critical insights
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into the influence of sediment compaction on wave behavior, serving as a foundational reference

for advancing the understanding of high frequency acoustic wave propagation in granular media.
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Figure 2.2 — Wave velocity (a) and attenuation (b) for high frequencies. Reference: Adapted
from Hare & Hay 2018.

For instance, the increasing relationship between attenuation and frequency, ranging
from f1/2 to f* as observed by Hare & Hay 2018, can serve as a good indicator of different
compaction levels. As the sediment compacts, its pore size decreases, resulting in lower porosity.
Argo 2012 observed that the attenuation for 289m beads demonstrates a frequency dependence
ranging from approximately 275 at lower porosities to f1:7 as porosity increases. Similarly,
549,m beads show a frequency dependence that changes from f3-° at low porosity to f% at
higher porosity. Of course, these values may vary depending on the type of sediment and other
parameters. However, a thorough understanding of these attenuation dependencies is a powerful
tool for characterization tasks, which is the primary aim of this work.

The Velocity dispersion can also serve as a useful indicator Fig.2.2(a), as it reflects
changes in the bulk modulus and rigidity of the sediment, which are influenced by varying
levels of compaction. As the sediment compacts, its internal structure becomes more consol-
idated, leading to alterations in the way waves propagate through the material. This variation
in the acoustic wave velocity with frequency can thus provide valuable information on the
sediment’s compaction state and the associated changes in its physical properties, as made by
Argo et al. 2011.

Argo et al. 2011 investigated the frequency dependence of wave velocities while
varying the porosity of glass beads. Their study revealed an increase in wave velocity with

greater compaction, due to the increase in the volume concentration of high sound speed
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particles, highlighting the direct relationship between sediment structure and acoustic properties.
Furthermore, they observed the phenomenon of negative dispersion at higher frequencies, which
supports the findings of Hare & Hay 2018; Kimura 2011; Lee et al. 2007.

The importance of high-frequency measurements of attenuation and wave velocity
to understanding the internal structure of granular media, such as sedimented barite compaction,
is evident and will be further explored throughout this dissertation. This literature review serves
as foundation for the analyses and insights presented in Sec.4.

Building on this foundation, the next chapter will describe the methodology employed
for these measurements. It will detail the experimental setup, data acquisition protocols, and
signal processing techniques used to achieve the desired data determining wave attenuation and

wave velocity.
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3 METHODOLOGY

Studies of experimental procedures to obtain acoustics properties gained attention in
the academy in the same manner as the acoustics theories discussed in the Literature Review
Sec.2. In the earlier 20th century, during an increasing stress that led the world into two global
wars, several authors started to create experimental setups to attain wave attenuation and velocity.

Since then, numerous methods popped up in the industry and in the academy, all of
them being improved over the decades. Nowadays, thanks to this effort, there are two major
experimental acoustic setups, one using resonance tubes or cavities with continuous waves and
the other using pulsed waves in several apparatus layouts. Usually, continuous waves are applied
for a low frequency range, in the units of kilo Hertz, partly because of the difficulty of creating a
setup layout for the measurement of a pulsed wave with wavelength in the order of meters. The
pulsed wave methods are usually applied for higher frequencies, ranging from dozens of kilo
Hertz to units of mega Hertz (Argo 2012).

Given the objective of this study, outlined in Sec.1 and theoretically explained in Sec.
2, the target frequency falls within the megahertz range. Based on trends in the literature, pulsed
wave techniques were chosen.

Pulsed wave ultrasound characterization offers a wide range of procedures and setups,
utilizing three, two, or even a single transducer.

One objective of this dissertation, beyond acoustically characterizing barite com-
paction, is to demonstrate the potential application of an alternative method for acoustical
characterization of wet granular media, one that, to the best of the authors’ knowledge, has not
yet been utilized in the literature. To achieve this, wave velocity and attenuation measurements
were conducted using the pulse-echo procedure, as made by McClements & Fairley 1992 based
on Papadakis 1968. This method, which employs a single transducer in a rigid cell setup, is
widely applied for characterizing solids, liquids, and emulsions. A detailed discussion of this
approach is provided in Sec.3.1.2.2.

This section presents two acoustic measurement techniques, highlighting the advan-
tages of single-transducer approaches, such as the pulse-echo method. This technique offers
a simplified setup while effectively avoid many errors commonly addressed by more complex

techniques, such as Buckingham’s approach. Additionally, potential reasons for the limited use



42

of single-transducer methods in sedimentary acoustical measurements will be discussed.

The mentioned variety of techniques available to extract information from the com-
pressional waves, which in our case is used to investigate the properties of marine sediment
compaction, are all grounded on the same fundamental principles: detection of an acoustic wave
from a source, before the contact with the sample, followed by the wave interaction with the

sample and its detection by a receiver after the contact.

3.1 Techniques for measuring acoustic properties.

Before discussing the possible methods with different transducer layouts and their
advantages, it is important to highlight a procedure common to all the methods later presented

here: the frequency-domain approach, specifically the Spectral Ratio Method SRM.

3.1.1 Domain analysis and processing

In order to extract useful information from the acquired echo signals, as shown in
Fig. 3.1, these signals must undergo processing. The subsequent processing involves comparing
the emitted and received pulses to extract information about the compressional wave properties.
From the temporal and amplitude characteristics of the measured echo signals, we can derive
information about the sediment’s sound speed and attenuation. With the growing number
of studies on this subject, it is now possible to analyze waves in both the frequency and time-
domain. Time-domain methods include techniques such as amplitude decay, rise time and wavelet
modeling. However, frequency-domain methods, particularly sound spectroscopy, are the most
widely used. These methods include techniques such as spectral ratio, matching technique,
and spectral modeling. Tonn 1989 discusses these methods, along with their advantages and
limitations in various applications aiming at the seismic quality factor () measurement.

For this work, the Spectral Ratio Method was selected due to its favorable perfor-
mance in comparison studies and the abundance of related literature. This method involves
applying the Fast Fourier Transform FFT to both emitted and received acoustic waves, us-
ing magnitude and time shifts to extract acoustic properties. A broadband pulse was chosen
alongside the FFT algorithm for its efficiency compared to measuring attenuation at discrete
frequencies. Widely applied in studies of acoustic attenuation and wave velocity in marine sedi-
ments Hare & Hay 2018; Buckingham & Richardson 2002; Sessarego et al. 2008, the Spectral

Ratio Method has also been used for suspensions and emulsions Silva 2020. Here, the power
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spectrum ratio technique will be employed, extracting the power spectrum from two received

echoes, as illustrated in Fig. 3.1.
The power spectrum is given by the following equation:

Arga(f) = |FFT (p1ea(t))?, 3.1

where pyg2(t) are the received signals in the time domain from both echoes 1 and 2,

as shown in Fig.3.1 and Fig.A.1. To simplify the equations below, domain information will be

omitted to avoid cluttering the notation.
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Figure 3.1 — Spectral analysis procedure.

To reliably determine the dependence of compressional wave properties on frequency

and sediment compaction, the chosen technique must allow for precise measurement of the wave
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properties within a controlled sediment volume, emphasizing the importance of selecting the

appropriate method.

3.1.2 Wave attenuation processing

For wave attenuation measurement in sediments, the broadly utilized approach is us-
ing two transducers, one acting as an emitter, and the other one acting as a receiver (Kimura 2011;
Argo 2012; Yang & Seong 2018; Lee et al. 2009). However Buckingham & Richardson 2002
stated in his work the advantages of using three transducers instead of two, the receiver-receiver
approach.

Trying out the possibility of different numbers of transducers that can be applied, the
present work focused its measurements using only one transducer, as said before. Which was
popularized first by Nolle et al. 1963 and in a later work by Hare & Hay 2018, where the latter
analyzed the applicability of scattering models in marine sediments. Although this is rarely used
in sediment characterization, the pulse-echo method is well understood and broadly applied in
ultrasonic measurements for liquids and emulsions (Silva 2020).

Initially, Buckingham’s approach will be presented, since the authors claimed that
their method improves data quality compared to the widely applied two-transducer technique.
And furthermore the Papadakis method will be presented and compared with Buckingham’s
approach, highlighting their respective advantages and disadvantages, and demonstrating how

the former can also be applied for this task using a more cost-effective approach.

3.1.2.1 Buckingham’s approach

All the techniques require two measurements, before and after the wave passes
throughout a specified sample length. If the two transducers considered are a source-receiver
pair, this technique does not account for changes in the wave shape between the emitted acoustic
pulse, and the received pulse by the sample. These differences arise from the varying coupling
impedance between the transducer and the two different media, water and sediment, resulting in
distinct shapes of the acoustic pulses emitted in each medium (Buckingham & Richardson 2002).

If two receivers are considered, as noted, the wave shape changes arising from
the impedance mismatch won’t need to be accounted for, only the dissipation and dispersion
degree of the acoustic pulse; properties which depend only on the separation of the receivers and

compressional wave properties of the sediment.
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Their approach also uses water as the calibrant medium, this water-column is nec-
essary to eliminate amplitude mismatch between the receivers and account for the geometrical
spread losses. As will be seen below in Eq.3.5, when we subtract the water attenuation from
the sediment attenuation, it doesn’t change its value due to the extremely low attenuation of
the water, allowing us to cut out these losses terms due to the natural logarithm propertie
In(sediment) — In(water) = In(*4met) - Consequently, the geometrical spread and ampli-
tude mismatch errors in both water and sediment will be removed due to their presence in the
numerator and denominator.

One limitation of the above technique, irrespective of the transducers selected, is the
assumption that spreading losses in the sediment and water are the same. If these media possess
different velocities this will not be the case, and the calculated attenuation coefficient will be
incorrect; however, this error isn’t significant in comparison to the level of precision required for
this study.

Buckingham’s approach uses a box filled with pure water and water-filled sediment,

which in our case would be barite. We can see the apparatus utilized by

Buckingham & Richardson 2002 in Fig. 3.2.

p=Po
—>". l
itter Mic. 1 Mic. 2

Figure 3.2 — Three transducer layout made by Buckingham & Richardson 2002.

