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“An experiment is a question which science poses to Nature, and a measurement is the recording of

Nature’s answer.”

-Max Planck, Scientific Autobiography and Other Papers
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RESUME

Quelle est la principale différence entre I'étude d'un échantillon de roche en laboratoire, a I'échelle
centimétrique, et 1'é¢tude d'un affleurement rocheux sur le terrain, a 1'échelle kilométrique ? Un
affleurement rocheux peut inclure des hétérogénéités qui ne seront pas présentes dans un échantillon
de roche, comme des fractures, des paramétres hétérogénes variables ou méme des couches rocheuses
complétement différentes, pour ne mentionner que quelques exemples. Dans quelle mesure les
propriétés déterminées a 1'échelle centimétrique peuvent-elles étre utilisées pour trouver des
propriétés a I'échelle du terrain ? Pour aider a répondre a cette question, plusieurs tests de laboratoire
sont développés et réalisés pour mieux caractériser les fractures et les hétérogénéités mésoscopiques,
ce qui permettra d'appliquer les données extrapolées du laboratoire aux parametres a 1'échelle du

terrain.



ABSTRACT

What is the main difference between studying a rock sample in the lab, at the centimeter scale, and
studying a rock outcrop in the field, at the kilometer scale? A rock outcrop can include
heterogeneities that will not be present in a rock sample, such as fractures, varying heterogeneous
parameters or even completely different rock layers, to name a few. How than can properties
determined at the centimeter scale be used to find properties at the field scale? To help answer this
question, multiple laboratory tests are developed and performed to better characterize fractures and
mesoscopic heterogeneities, which will allow data extrapolated from the laboratory to be applied to

field scale parameters.
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Introduction Générale

"Comment extrapoler les propriétés des roches mesurées en laboratoire, qui sont déterminées sur
des échantillons de taille centimétrique, a des problémes de terrain mesurés au kilométres ? ” il
s’agit d’une citation du livre d'Yves Guéguen et Victor Palciauskas intitulé "Introduction a la
physique des roches" publié il y a 20 ans. C'est une question toujours d’actualité. En science, toute
solution théorique doit étre testée expérimentalement pour étre validée. Par conséquent, il est
essentiel de comprendre les différents mécanismes qui peuvent survenir lors d’'un changement
d’échelle. Dans cette thése, j'étudie la vitesse des ondes élastiques en condition in situ. En
particulier je me focalise sur la maniére dont différentes hétérogénéités peuvent modifier la facon

dont les ondes élastiques se propagent a travers un milieu poreux saturé.

Trois séries d'essais en laboratoire ont été réalisées a I'aide d'une cellule triaxiale qui permet de
reproduire les conditions in situ. On utilise des méthodes d'oscillations forcées et des propagations

d’onde ultrasoniques pour extraire les propriétés élastiques a différentes fréquences.

La premiere série de tests a été effectué sur trois échantillons de carbonate. L'un de ces échantillons
est homogéne et sert d’échantillon de comparaison. Les deux autres échantillons sont hétérogenes.
En étudiant les propriétés élastiques dans la gamme de fréquence apparente (102 a 10°-10°), deux
pics d'atténuation ont été observés. Un pic a été observé dans les trois échantillons et s'est produit
a une fréquence d'environ 40 kHz. Ce mécanisme d'atténuation est lié a I'écoulement de fluide dans
les pores, qui se produit au niveau microscopique ; il est principalement controlé par le facteur de
forme des fissures préexistantes présentes dans les trois échantillons. Le deuxiéme pic
d'atténuation a été observé dans les échantillons hétérogénes, autour de 100 Hz. Ce mécanisme
d'atténuation est lié a I'’écoulement mésoscopique de fluide entre des régions de porosité variable.
En utilisant la diffusivité hydraulique de I'échantillon et la fréquence de coupure observée, la

longueur de diffusion a été calculée, qui est en accord avec les observations de tomographies de
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densité des échantillons. Un modéle numérique 3D a également été développé et a confirmé les

résultats expérimentaux.

Ensuite, des essais d'oscillation hydrostatique a basse fréquence ont été réalisés sur des
échantillons de carbonate de Rustrel intacts et fracturés, a trois pressions effectives dans des
conditions seches et saturées en eau. Le module d’incompressibilité et l'atténuation ont été
mesurée en fonction de la fréquence. Dans le cas sec, il n’y a ni dispersion ni atténuation, ainsi que
dans la roche intacte et saturée. Lorsque I’échantillon est fracturé, on observe une dispersion. Par
ailleurs le déphasage entre contrainte et déformation est négatif. Cette dispersion s’atténue avec
la pression de confinement. Un modele analytique 1D et un modele numérique 3D ont été
développés, qui expliquent les observations expérimentales, soulignant les parametres critiques
(raideur de la fracture et géométrie de la fracture) contrélant la dispersion, le mécanisme sous-

jacent étant de la diffusion de la pression du fluide de la fracture vers I'espace poreux.

Enfin, deux fractures perpendiculaires ont été créées dans un échantillon de calcaire de Solnhofen.
L'échantillon fracturé a été testé, dans une gamme de fréquences de 0,2 a 40 Hz, dans des
conditions non drainées et saturées en glycérine, a plusieurs pressions effectives. Le module de
Young normalisé et |I'atténuation ont été extraits, ce qui a mis en évidence un pic d'atténuation a la
fréquence de 2 Hz, ayant une amplitude maximale de 0,07 a la pression effective la plus faible de 5
MPa. Un modele numérique 3D a été développé et utilisé, confirmant les données expérimentales.
Le mécanisme sous-jacent pour cette dispersion étant de la diffusion de pression de fluide de

fracture a fracture.

General Introduction

“How do we extrapolate laboratory — measured rock properties which are determined on centimeter-
sized samples, to field-scale problems measured in kilometers?” is a quote from Yves Guéguen and

Victor Palciauskas book the “Introduction to the physics of rocks” published 20 years ago. It is an
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interesting question, as usually in science any theoretical solution should be tested experimentally to
be validated. This can be quite challenging when there are no labs that can test to scale phenomenon
which are studied in the field in geosciences. Therefore, it becomes crucial to understand the different
mechanics which can arise when upscaling. Here I will focus on the elastic wave properties under in
situ condition, and in particular I focus on how different heterogeneities (mesoscopic and fractures)