Using the solution of the lossy wave equation Eq.1.7 presented in section Sec.1.2,
the equation for attenuation « can be developed in an explicit form. Therefore, assuming B as

the power spectrum of the wave received by the receiver-transducers Eq.3.1, we have:
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By = Bje 225t (3.2)
1 B2 s
= —— 2 .
Qg s I n (B:l’S) ) (3 3)

with the subscripts 1 and 2 being Mic.1 and Mic.2 respectively, and [ being the

distance between the receivers. The same way, using water as a reference:

1 Bs
= —— — . 4
Q2w I In ( Bl,w) (3 )

As previously discussed regarding diffraction and mismatch corrections, subtracting

Eq.3.4 from Eq.3.3, yields the corrected attenuation:

1 BQ,w
oy = ;ln (@;) . (3.5)
Bu.

By following the latter approach, no specific form of the spreading law needs to be

assumed, as will be demonstrated in Papadakis’ case. Nevertheless, one disadvantage of the
method proposed by Buckingham & Richardson 2002 is the reliance on multiple transducers,
which can pose significant challenges for some researchers.

As will be seen next, the approach made by Papadakis 1968 allows us to use only

one transducer and also avoid the same errors as the three transducer method.

3.1.2.2 Papadakis’ method

The method utilized in this work, originally introduced by Papadakis 1968 in 1968,
was developed to measure the attenuation of solids and the reflection coefficient at the buffer—sample
interface. Over time, it has also been successfully adapted for the use in fluids and emulsions
(McClements & Fairley 1992), and now in this work, for sediments. This technique employs a
single transducer operating in pulse-echo mode, utilizing the power spectrum A of first two echo
signals generated by reflections at the buffer—sample A; and sample back-wall A, interfaces.
Along this dissertation the first and second echo will also be called entry and back-wall echo
respectively.

As shown in Fig. A.1, and more clearly in Fig. 3.1, the first step is to isolate the two
Gaussian pulses from the main signal received by the oscilloscope. One approach employed in

this study was using water as a reference. By first characterizing the echoes in water, the same



47

time window was then applied to remove the corresponding echoes when using barite as the
sample.

Figure A.1 illustrates both the entry and back-wall echoes for barite and water,
allowing a direct comparison of their acoustic responses.

In Fig.3.3 we can see a flowchart representing the signals emitted and received using

Papadakis’ approach.

Ain

A1

A2
BUFFER SAMPLE

l B
Figure 3.3 — Pulse echo method based on Papadakis 1968.

As made in the Buckingham’s method, from the solution presented in Eq.1.7 we can
analyze the attenuation of the sample by looking at the echoes and transmitted pulses from the
given system, as follows:

When transmitter A sends a Gaussian pulse A;,, it goes throughout the buffer rod
and hits the interface between it and the sample, suffering a R, reflection, so the total energy
of the pulse will be partially reflected back to the emitter and the other part will be transmitted

through the sample. Based on it, the first echo A; obtained by the transducer will be:

A1 = Aiannge_Qalll. (36)

The first received echo A; is equal to the incident wave A;, reduced by the amount
of transmitted energy to the sample R;, and the energy attenuated while propagating through

the buffer rod e=2*!1 (two times the rod’s length). D; is a parameter utilized to account for
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the diffraction error due to the plane wave propagation assumption made in Sec.1.2, and will
discussed deeply later on in Sec. 3.2.4.2.

For the second echo A, on transducer A, part of the A;,, energy which is not reflected
at the buffer rod/sample interface (the A; echo) goes through the sample. Knowing that the
acoustic energy at the interface can be represented as i 4+ T = 1, which means that the wave
energy is only reflected or transmitted at the interface, we can rewrite it like 7' = 1 — R. Hence,
instead of multiplying Eq.(3.6) by R, it is multiplied by 1 — R, representing the energy that
passes through the interface buffer rod/sample.

Subsequently, the wave goes throughout the sample, hits the back-wall/sample
interface, and reflects back towards the transducer A, this reflection can be mathematically
represented as RRo3. When the reflected wave from the back-wall/sample interface passes through
the buffer rod/sample interface again, but this time in the opposite direction, the reflection
coefficients in both directions can be assumed as equals in magnitude, validating the relation
Ry = —Ry;. Since the transmission coefficient for the ingoing wave is 1 — R;5 and for the
outgoing wave is 1 — Ry, their product yields an energy coefficient of 1 — R2,, representing the
energy of a wave traveling in and out of the sample in R, mean.

But first, for better visualization, the second echo A; can be represented in function

of the transmitted 7" and reflected R coefficients as in Eq.3.7:

Ag = AinTiaRo3Tyy Dye 211 e 72020, (3.7)

As explained before, A;, represents the total energy sent by the emitter. The terms
Ty and T5; are the transmission coefficients at the buffer rod/sample interface, which can be
expressed as 1 — R%,. The parameter R,3 denotes the energy reflected at the back-wall of the
sample. The term D, accounts for wave diffraction for the buffer and sample path. Finally,
e~291lt and e~2922 represent the wave attenuation in the buffer rod and the sample, respectively.
This leads to the equation for the second echo, on transducer A expressed solely as a

function of the reflection coefficients:

Ay = AjpRos(1 — R3,) Dye 21l gm202l2, (3.8)

It is important to keep in mind that the goal is to analyze the acoustic information
solely using the received signals on the oscilloscope. This implies that in the Eq.3.8, [?15 and

Rs3, must be known in advance.
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The representation of the actual data obtained by this method can be seen in Appendix

A.

3.1.2.2.1 Buffer rod and back-wall made of the same material

For this dissertation, both the buffer and back-wall are made of the same material:
polyvinyl chloride. An important advantage of this approach is that it eliminates the need to
know the acoustic properties of the buffer and back-wall, as will be demonstrated below. In the
next section Sec.3.1.2.2.2, the use of two different materials will be introduced.

If the back-wall and the buffer rod were made of the same material, we can assume
Ro3 = Ry5. This way we would reformulate the expression Eq.3.8 for all reflection coefficients

in function of Rqs:

Ay = Ay RigDye 2l (3.9)

Ay = Ay Rig(1 — R2,) Dye 201l g202k, (3.10)

Now, to obtain the reflection coefficient R;-, several authors have proposed numerous
methods within the literature. However, in this work, the relative reflection method RRM
described by Adamowski et al. 1995 will be employed. Adamowski et al. 1995 proposed the
use of a reference sample, specifically air, due to its lower acoustic impedance in comparison
with the buffer rod solid material. Since the buffer rod has a higher impedance compared to
the air, its reasonable to infer that the reflection coefficient on the interface is R, = —1 for
all frequencies present within the pulse sent. If another sample was utilized, with a acoustic
impedance similar to the buffer material, the relation between the buffer and the sample reflection
coefficient R along the frequency utilized must to be known.

Under this assumption, the entry-echo amplitude A; is first measured using air,
where it is referred to as A,.r. Subsequently, the entry-echo amplitude A; is measured with the
unknown sample, whose physical and acoustic properties are being investigated. The reflection
coefficient at the interface between the buffer rod and the sample R, is calculated by the ratio of
the amplitudes of the entry-echoes from the second and first measurements. So, we can write the

following equations:

Aref = AinRrefD'refe_2allly (311)
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Ay = Ay RigDye 2l (3.12)

making the ratio between the echoes, and isolating Ry :

Ay
’!’Cf A,,‘ef :

Since Dt = D1, these terms cancel out in the fraction. The same applies to the

Ris =R (3.13)

attenuation using air and the sample, as the buffer remains unchanged, causing the term e~2214
to cancel out as well. Consequently, neither the diffraction error nor the buffer properties affect
the energy ratio. Since we know that R,.; = —1, we can obtain 75 only with the collected data
from the oscilloscope. This vector of R is in function of frequency and will also be used for
the procedure in which utilizes different materials for the measurement cell Sec.3.1.2.2.2.

With the equations Eq.3.9 and Eq.3.10 we are able to develop a simple equation that
relates the echoes amplitudes with the sample attenuation cs. Making the ratio between A; and

As, we yield to the following relationship:

S _ .14
oo 212ln ( 4D, (3.14)

3.1.2.2.2 Buffer rod and back-wall made of different materials

If two types of materials were selected, one for the buffer rod and another for the
back-wall, the assumption 15 = Ry3 made in Sec.3.1.2.2.1 is no longer valid. Why the use of
one or two materials and their advantages will be discussed later in Sec. 3.2.2.

In this case, the acoustic properties of the materials used for both the buffer and
back-wall must be known. Since for this work the same material was utilized, for future studies
we’ll explore the use of two different materials, Acrylic and Stainless Steel, to address certain
issues encountered in the setup used for this dissertation (Sec. 3.2.3 and Appendix B).

For different materials, we know beforehand that a crystal Acrylic acoustic impedance
is around Zeryiic = 3.245 £ 0.005 x 105kgm—2s71, at 20°C'. In addition, the impedance of the
Stainless Steel back-wall also must be known beforehand, and according to
Ultrasonic Testing (Nondestructive Testing Handbook) Amazon Website its value is around Zee; =
45.45 x 10°kgm=2s~1 at 20°C.

As made previously in Sec.3.1.2.2.1, Ry is obtained by the equation Eq.3.13. How-

ever, to yield to R,3, we need to follow the methodology made by McClements & Fairley 1992;
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McClements & Fairley 1991 which is based on Kinsler et al. 2000. For this task, we know that
we can correlate the acoustical impedance with the reflection coefficient for a plane wave using

the expression Eq.3.15:

_ Zi(1-R)
1+ R

in which the subscripts 1 and 2 are the first and second media in which the wave

7 : (3.15)

goes through.

In our case, when the wave goes through the buffer rod to the sample, Z; = Z,c,yiic
and Z, = Z,, when it goes from the sample to the back-wall, Z; = Z; and Z5 = Zeer.

With the assumption of plane wave propagation through flat interfaces, we can derive
equations that lead to the back-wall reflection coefficient, Ros.

Since our barite sample has unknown properties, with the equation Eq.3.15 we are
able to obtain its acoustical impedance:

Zaeylic(1 — Ry2)

Z, = , 3.16

and consequently the reflection coefficient at sample/back-wall interface Ros:

Zs - Zsteel
Zsteel + Zs ‘

Finally with all this information in hand, the ratio between the equations Eq.3.6 and

Ry = (3.17)

Eq.3.8 can be made to yield the attenuation using different materials:

1 (A1 = R%)RasDs
= . 1
Qo In ( LRuD, (3.18)

21y

This straightforward physical understanding, combined with the cost-effectiveness
of the single-transducer approach, makes the latter method the preferred choice for acoustical
characterization of granular media compaction in this work. Furthermore, it introduces a new
possibility for sedimentary acoustic characterization.

Some disadvantages may arise with the latter approach, namely Papadakis’ method,
such as the high power required to receive strong back-wall echoes due to the high attenuation
characteristics of granular media. Another concern is the ring-down effect on the transducer,
which creates a "comet-tail" after the received electrical signal ends, resulting from the energy

dissipation delay of the capacitive cells within the transducer. Since the echoes are closely
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spaced, this effect can cause subsequent echoes to overlap. Other concerns regarding this method
will presented in Sec. 3.2.4. However, as demonstrated in Sec. 4, these issues do not significantly
impact the overall trend of the data when compared to literature results obtained with more
complex transducer arrays. This showcases the potential applicability of ultrasonic measurement

cells for this purpose, extending beyond fluid and emulsion characterization.

3.1.3 Wave velocity processing

When a mechanical wave propagates through a homogeneous media, its phase
velocity is constant. The equation that rules the relation between frequency and phase velocity is

given by Eq. 3.19:

c=\f. (3.19)

So, with a double frequency increase, the wavelength will be reduced by twice to
maintain the same phase velocity. However, when we are dealing with non-homogeneous media,
such as granular ones, each frequency in a broadband propagation pulse behaves in different
ways along the medium. This type of attenuation is called wave dispersion due to the envelope
deformation which is characteristic of this kind of phenomenon Fig. 3.4.

For a homogeneous medium, when analyzing the pulse in the frequency domain, the
pulse shape (envelope) and the carrier position remain unchanged along the propagation path.
This indicates that the phase velocity (the propagation speed of the compressional peak) and the
group velocity (the propagation speed of the envelope peak) are identical and remain constant
(Shin & Hammond 2008). Consequently, the orange short pulse in Fig. 3.4 remains unchanged
as it propagates through the medium, as also shown in Fig. 3.5(b).

On the other hand, in a heterogeneous medium, low frequencies interact differently
than high frequencies, as the former interacts less with structures exhibiting varying impedance
and contacts. When analyzing the pulse in the frequency domain, this behavior becomes evident
through envelope deformation and a shift along the frequency axis. Frequently, the envelope peak
shifts to lower frequencies due to its reduced attenuation, which also deforms the carrier, altering
the pulse shape. In such cases, the phase velocity and group velocity are not equal Fig.3.4 and

Fig.3.5(a).
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Figure 3.4 — Propagation of a broad-frequency wave group through a dispersive medium
(Pickering 2024).

As illustrated in Fig. 3.5(a), the phase delay ¢, represents the time delay of each
sinusoidal component (carrier), whereas the group delay ¢, corresponds to the time delay of
the amplitude envelope. These delays are continuous functions of frequency, meaning they
can vary across different frequencies. When the group delay deviates from being constant,
it reflects the degree of nonlinearity in the phase. In such systems where the group delay is
frequency-dependent, each frequency component in the input signal experiences a different delay.
Consequently, the output signal’s shape differs from the input signal, a phenomenon known as
dispersion (Shin & Hammond 2008).

Since velocity is defined as the distance traveled divided by the time taken, the group
delay is directly linked to the group velocity of a wave, while the phase delay corresponds to the

phase velocity.
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Figure 3.5 — Phase velocity and group velocity characteristics.
Reference: (Shin & Hammond 2008)

The methods used here are based on the same geometry presented in Fig. 3.3, so
the power spectra A; and A, represent the entry echo and the back-wall echo, as described in
Sec. 3.1.2.2.

The measurement of the group velocity is determined as a function of frequency,

looking at the phase difference between the two echoes ¢4 ( f):

Ad,(f) = arg (M) |

FET(p:(t))
the group delay between the first two echoes can be yielded as did by
Carlson et al. 2003:

(3.20)

() = 2000,

With the group delay in hands, the group velocity is basically the ratio between the

(3.21)

path space and the group delay:

2%
to(f)

Equation Eq. 3.20 represents the phase difference between the first two echoes,

c2(f) = (3.22)

which is also used to calculate the phase velocity. The phase velocity was determined following
the approach outlined by Peters & Petit 2003, who developed a simple method for automatic
signal processing to avoid ambiguity of the phase shifting when dealing with experimental data.
This issue arises primarily from the periodic nature of the phase in Fourier analysis, where the
phase is typically constrained within a limited range, usually between —7 and 7. Consequently,

the equation used is:
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B 27Tl2f
cra(f) = _Agf)p(f) — 2T f At A,

with At 4,4, being the time of flight 7ToF of the first two echoes. There are several

(3.23)

methods for determining the transit time between echo signals to calculate the longitudinal sound

velocity in the medium. In this work, the cross-correlation method was used Eq.3.24:

T/2
C(t) = / P1(t)P2(t + T)dT. (3.24)
~T/2

According to Silva 2020; Costa-Junior et al. 2018, the signal obtained through cross-
correlation of the two echo signals in the time domain enables the estimation of the transit time

At (ToF) by identifying the location of the maximum amplitude within the resulting vector

Fig.3.6.
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Figure 3.6 — Phase delay between pulses through Cross-correlation.

In a homogeneous medium like water, a distinct peak appears at a time T, corre-
sponding to the pulse’s time of flight. This peak is well-defined because water is a non-dispersive
medium, meaning all frequency components of the pulse travel at the same speed, resulting in
minimal distortion. However, in a dispersive medium, where pulse distortion is significant, this
peak is accompanied by leakage in the cross-correlation data.

For the calculation of the longitudinal wave speed throughout the buffer and sample

instead of its analyze in the frequency domain, the following equations can be used:

2l

- 3.25)
AtA4,A1 (

Cc1 =
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- 3.26
At a (3.26)

Cy =

with A; being the power spectrum Eq.3.1 of the entry echo, A, the back-wall echo,

and A, being the second reflection of the entry echo inside the buffer rod.

3.2 Design of the experimental setup

All the equations needed for the methods presented previously in this work assumes
a plane wave propagation through an infinite media, without wall effects, propagation constraints,
and wave interactions, which is nearly impossible to replicate perfectly in small apparatus within
the laboratory walls. It’s worth pointing out that assuming a plane wave propagation, only a
compressional wave is present, often called a P-wave. Hence, the creation of shear waves or
low-velocity compressional waves (Biot’s waves) in the laboratory measurements, increases the
overall measurement error. Based on it, all the steps made here were trying to reduce such errors,

as will be specified in each of the steps below.

3.2.1 Ultrasonic measurement cell geometry

On Fig. 3.7 we can see the photo of the ultrasonic measurement cell, which is filled

with the sample under investigation, in our case, barite.

Figure 3.7 — Photo of the ultrasonic measurement cell utilized in this work.
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For a better understanding of the propagation fields and the acoustic wave interaction

with different interfaces, a schematic representation was made in Fig. 3.8.

“%
3

e

=
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Emitted Entry Back-wall
echo echo

Figure 3.8 — Ultrasonic measurement cell schematics. The type of data captured by the oscillo-
scope 1s represented in red.

As explained previously, for this dissertation, the same material approach was
utilized, the blue hatched rod (polyvinyl chloride) is attached to the ultrasonic transducer and

also holds the sample. The sample is positioned between these two rods as shown in Fig.3.8.
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Both rods and the sample are modeled as an infinite acoustic field where the ultra-
sound wave propagates through. By means of the received echoes on the oscilloscope, first we’ll
collect the emitted pulse, after a while, the entry-echo will be received and the back-wall echo in
the sequence, as shown in red on Fig. 3.8, and mathematically explained in Sec.3.1.2.2.

A common rule of thumb for the pulse-echo procedure, is to have the sample depth
at least 5-10 wavelengths of the ultrasound wave being used. This ensures that the primary
reflection from the front surface of the sample (here called as entry-echo), is distinguishable
from any subsequent reflections from the back-wall (back-wall echo). This means that if the
sample depth isn’t large enough, the subsequent reflection between the entry and back-wall echo
will be close in a non desirable way. Hence, there is also an upper size limit for the sample’s
depth, the wave propagation time through the buffer rod must be greater than the time in which
it propagates through the sample, this avoids multiple reflection within the buffer rod before
the back-wall echo arrives (McClements & Fairley 1991; McClements & Fairley 1992). All the
echoes are labeled at Fig. 3.8 for better understanding.

Another point of concern is the cross-sectional area of the ultrasonic cell, which
corresponds to the area where the normal vector aligns with the direction of the wave propagation.
The cell’s normal area should generally be several times the diameter of the transducer’s active
area. It helps to ensure that the main beam of the ultrasound wave interacts first with the sample
and not with the side walls of the cell, which can possibly create undesired side echoes. Since
the wave field is modeled as infinite, lateral reflections are unwanted, only reflections occurring
at the interfaces are considered: between the sample and the buffer rod and between the sample
and the back-wall Fig. 3.8. These reflections are modeled based on an infinite boundary between
these three distinct media, in which a parallel plane wave goes through them.

To achieve this, a back-wall of the same size as the sample cell and with a smooth flat
surface is placed at the bottom to reflect ultrasonic waves. Consequently, the reflection coefficient
R remains consistent for both downward and upward propagation during each measurement. For
specular reflection, where the angle of incidence equals the angle of reflection, the transverse
dimensions of the reflector plate’s surface must be significantly larger than the wavelength
(Kinsler et al. 2000); a small object in front of a wave surface will scatter it all around.

With that in mind, McClements & Fairley 1991; McClements & Fairley 1992 pointed
out that using a wave transmitter with a diameter d, the width and height of a squared cell should

be at least 3d to 5d, providing a sufficient margin to avoid unwanted reflections and side echoes.
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Another option is to have the cell radius greater than the greatest depth dimension (adding
sample’s depth), which will also ensure that the first reflections observed by the oscilloscope
will come from the entry and back-wall echo consecutively. Both requirements were applied in
this work, proving to be a correct procedure.

The dimensions and frequencies chosen in this study were carefully selected to align
with the fundamental principles of the pulse-echo technique, which focuses on generating a
signal commonly referred to as the “A-line”. This signal represents a one-dimensional (depth)
profile of the received echo signals. To accurately reconstruct the A-line, several key assumptions
are made. First, the transmitted pulse is considered extremely short in duration, closely approxi-
mating a delta function in the time domain. This ensures precise temporal localization of the
reflected signals. Additionally, the propagating wave is assumed to be planar, with attenuation
of its amplitude attributed only to the medium’s intrinsic attenuation characteristics and the
transmission coefficients at interfaces (Azhari 2010).

Furthermore, the structures or interfaces encountered by the propagating wave are
modeled as a series of thin, parallel plates, which simplifies the dynamics of wave interaction.
Lastly, all targets within the wave’s propagation path are assumed to be oriented perpendicular to
the propagation direction, ensuring that only axial reflections and transmissions are taken into
account, thereby disregarding contributions from off-axis interactions. These assumptions create
a streamlined framework for reconstructing the A-line and analyzing the acoustic behavior of the
system under investigation.

The use of a buffer rod instead of direct transducer-sample contact, is widely em-
ployed in acoustic characterization of solids, fluids and emulsions

As stated before in Sec.3.1.2.1, Buckingham & Richardson 2002 addressed impedance
mismatch using a setup with one emitter and two receivers calibrated in water. In contrast, the
buffer rod concept from Papadakis 1968 overcomes these challenges with a single transducer
serving as both emitter and receiver.

The buffer rod introduces an intermediate reflection, the "entry echo," replacing the
first receiver in Buckingham’s setup. The back-wall echo then acts as the second, the sample
attenuated one. This configuration enables pulse comparison and provides insights into the

properties of the sample using only one transducer.
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3.2.2 Samples, working frequencies and applied power

Based on the knowledge presented in Sec. 3.2 and the working frequency chosen,
the measurement cell has a diameter D of 203.2mm , the buffer rod has 50mm of length d’, the

back-wall has 50mm of length and the sample’s depth [/ is 5mm .

3.2.2.1 Barite and glass spheres morphology

For the chosen frequency, Riebel & Loffler 1989 assumes that the particle size range
must be known in advance, allowing the selection of a correspondingly appropriate frequency
range. Therefore, a detailed study were carried out to better understand our sample microstruc-
ture.

A morphological analysis of the barite sample was performed using a Scanning
Electron Microscope (S E M) from JEOL, model JISM-6010LA.

The samples were prepared by diluting 0.1¢ of barite in 10m/! of deionized water to
create a stock solution. Subsequently, 200/ of the stock solution was further diluted in 1m/! of
deionized water.

In the image below, a 1,000x magnification provides an enhanced visualization of

the overall distribution of the barite sample, as shown in Fig.3.9.

Figure 3.9 — Barite sample at 1,000x magnification.

As observed in Fig.3.9, the sample contains larger particles measuring approximately
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10pm, with smaller particles dispersed within the voids of the larger ones.
Further magnifications of 3,500x and 11,000x were applied to examine the morphol-

ogy of the smaller particles, as presented in Fig.3.12.

Figure 3.10 — Magnification at 3,500x.

Figure 3.11 — Magnification at 11,000x.

Figure 3.12 — Morphology of the smaller particles.

Examining Fig.3.10, it is evident that the smaller particles range in size from less

than 500nm to approximately 5um. However, upon closer inspection of Fig.3.11, it becomes
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more apparent that these smaller particles are likely fractured fragments of the larger ones. This
hypothesis aligns with the behavior of barite in offshore pipelines, where the particles undergo
fragmentation due to impact forces within the flow.

Based on the S EM analysis, barite exhibits a broad size distribution, ranging from
1pum to 10um, along with a non-uniform geometry, lacking a consistent morphological pattern.

For this study, glass spheres were also used as samples due to their well-known size
and morphology. As further detailed in Sec.4, they aid in understanding the structure of barite
and the behavior of sound waves. Several authors have resorted to glass spheres to investigate
sound behavior at high frequencies while varying particle size and geometry. Since glass spheres
have well-controlled parameters, researchers can isolate and vary only one parameter at a time,
allowing for precise observation of its acoustic signatures.

Regarding the glass spheres, their morphology and properties were easily determined
due to the controlled fabrication process. The data were provided by the supplier that furnished
the samples. Their sizes range from 53pm to 106m, with a sphericity of 80%. Although the
supplier provided several other parameters, they will not be presented here due to the lack of

corresponding physical property data for barite.

3.2.2.2 Compaction control

For compaction control, a vibrating table from ELO Scientific, model SP-1100 was

used, onto which the measurement cell was securely fixed, as shown in Fig. 3.13.
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Figure 3.13 — Experimental procedure for compaction control.

The barite mud was poured into the sample holder, and the measurement cell was
fixed on the vibrating table. Vibration continued until the mud spread evenly across the surface
of the sample holder and air bubbles stopped emerging.

After this initial stage, the first measurement was taken. Subsequent measurements
for increasingly compacted samples were performed at controlled intervals of 10 minutes per
compaction level. The most compacted samples were those that remained under vibration and

the influence of gravity for the longest duration.

3.2.2.3 Frequency range

In addition to grain size and morphology, a physical understanding of the phenomena,
grounded in specialized literature Sec.2, provides the basis for selecting an appropriate working
frequency to target a specific acoustic signature. As specified in Sec.2, selecting a wavelength
that falls within a transition regime ka ~ O(1) (where one regime is dominated by diffraction
effects and the other by scattering effects) allows for an investigation of compaction behavior. In
such cases, variations in pore size, grain compaction structure, might shift the system from one
acoustical regime to another, enabling the acoustic characterization of these changes.

Using 1M H z as the central frequency is particularly effective for testing sediment

compaction and the regime transition behavior in the barite study, as it positions the ka relation
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around O(1). For a better understanding of the ka relation with the boundaries of these acoustical

regimes and their characteristics, the reader is referred Sec. 2.

3.2.2.4 Electronic equipment

The signal generator utilized is a Model 5077PR from Panametrics-NDT, the avail-
able transducer for the task is a V102-RM VIDEOSCAN model from Olympus, with 1M H z of
nominal frequency allied with a model zz from Tektronix oscilloscope and a post-processing
software done in a Matlab environment.

For the power amplitude applied to the system, when operating in a wavelength
regime where scattering is unavoidable, increasing the power as the sample depth increases
may result in the same back-wall echo amplitude. However, the initial portion of the sample
will experience a higher pressure compared to the previous measurement. Nevertheless, this
can increase the response of small flaws and grain boundaries, giving a different scattering
phenomena. As a result, all the specimens and layouts must be inflicted by the same wave power
(Krautkramer & Krautkrdmer 2013), so, all the measurements made for this work were done at

a voltage of 300V.

3.2.3 Measurement challenges and future improvements of the ultrasonic cell

The geometry described in Sec. 3.2.1 posed certain challenges to the measurements,
which future studies will aim to overcome.

The first issue concerns polyvinyl chloride (PV C), which exhibits high attenuation.
The amplitude difference between the entry echo and the input signal was significantly greater
than that observed with acrylic in previous measurements, thereby reducing the signal-to-noise
ratio SN R. Additionally, PVC’s opacity prevents visual inspection of the sample after fixation,
potentially allowing air bubbles or uneven surfaces to go unnoticed. These imperfections can be
inferred from anomalous acoustic data, but by the time they are detected, significant effort has
already been invested in data collection. A transparent material would enable early detection and
correction of such issues.

Another challenge arises from using the same material for both the buffer and back-
wall. Since the input signal must return to the transducer, energy losses reduce the signal-to-noise
ratio. Ideally, a buffer material with an acoustic impedance similar to the sample’s allows more

energy transmission, facilitating measurements of highly attenuative materials. However, using
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the same approach for the back-wall is problematic, as excessive energy transmission reduces
reflection at this interface. To enhance signal recovery from the back-wall, a high-impedance
material is preferred. In the ideal case, an infinitely rigid back-wall with infinite impedance
would provide a reflection coefficient of 1.

The sample’s depth also plays a crucial role in signal conservation. If the signal is
too weak, a deeper sample may absorb all the energy. Using optimized materials for the buffer
and back-wall allows for increased sample depth due to signal strength. According to the theory
in Sec. 3.2.1, the sample depth should be at least five times the wavelength to avoid overlap
between the entry-echo and back-wall echo.

Based on these considerations, a suitable material pairing for this task is a buffer
made of crystal acrylic and a back-wall made of stainless steel.

Crystal Acrylic is widely used in the literature due to its well-characterized acoustic
properties, including low attenuation and minimal wave distortion. Its transparency also enables
visual inspection of the sample after fixation, preventing undetected air bubbles or improper
contact.

Stainless steel may be chosen for the back wall due to its high density and wave
speed, which create a strong acoustic impedance mismatch with the sample. This enhances the
desired reflection, increasing the SN R. While perfect reflection (100%) is theoretically ideal, it
is not experimentally feasible. Additionally, stainless steel offers resistance to corrosion from
liquids and chemical reagents, further improving the setup’s durability.

In Appendix B, these improvements are tested in the COMSOL environment to
evaluate whether they can effectively address the previously mentioned issues, while also

demonstrating how numerical simulations can aid in the construction of the experimental cell.

3.2.4 Planar wave considerations and scattering

As previously discussed, the acoustic theory outlined in Sec. 1.2 assumes a planar,
lossy wave propagation, which is not an accurate depiction of the complex propagation dynamics
within the ultrasonic measurement cell. Weight 1987 noted that modeling the propagation of
short ultrasonic pulses in solid media is considerably more challenging, both theoretically and
experimentally, compared to wave propagation in fluids. This complexity arises because many
diffraction studies and analyses, including those associated with short-pulse transducers used in

nondestructive testing NDT, are primarily limited to fluid media.
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In contrast, the ultrasonic cell investigated here involves a solid and granular media
of finite dimensions, where both longitudinal (compression) and transverse (shear) waves can
propagate, and the wave can also be scattered all around. This wave conversions significantly
complicates the application of the simplified wave field solutions presented in Sec. 1.2, which
were developed with less intricate propagation conditions in mind. Consequently, adapting these
theoretical frameworks, or geometry, to accurately capture the wave dynamics in such a system

requires additional considerations and modifications.

3.2.4.1 Mode conversion

Mode conversion is the process where acoustic energy transitions between longi-
tudinal and shear waves or vice versa, and it occurs at interfaces where there is a mismatch in
acoustic properties, such as density and wave velocity, between two materials. This phenomenon
is particularly pronounced when at least one of the materials is rigid, as rigid media support both
longitudinal (compression) and shear (transverse) wave modes. At an interface, when an incident
wave strikes at an oblique angle, the acoustic impedance mismatch and rigidity of the material
facilitate the generation of new wave modes Fig. 3.14. For example, a longitudinal wave may
partially convert into a shear wave upon transmission or reflection, and similarly, a shear wave

may convert into a longitudinal wave.
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Figure 3.14 — Mechanical wave mode conversion representation.

When an acoustic transducer is coupled to a solid buffer material with finite lateral
dimensions, the edges can generate both longitudinal and shear waves, as illustrated in Fig. 3.15.
Some of the shear waves undergo mode conversion into longitudinal waves, which are then
reflected at the buffer rod/sample interface. These converted longitudinal waves are subsequently
detected by the transducer, which is typically optimized for sensitivity to longitudinal waveforms
(Bjgrndal 2007). This process is further illustrated in Fig. 3.15, offering a clearer representation

of the phenomenon.
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Figure 3.15 — Mechanical wave mode conversion for sources with finite sizes.

In this study, the influence of mode conversion is mitigated by carefully isolating
the desired echo signals within time intervals that are free from interference caused by mode-
converted waves. This is achieved by utilizing buffer rods with sufficiently large dimensions,
which not only minimize the impact of mode conversion but also simplify the process of account-
ing for diffraction effects. By designing the experimental setup to reduce these complications,
the accuracy and reliability of the measurements are significantly improved. As a matter of
fact, mode conversion between interfaces is unavoidable; however, the geometry and transducer
placement are designed to minimize this effect as much as possible. Another type of errors, such
as noise, scattering, windowing, are more prominent than mode conversion and they will be

discussed later.

3.2.4.2 Diffraction

Diffraction refers to a specific form of wave interference that arises when a wave
is partially obstructed due to the finite dimensions of the source or receiver. This phenomenon
introduces distortions in measurements, necessitating corrections that account for both the
time-dependent and amplitude-related properties of the pulses to ensure precise results, for
highly sensitive samples. This phenomenon introduces distortions in measurements, requiring

corrections that address both the time-dependent and amplitude-related properties of the pulses
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to ensure accurate results, particularly for highly sensitive samples. These distortions can
affect wave amplitude due to energy conservation principles. In a non-dissipative medium, the
amplitude of a planar wave remains constant. However, for a non-planar wave, the energy is
distributed across the wavefront, causing the wave’s surface area to expand over time. As this
surface area increases, the energy per unit area decreases, leading to a reduction in amplitude
that isn’t related to the medium attenuation.

In Fig. 3.16b, a wave exhibiting diffraction characteristics due to the finite size of
the emitter is shown, whereas Fig. 3.16a illustrates the propagation of an ideal plane wave with

infinite dimensions.

a)

b)

O\

VR

Figure 3.16 — No diffraction presence (a), diffraction representation for sources with finite sizes

(b).

A comprehensive explanation of how diffraction corrections are applied within the

context of the measurement methodology used in this study is provided in Section 3.3.

3.2.4.3 Scattering

Another source of error when trying to obtain the intrinsic acoustic attenuation, is the
scattering, which represents the energy wave that wasn’t absorbed by the sample nor transmitted
by the back-wall, instead of it, it was scattered all around due to the contact between the wave

and structures with dimensions in the order of the wavelength regime. When dealing with media
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characterization, this phenomenon can be useful for understanding its microstructure, as in our
case.

Losses in the "scattering loss range" arise either from interference between the
scattered wave and the incident wave, or from the scattering of sound energy from the beam path,
preventing it from reaching the point of detection (Lowan 1946).

Under conditions of short wavelengths, scattering becomes more dominant compared
to geometric spreading effects, such as diffraction. This phenomenon is analogous to the way
light from a headlamp is scattered by tiny water droplets in fog. For grain sizes a that are approx-
imately 1/1000th to 1/100th of the wavelength A, corresponding to ka < (O(0.01), scattering is
practically negligible. However, scattering increases rapidly, roughly proportional to the third
power of the grain size, becoming significant for grain sizes on the order of 1/10th of the wave-
length, or ka ~ (O(0.1). At this scale and beyond, reaching up to ka ~ O(1), scattering becomes
a dominant factor. For highly anisotropic materials, where ka >> (O(1), scattering can be so
pronounced that ultrasonic testing becomes impractical (Krautkramer & Krautkrdmer 2013).

Scattering echoes significantly diminish the amplitude of the primary echo signals,
both at the entry point and at the back-wall of the sample. Additionally, they generate numerous
secondary echoes with varying transit times, often referred to as "grass." This phenomenon can
obscure the desired echoes, making their identification and analysis more challenging.

Scattering can be likened to the effect of fog, where a driver becomes blinded by the
glare of its own headlights, rendering the surroundings difficult to see. This disturbance cannot
simply be mitigated by increasing the transmitter voltage or amplification, as the "grass" i.e.
numerous secondary echoes, intensifies proportionally. The only effective solution is to employ
lower frequencies, which inherently reduce the sound’s beaming effect and increase pulse length,
reducing the resolution. Hence, this approach imposes a natural limitation on the ka parameter,
which must be carefully accounted for in any analysis (Krautkrimer & Krautkrdmer 2013).

In Fig. 3.17a, a depiction of high-frequency wave propagation highlights the promi-
nence of the scattering phenomenon. Conversely, Fig. 3.17b illustrates the scenario for long
wavelengths, where scattering effects are significantly diminished to negligible levels. This
reduction in scattering, however, comes at the cost of decreased resolution, making it challenging

to observe acoustically fine structural details.
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Figure 3.17 — Scattering representation for shortwavelength (a) and longwavelength (b).

The intrinsic wave attenuation is the sum of thermal dissipation losses, visco-inertial
dissipation losses, and intrinsic absorption (McClements et al. 2000). Therefore, if the goal is
to analyze intrinsic wave attenuation, scattering must be carefully considered. In this study,
where the focus is on analyzing the sample at high frequencies in regions where the presence
of scattering is uncertain (depending on compaction and size distribution) investigating this
phenomenon could provide valuable insights into the effects of compaction and granular size on
wave attenuation. Based on that, several authors developed numerous scattering models for such
analyzes, as the one used by Hare & Hay 2018.

Anderson 1950 results indicate that the transition region between the scattering- and
diffraction-loss ranges extends from 2.5 < ka < 3.0 for each frequency, as pointed out before,
near the range utilized in this work. This region is responsible for diffraction and scattering being
the main source of intrinsic attenuation errors, with 277 /A below 2.5, diffraction is dominant,
and with 27 /X above 3, scattering is dominant. However, data from Hare’s work indicates a

limit around ka =~ 0.5.

3.3 Diffraction Correction

The main sources of error in the measurements stem from several factors, including

temperature fluctuations, misalignment or lack of parallelism between the face of the buffer
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rod and the back-wall, inaccuracies in the diffraction corrections applied, and inconsistencies
in the output signal of the emitter (McClements & Fairley 1991; McClements & Fairley 1992).
Furthermore, as highlighted by Buckingham & Richardson 2002; Bjgrndal 2007, the applica-
tion of windowing techniques to transient data introduces additional sources of error into the
measurement data processing.

Since most of the errors outlined above were minimized during the construction of
the ultrasonic measurement cell Sec.3.2, the last one to be analyzed before proceeding with data
processing is diffraction Sec.3.2.4.2.

During ultrasonic measurements conducted in the laboratory, one of the main source
of errors arises from the diffraction phenomenon, which occurs due to the finite dimensions of
the transducers relative to the wavelength (Tang et al. 1988).

When measuring the attenuation coefficient of ultrasound using the standard pulse
technique in low absorption media, particularly in the mega Hertz frequency range, it is possible
to introduce specific corrections to the obtained results (Khimunin 1972). Diffraction plays a
significant role in such measurements, as it can noticeably contribute to the apparent attenuation
while causing a slight increase in the measured velocity (Papadakis 1966). Given that the present
medium exhibits high attenuation, the applicability and effectiveness of this correction approach
will also be evaluated in the current study.

Kazys et al. 2002 stated that to mitigate these errors, an additional buffer rod can be
employed as a waveguide between the transducer and the measurement chamber. This setup
were applyied here and ensures that the measurements are conducted within the transducer’s
far-field zone, thereby reducing the influence of diffraction effects.

Additionally, diffraction effects in ultrasonic attenuation measurements can be effec-
tively minimized by several adjustments to the experimental setup. These include increasing the
length of the sample (i.e., the distance between the pulses), raising the operating frequency of
the transducer, enlarging the transducer radius, and reducing the velocity difference between the
test sample and the reference sample (Feng er al. 2018). Obs.: diffraction when using Papadakis’
method isn’t improved by the latter.

Based on the work of Khimunin 1972, a diffraction correction parameter D will
be presented, aiming for improvement for Papadakis’ method diffraction error. Following
Williams 1951, this parameter is defined as the ratio between the measured average pressure

on the front wave and a plane wave pressure at the same distance. The average pressure is
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considered on a uniformly sensitive receiver, assuming circular transducers of equal radius a in

an infinite, uniform, isotropic medium without absorption:

p 4 [/ (ka)2S ar \* .
D(ka,S) = T 1-— ;/o exp | —i— 1+ <%> cos?(0) | sin2(0)do. (3.27)

Here, S is the dimensionless distance, defined as S = Z—;\ which represents the wave
path throughout the medium normalized by the Fresnel zone. This concept will be discussed in
more detail later in this dissertation.

For this equation, there is no analytical solution for the general case, i.e. arbitrary ka,
so numerical methods must be used. Khimunin 1972 implemented these methods on a computer
BESM 4 employing Simpsons’s method with a reasonable error. Rogers & Van Buren 1974
otherwise, shown that the required integral of Lommel’s expression can be evaluated analytically
obtaining a simple closed-form expression for the diffraction correction using Bessel’s function

of cylindrical coordinates:

D(S) = 1 — (3 {JO (%T) + (%”)} | (3.28)

Taking the absolute value of Eq. 3.28 provides the diffraction correction for the
amplitude Eq.3.18, while applying the inverse tangent arctan function gives the correction for
the phase.

Using the proposed measuring cell, the emitted wave propagates through different
media, such as the acoustic coupling layer, buffer rod, and sample path. As a result, the
propagation media are not isotropic and homogeneous, as assumed by the presented model. To
address this, Bjgrndal 2007 suggested that when using buffers much greater than the sample, the
accumulated error becomes negligible, given that less than 5% of the propagation occurs through
granular media. This assumption is based on the work of Papadakis 1968, who developed a
method to correct this anisotropic issue. Given that the difference between the distance traveled
by the first echo (entry-echo) through the buffer rod and the wave that propagated through the
buffer rod plus the sample (back-wall echo) is minimal, Papadakis 1968 assumed that the product
kz, which represents the phase of the wave as it propagates through the medium, is the same for
both the buffer rod and the sample. This assumption holds due to the minimal contribution of the

sample to diffraction errors.
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So basically, the axial distance normalized to the last axial pressure maximum in the

piston model (Williams 1951) can be presented for each echo as:

2[101
Sa1=—57 7 (3.29)
2l5c
Saz=Sa1+ = Jf. (3.30)

All these S-values are inserted into Eq. 3.28 to calculate the diffraction correction
for each desired echo.
As said, to analyze the time shift of the wave velocity in the time domain, we must
take the argument of Eq. 3.28:
tan™'(D(S))

taig = = (3.31)

To obtain the corrected wave velocity, Eq. 3.31 must be subtracted from the denomi-

nator of Eq. 3.22, and for attenuation, Eq. 3.28 must be accounted in Eq. 3.18.

3.4 Data acquisition and processing

Efficient data acquisition and processing are essential for extracting meaningful
insights from the received signals. This section outlines the fundamental steps involved, including
signal reception, digitization, and processing techniques to enhance signal quality and extract
relevant features.

The main steps of the signal processing are shown in Fig. 3.18.
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Figure 3.18 — Flowchart illustrating the sequence of data processing steps for the dataset.

1. Averaging Phase:
During the averaging phase, repetitive measurements are acquired a specified number
of times and are subsequently presented to the PC in an averaged form by the oscilloscope. This

approach offers two key benefits:
* The averaged samples achieve an effective resolution for 12 bits,
* Random noise is significantly reduced in the final signal.

The importance of the noise reduction is based on the applied method for this work,
the spectral ratio method. Tonn 1989 made comparisons between several types of attenuation
measurements methods.

According to Tonn, the spectral ratio method proved to be highly effective when
noise interference was minimal. Its efficiency, combined with the ability to integrate statistical
analyses, made it particularly suitable for accurate () estimation. On the other hand, while

Modeling Techniques were less reliable in noise-free conditions compared to both the Spectral



76

Ratio Method and the analytical signal approach, they demonstrated certain benefits when dealing
with slight noise disturbances.

In the acquisition process using the oscilloscope, two key aspects are crucial for the
signal-to-noise ratio SNR and the quality of the acquired signals: temporal resolution and bit
resolution. Temporal resolution is essential for accurately obtaining both sound speed and signal
amplitudes, while bit resolution primarily affects the accuracy of the signal amplitudes. For this
work, a sampling rate of 2.5GS/s was used, which is well above the highest frequency content
of the echo signals O(1M H z), thus preventing frequency overlap (aliasing).

2. Windowing to Reduce Spectral Leakage:

A Hanning window function is employed to coherently reduce spectral leakage for
each echo signal. The window is consistently positioned at the same relative location across all

echo signals. The window function’s width is constrained:
* At one end, by the start of the acquired waveform,

* At the other end, by the requirement for symmetric placement around the relevant voltage

extreme.

Using a window narrower than one period of the burst causes the spectral character-
istics to shift from band-pass to low-pass digital filter.

Additionally, to estimate the windowing error, the spectral amplitude algorithm
was repeatedly applied to the data, incrementally shifting the start time of the window by 1us
through a complete wave period. As described in Buckingham & Richardson 2002, the window
placement was shifted, and the attenuation variation across measurements was incorporated into
the error analysis.

3. Zero padding:

In this stage of processing, another crucial aspect is the number of data points
collected. As mentioned earlier, the oscilloscope used has a sampling rate of 2.5G'S/ s, meaning
it captures 2.5 x 10° samples per second. However, for pulse analysis, only a 2.54s time window
is selected for further processing (pulse duration), as illustrated in Fig. 3.1. This limited window
contains approximately 8000 data points. After applying the Fourier transform and isolating the
frequency band of interest, only a small subset of points remains.

To enhance the curve, zero padding is applied to the vector, increasing the number of

points in the time domain before performing the /'F'7T". This process helps smooth the attenuation
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and wave velocity data. To see the representation of the osciloscope vector in which the zeros
are added, the reader is referenced to Appendix A Fig.A.2.

Another option made is the least squares sense cubic spline approximation, which
can also be used to improve both the temporal- and the vertical resolution (Bjgrndal 2007).

4. Convert to frequency domain:

This step is related with the spectral analyze of the data collected, a deep discussion
were made in Sec.3.1.1.

5. Half power bandwidth:

The test conditions in this work, including the ultrasonic instrumentation and the
materials of the specimens, differ from those used by the transducer manufacturer, who tested
a silica specimen. As a result, the optimal frequency range of the ultrasonic transducer in this
study is expected to deviate from the manufacturer’s datasheet specifications. To determine this
range, the half-power bandwidth (—3dB) of the acquired data was analyzed.

For this task, the Eq.3.32 was utilized:

M[dB] = 20logyg {%} . (3.32)

As a remainder, A is the power spectrum presented before Eq.3.1.

According to Silva 2020, higher attenuation in the sample leads to a narrower half-
power bandwidth, which also shifts further from the transducer’s resonance frequency specified
by the manufacturer. In the case of barite under a 1M H z ultrasonic transducer, the higher-
frequency components were significantly attenuated, limiting the frequency range with reliable
data to approximately 200-600k H z.

Based on this investigation, the results presented in Sec. 4 will focus on this identified

frequency range.
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Figure 3.19 — Transducer half power bandwidth.

Fig.3.19 illustrates the downshift of the wave pulse as it propagates through barite.
With a transducer nominal frequency of 1M H z, the energy peak of the frequency spectrum is at
0.4M H z. However, this too high downshift in the frequency axis is not observed in a less lossy
media, such as the polyvinyl chloride or Acrylic, backing the statement made by Silva 2020. This
behavior is well-known in the study of wave attenuation, where higher frequencies experience
greater attenuation than lower frequencies, leading to a reduction in energy at higher frequencies
in the spectral analysis.

6. DC-Offset Correction: DC-offset correction is applied to the time frame by
determining the average voltage value in a short time window immediately before the first echo
signal appears. This offset value is subtracted from every sample in the trace after the first
echo signal appears. Without this correction, a low-frequency component would appear in the
frequency spectrum in a non-coherent manner across individual echo signals, leading to errors.
Additionally, in the frequency domain, the DC component (point 1) is removed from the data

before further processing.
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7. Diffraction Correction:
Diffraction correction is applied to the sound speeds and wave amplitude. More

details in Section 3.3.
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4 RESULTS AND DISCUSSIONS

4.1 Attenuation

Fig. 4.1 shows the wave attenuation coefficients for barite samples with different
compaction levels. The compaction levels are indicated by the C' mark in the legend, as follows:
C1 < C2 < (3 and also by the colors blue < green < red. As the number increases, the
compaction level becomes higher. Two barite samples were tested, Samplel and Sample2,
respectively; however, compaction was not controlled between the two samples. The only
controlled compaction was within the same sample, as controlled by the C' mark.

Each line observed in Fig.4.1 is the average of several collected data. This procedure
was done since the attenuation variation in each measurement in the experiment was in the same
order of the attenuation variation due to compaction. To address this issue, more than ten data
were collected for each level of compaction, and the average value of the data were chosen. For
better understanding, doing one measurement, the attenuation in function of sample compaction
wasn’t being observed, only after several measurements a trend on the data become clear, and it
was related with the compaction phenomena.

At first glance on Fig.4.1, one can observe a difference between the curves of the
same sample (Samplel or Sample2). As the compaction level increases, there is a downward
shift in the sample’s attenuation magnitude, indicating lower attenuation on average with higher
compaction. Another interesting observation is the difference in attenuation between the two
samples. Although compaction was not controlled between them, it is reasonable to assume that
Samplel is more compacted than Sample2. This assumption is supported by the fact that the

mud for Samplel was denser and more difficult to handle.
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Figure 4.1 — Attenuation comparison with levels of compaction.

The linearity in attenuation observed between 0.2 and 0.6 MHz, as shown in Fig.4.1,
is consistent with the findings of Hamilton 1980, who documented similar behavior up to
1 MHz in "clay-like" marine sediments, which resemble the barite sample, which are also
backed by Argo 2012; Lee et al. 2009; Kimura 2011; Kimura 2014; Dunlop 1988. Clay-like
sediments typically range from units to dozens of microns (um), while sandy-like sediments
range from hundred to thousand of microns («m). Jackson & Richardson 2007, in contrast to
Hamilton’s data, presented a data regression for 78 siliciclastic and carbonate sites where in situ
measurements were were conducted at either 38k H z or 58k H z, frequencies much lower than
working frequency utilized, but they can still serve as preliminary validation for this work, which
will be further refined in subsequent studies. This regression also have shown a linear behavior,
as seen in Fig. 4.1.

Dunlop 1988 introduced a variable called the "structure factor" g to analyze wave
attenuation as a function of variations in pore directions. The structure factor, as described by
Dunlop, accounts for the apparent increase in fluid inertia due to the random orientation of pores
in a sediment. It modifies the effective fluid density in Biot’s theory, meaning a difficulty for the

fluid to go through the pores in the wave propagation direction. Dunlop observed that increasing
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the g factor, by increasing compaction and reducing the pore sizes, resulted in a reduction in
acoustic wave attenuation. This behavior can be explained using Biot’s acoustic theory.

There are two ways of compressional wave propagation through granular media
according to Biot’s model. For long wavelengths, where the wavelength is much larger than the
granular structures, the medium behaves like a homogeneous material. In this case, propagation is
governed by the skeletal frame properties, which arise from the interactions between the particles
(Stoll 1989). However, for higher frequencies (shorter wavelengths), where the wavelength is
no longer much larger than the granular structures, the phenomenon of decoupling begins to
occur. Instead of the medium acting as homogeneous, the fluid within the medium starts to move
relative to the skeletal frame, introducing additional attenuation mechanisms, such as viscous
damping. The reader is referred to read Sec.2 for a better understanding.

The last statement highlights how a granular structure susceptible to a relative flow
displacement (high porosity) can impose higher attenuation for a viscous dominated sound wave,
due to increase in the viscous damping presence while obscuring the solid frame damping.

This phenomena were observed by several authors such as
Lee et al. 2009; Kimura 2011; Argo 2012 while analyzing porosity as the parameter under inves-
tigation. However, as exemplified in Sec.2, while increasing frequency, grain size or compaction
level, the order relation between attenuation and frequency increases, going from f%5 to f2.
Such trend wasn’t observed in Fig.4.1, the only trend observed was the attenuation magnitude
being reduced.

As stated by Argo 2012, The expected higher-order frequency dependence of attenu-
ation due to porosity reduction was only weakly observed at lower frequencies O(400kH z) or in
samples with smaller grains (small £a). The same statement were made by Kimura 2011 while
increasing the granular grain size (porosity reduction), which observed only a downward shift in
the attenuation’s magnitude for low frequencies O(400k H z), not seeing any trend of attenuation
increase slope in this low frequency regime. Kimura’s data showed this tendency of frequency
order increase only in lower porosity samples (larger grains) in the high frequency regime.

To avoid misunderstanding by the part of the reader, it’s important to keep clear
that the lower frequency regime from the works of Lee et al. 2009; Kimura 2011; Argo 2012
can be assumed as the high frequency regime (second regime, viscous loss dominated) in the
work made by Dunlop 1988. Since Dunlop’s compilation worked with way lower frequencies

0.01 — 100k H z, his high frequency regime can be placed in the low frequency regime in the
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works done by the formers mentioned authors, which have worked in the range of 0.3 — 1M H z.

Since the present work has a mud like sample (small grains and high porosity)
Sec.3.2.2, even though working in a high frequency range susceptible to the frequency order
increase due to compaction, the data collected placed the barite sample in a lower ka regime,
where a increase in frequency dependence order of attenuation wasn’t observed. This can also
be observed in the work from Lee et al. 2009, in which the samples with mean grain size from
60pm to 150m don’t presented a order increase from one another while increasing grain size,
only a reduction in attenuation magnitude, backing the data collected from barite, which has
small grain size than the ones tested by Lee.

Based on Biot-Stoll theory (Dunlop 1988), it can be seen that for this ka regime
(viscous damping dominated), as the permeability (or pore size) decreases (more compaction)
while maintaining the same frequency, the acoustic attenuation starts to decrease, as observed
in the experiments. This occurs because the pores structure become smaller relative to the
wavelength, which remains constant, thus reducing the ratio between pore size and wavelength.
As a result, viscous damping (which is more pronounced when the pore size to wavelength ratio
is large) is reduced, placing the ka regime of the wave/barite in a region where the skeletal
damping starts to become more influent, reducing the attenuation observed.

Nevertheless, in spite of the ultrasonic measurement cell had been under vibration
for each level of compaction, and it’s had degassed our sample, one can’t say that no other air
bubble remained within the tested sample; therefore, such attenuation reduction as observed in
the measurements could be due to the reduced presence of air bubbles for each measurement
compaction level. On the other hand, the observed attenuation behavior can be seen in the
specialized literature, which supports the assumption of increased compaction as stated earlier.

Nevertheless, despite the ultrasonic measurement cell being under vibration at
each level of compaction (and having degassed our sample) one cannot assert that no air
bubbles remained within the tested sample. Therefore, the observed attenuation reduction in the
measurements could be attributed to the decreased presence of air bubbles at each compaction
level. On the other hand, the observed attenuation behavior is also reported in the specialized

literature, supporting the assumption of increased compaction, as stated earlier.
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Figure 4.2 — Attenuation comparison between Barite samples and Glass Sphere samples.

In Fig.4.2, when comparing the attenuation of Glass Spheres 60 — 100um with the
barite samples, a significant difference is observed. Barite exhibits higher attenuation at higher
frequencies, but as the frequency decreases, the barite attenuation becomes less than the one
from Glass Spheres.

The slope of the attenuation curves for the Glass Spheres varies between samples,
but on average, the Glass Spheres shows a shallower slope in comparison with barite. This
suggests that their attenuation do not increase as rapidly with frequency as the barite samples.

Similar to Barite, as the compaction of the Glass Spheres increases, the attenuation
decreases, even though this effect is more pronounced at lower frequencies. Since the glass
sphere sample has a bigger grain size, it places the ka relation closest to the high frequency
regime based on the works from Kimura 2011; Argo 2012; Lee et al. 2009. As observed by
Argo 2012, when increasing the frequency, or increasing the grain size, the relation between
higher-order frequency dependence of attenuation and porosity is more evident. This statement
by Argo can be the explanation for why the slope wasn’t observed clearly in the Barite samples,
as it was in the Glass Spheres. This phenomena was also observed by Lee et al. 2009.

A similar characteristic was reported by Stoll 1989, based on the work of
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The higher frequency exponent observed in the high frequency regime, compared
to the low-frequency value, can be explained by greater shear losses due to a higher density of
grain contacts per unit volume or by increased scattering losses resulting from a greater number
of scattering centers per unit volume

It is important to understand that the long and short wavelength regimes depend on
several factors, including frequency, particle size, temperature, structural factor and permeability,
to name the most relevant ones. Between these regimes lies the transition zone. Given the grain
size of our samples and the wavelength used, the samples are situated in the transition regime,
with Glass Spheres being more susceptible to short-wavelength behavior than barite.

Setting aside the fact that Barite and Glass Spheres should not be directly compared
due to their significant differences (such as geometry, physical properties, and purity) we will
attempt to explain certain inconsistencies in their behavior through physical principles.

Since individual Barite particles ranges from fraction of units to dozens of microns, its
frequency order dependence of attenuation is expected to be lower due to the smaller dimensions
relative to the wavelength (kaperie < kagiess). However, this is not the case, suggesting that
other factors are contributing to the higher attenuation observed. As shown in Sec.3.2.2, Fig. 3.9,
the microscope image of diluted barite reveals its geometry and adhesion effects, which likely
play a significant role in the observed attenuation behavior.

In Fig.3.9, it can be observed that barite particles cluster together, forming flakes of
various sizes and shapes, ranging from a few microns to several dozen microns. The morphology
of these flakes seems to be irregular, lacking spherical shapes or a consistent pattern. According
to the work of

As pointed out above, despite the barite particles being smaller in nominal size than
the glass spheres, meaning lower ka relation, the barite sample exhibits higher attenuation slope
with frequency. This discrepancy can be explored in future studies, focusing on samples with
different geometries (more or less spherical) while maintaining the same physical properties, and
vice versa, with the same geometries and varying physical properties. This could clarify another
parameters related with wave attenuation for high frequency studies other than ka. The observed
behavior could also be attributed to several factors, such as the non-Newtonian characteristics
of the compacted barite, possible electrical interactions between barite particles, contamination
from unidentified particles, or various other physical properties.

The authors of this study also noted that attenuation results for the glass spheres
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were more sensitive to variations in geometry and compaction. This sensitivity can be attributed
to the displacement of the spheres, even with slight movements, as they did not easily aggregate.
Due to their larger size, the glass spheres are more susceptible to scattering effects, so, small
variations in the grain arrangement changed the scattering values. This highlights the sensitivity
of non-cohesive granular media to scattering variation in a wavelength range where such effects
are prominent. In contrast, the barite sample exhibited more aggregated behavior and smaller

nominal sizes, resulting in a more homogeneous wave path compared to the glass spheres.

4.2 Phase velocity

The phase velocity was obtained using the same samples presented in Sec. 4.1. The
legend C'1 < C'2 < (3 indicates increasing levels of compaction. As for attenuation, the data
presented here is derived from several measurements, representing the average value of these
measurements.

It was presented in Sec.3, two types of wave velocity, the group and the phase ones.
In despite of that, for this work only phase velocity will be presented, this is made to align with
bibliographic comparisons, as it is commonly used to characterize sedimentary media.

Fig. 4.3 shows the phase velocity behavior of barite in function of compaction. At
first glance, the positive correlation between compaction and wave velocity is evident, consistent
with the literature discussed in previous sections. Additionally, a slight increase in wave velocity
with frequency is observed, which is a characteristic of low frequencies or small grains ka << 1

in the experimental data, such regime is predicted by Biot-based models.
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Figure 4.3 — Phase velocity of barite as a function of compaction.

The increase in velocity ratio with decreasing porosity (higher compaction) aligns
well with Biot’s model, making it reasonable to interpret the results based on its parameters and
physical implications. The velocity increase can be attributed to the fact that sound speed in a
porous medium is significantly influenced by the skeletal frame modulus and fluid content. As
porosity decreases, the proportion of solid grains increases, strengthening the bulk and shear
moduli of the medium and thereby increasing acoustic wave velocity. Since the frequency
remains in a regime where wave propagation through skeletal frame is present, compaction
enhances the rigidity of the frame through which the wave propagates.

Furthermore, higher porosity (lower compaction) results in a greater presence of
fluid-filled voids, which reduce the overall stiffness of the sediment, increase attenuation (as
discussed in Sec. 4.1), and lower the velocity ratio.

Interestingly, this trend was not observed in the glass sphere samples, as shown in

Fig. 4.4.
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Figure 4.4 — Phase velocity of glass spheres as a function of compaction.

While glass spheres exhibit an increase in wave velocity with frequency, there is
no clear correlation between velocity and compaction. Two possible explanations exist for this
discrepancy. First, glass spheres may have a greater compaction capacity than barite, resulting in
a weaker velocity signature that falls within the data’s measurement uncertainty. Second, the
ka parameter for the glass spheres could be closer to a transition region where minimal or even
negative dispersion is expected (velocity decreasing with frequency). This might explain the
observed tendency toward velocity reduction at frequencies around 450k H z.

Another important consideration is the small variation between the sediment wave
velocity and water velocity. This places the observed variations within a range where dis-
tinguishing true physical phenomena from measurement errors becomes challenging. Unlike
barite, where a clear trend was observed, the glass sphere data lacked a definitive correlation
between compaction and velocity, suggesting that minor experimental variations or measurement

inconsistencies could be influencing the results.
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Figure 4.5 — Comparison of phase velocities between glass spheres and barite samples.

One notable observation is that the phase velocity of glass spheres is consistently
higher than that of barite, as shown in Fig. 4.5. This result aligns with previously cited literature
and was consistently observed across all tested samples. The possible physical explanation for
these values supports the proposed factor behind the lack of an observable relationship between
glass sphere compaction and attenuation: the high compaction capacity of glass spheres. Because
glass spheres compact easily, their overall elastic modulus is higher than that of barite, leading to

an increased wave velocity compared to barite.
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S CONCLUSIONS

One of the primary goals of this work was to measure sound speed and attenuation
in sedimented barite within the high-frequency range. The study focuses on how P-wave velocity
and attenuation vary with compaction, contributing to a broader effort to correlate acoustic
properties with barite sediment behavior.

Alongside the barite measurements, glass spheres were under investigation to stablish
a precedent of grain size distribution on the acoustic behavior during the granular compaction
process.

A novel measurement cell arrangement for granular media was also proposed. While
similar experimental setups are frequently used for characterizing fluids and emulsions, to the
best of the author’s knowledge, this method has not been previously applied to granular media.
The data collected using the single transducer measurement cell showed reasonable agreement
with specialized literature, emphasizing its applicability to this task.

In the analyzed ka ~ (O(0.01) range, results indicated that increasing compaction
led to a downward shift in acoustic wave attenuation magnitude in barite samples. However,
no significant variations in the attenuation dependence order with frequency were observed.
Meaning that a linear relationship between attenuation and frequency remained consistent across
all compaction tests, without changes in slope.

A similar trend was observed for glass spheres, though it was more pronounced at
lower frequencies. However, when varying the compaction level, an overall increase in slope
was noted, indicating a stronger relationship between wave attenuation and frequency. This
difference may arise from glass spheres being in a ka ~ (O(0.1) range, which is more sensitive to
high-frequency effects than barite. This order variation can be attributed to scattering phenomena,
which are more prominent in the glass spheres’ ka range.

Additionally, the results showed that acoustic attenuation in the high-frequency range
is influenced not only by grain size or porosity (compaction level) but also by inter-particle
interactions, including electrical effects, the degree of aggregation, particle morphology, to say
the less. The absence of the expected behavior when comparing barite and glass spheres samples
suggests that other uncontrolled parameters played a significant role in the acoustic attenuation

data.
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Phase velocity analysis in barite samples demonstrated a clear response to com-
paction variations. As expected for ka << 1 conditions, phase velocity increased with higher
compaction levels. A slight positive dispersion was observed in the studied frequency range,
where wave velocity increased with frequency, a behavior predicted by Biot-based models.

In contrast, the relationship between phase velocity and compaction in glass spheres
was not as evident. No consistent trend was observed in velocity variations while averaging
the data, whether compaction was changed or not. As discussed in Sec. 4, this could be due to
the higher compaction capability of glass spheres compared to barite or the transition regime,
making wave dispersion effects ambiguous.

Such differences between barite samples and glass spheres highlight how grain
size—even when relatively similar—can significantly affect wave propagation, thereby altering
the acoustic response due to microstructural changes such as compaction.

As noted in Sec. 3, the experimental apparatus had some operational challenges,
which were detailed in that section. For future studies, a refined version of the measurement cell
has been proposed to address these limitations, reducing uncertainties in the collected data.

Although the data presented in this dissertation serve a qualitative purpose, meaning
exact numerical values or precise compaction behaviors were not fully captured, the overall
acoustic behavior of barite as a function of compaction was effectively observed. These acoustic
signatures can already be utilized for phenomenological surveys. However, since high-frequency
studies aim for a more detailed microstructural understanding, the development of a more
precise experimental cell becomes a crucial factor for future researches. The acoustic signature
successfully recorded in this study will be further analyzed in future investigations focused on
the detailed acoustic characterization of barite.

All the presented argument along this dissertation showed that the use of high-
frequency ultrasound waves to study the geometry and physical behavior of sedimented barite
through wave attenuation and velocity as a function of frequency has proven to be effective.
High frequencies enable the analysis of grain shapes, sizes, and compaction while isolating
geoacoustic properties of the medium. This is valuable for developing acoustic models that
characterize granular media using remote measurement methods. By isolating and analyzing
specific properties such as compaction, we can infer their evolution by identifying expected
acoustic trends, thereby understanding medium behavior without direct contact. These acoustic

signatures can be readily observed through acoustic methods, highlighting the potential for



surveying AP B phenomena using acoustic measurement techniques.
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APPENDIX A - COLLECTED DATA REPRESENTATION
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Figure A.1 — Complete vector in time domain.
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Figure A.2 — Separated echoes in time domain.
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APPENDIX B - NUMERICAL SIMULATION FOR EXPERIMENTAL
CELL OPTIMIZATION

This section presents numerical simulations intended to enhance the design of the
ultrasound cell described in Sec. 3.2.3. These simulations are carried out using Finite Element
Method (FEM) environments, which are essential tools for analyzing wave behavior within
ultrasonic measurement setups and are widely accessible to engineers. One of the main challenges
addressed in this study is the presence of internal reflections and wave superpositions, which
can interfere with signal clarity and distort the acoustic field, thereby degrading measurement
quality, as previously discussed in Sec. 3.2.3.

Concerning back-wall echoes, a specific issue arises from the high wave velocity of
stainless steel (approximately 5, 800.00m /s). When employing a steel plate at the bottom, even
with a substantial thickness of 1cm, it results in a double back-wall echo from the opposite face
of the plate, with a delay of about 3us between the two back-wall echoes, which complicates
identifying the desired echo. In the work by (Lofqvist 1997), an inclined back-wall bottom was
introduced to mitigate unwanted reflections. In this dissertation, rather than using the same
approach, different geometries were analyzed to determine which provided the best results.

Several geometries were tested in a COM SO L environment aiming for the optimized
back-wall echoes. Below we can see some of the geometries tested and their back-wall echoes
received by a probe placed in the position of the receiver transducer. In Fig. B.1, the echo
behavior for each geometry can be seen graphically:
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Figure B.1 — Numerical representation of the wave behavior within the cell using FEM method
(Multiphysics 1998).

For a thick rod, represented by Fig. B.1a, the unwanted echo was detected right before
the back-wall echo Fig. B.2,in 0.75 x 10™*sand 1 x 10~4s.
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Figure B.2 — Unwanted echoes using a flat back-wall end.

Using an inclined bottom Fig. B.1b, as used by Lofqvist 1997, it can be observed that
the echoes are closer to the back-wall echo compared to those in Fig. B.2, albeit with slightly
weaker amplitudes.
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Figure B.3 — Unwanted echoes using a inclined back-wall end.

As presented in Fig. B.4, the conic geometry, represented by Fig. B.1(d) returned the
best data compared to the previous ones, and only a slightly unwanted echo was observed with a
acceptable amplitude within 0.5 x 10™s and 1 x 10~%s.
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Figure B.4 — Unwanted echoes using a positive conic back-wall end.

However, the clearer subsequent echoes were made using a negative conic shape
Fig.B.1(c), as can be seen in Fig.B.5.
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Figure B.5 — Unwanted echoes using a negative conic back-wall end.

Therefore, based on the data obtained, the two geometries shown in Figs. B.5 and
B.4 provided the best results in terms of minimizing subsequent echoes from the back-wall rod.
These geometries are represented in a simplified form in Fig. B.8.
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Figure B.7 — Geometry as the simulation from Fig.B.1(c).

Figure B.8 — Out of scale representation of the improved ultrasonic measurement cells.

Even though Fig. B.1(c) yielded the best data between the two geometries, its mechan-
ical complexity during fabrication is the primary concern when selecting this design. However,
since the goal of this section is to present the acoustical challenges of ultrasonic cell construction
and how to address them, the geometry that produced the clearest data will be used despite its
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fabrication difficulty.

Another point of concern related to the cell geometry is the presence of side echoes
and the delay between the entry echo and the back-wall echo due to the sample’s depth.

To mitigate these issues, in Sec. 3.2.1, literature values were chosen that significantly
exceed the minimum sample size required to prevent echo overlap, thereby accounting for
uncontrolled variables. The referenced literature recommends sample depths between 5 and 10
times the wavelength used, ensuring they are sufficiently large.

However, more dispersive media broaden the emitted pulse, resulting in a greater
effective wavelength than that selected by the signal generator (Sec.3.1.3). Thus, using fixed
values for sample depth based solely on the chosen wavelength for all materials is not the most
optimal approach. In despite of that, this is the simplest and quickest method to apply.

In the case of barite, an excessive sample depth could result in complete signal
dissipation within the material, making it essential to determine an optimal depth suitable for our
specific sample.

Following this approach, an analysis was conducted using COMSOL
(Multiphysics 1998) to determine the optimal sample depth for a highly dissipative
medium. The tested sample was constrained by COMSOL'’s viscous model, an equivalent-fluid
model that simulates sound propagation in a fluid while accounting for viscous losses within
the bulk. Although this model does not perfectly represent a granular medium, it provided a
reasonable initial approximation.

The tested geometry is depicted in Fig.B.9.

Figure B.9 — Geometry tested in COMSOL (Multiphysics 1998).

In this figure, the cyan color represents the acrylic buffer rod, the sample is shown in
beige, and the back-wall is in gray.
The acoustic field behavior within the cell is presented in Fig. B.10:
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Figure B.10 — Sound field within the optimized ultrasound measurement cell.

Visually, the first two echoes correspond to the entry and back-wall reflections.
A probe was placed at the transducer’s position to collect acoustic pressure data,
simulating the pulse-echo procedure, as shown in Fig.B.11.
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Figure B.11 — Acoustic data collected from the probe.

As seen in Fig. B.11, the selected sample depth is ideal, providing a clear gap between
the two desired echoes in approximately 6/ — 5s. The chosen sample’s depth is smaller than the
literature-recommended values discussed in Sec. 3.2. This reduction was partly influenced by
prior results obtained through FEM techniques, which allowed for a shorter wave propagation
path, thereby improving the signal-to-noise ratio.

Another important observation concerns the frequency downshift caused by the trans-
ducer’s half-power bandwidth, which is discussed in detail in Sec. 3.4. Fig. B.12 illustrates this
shift, where meaningful data is displaced from the resonance pulse frequency initially set in the
system.



108

Attenuation x Frequency

Acoustic attenuation [Np/m]
SN
T

Frequency [Hz]

Figure B.12 — Sample attenuation using FEM.

The attenuation as a function of frequency, shown in Fig. B.12, exhibits reasonable val-
ues around 300k H z and 700k H z for the tested sample, emphasizing the unavoidable downward
shift in the transducer’s optimal frequency band.

This type of analysis can help the acoustic engineer purchase and order the appropriate
equipment, knowing its behavior in a real application. In this case, the use of an ultrasonic
transducer with a 1M H z resonance frequency will result in a reasonable acoustic study around
400k H z for this type of dissipative material.

The discussion presented this Section showcases an improved ultrasonic cell compared
to the one used in this work, as presented in Section 3.2.1. The data provided here aim to illustrate
how acoustic waves propagate in this type of cell and how its geometry can be optimized.
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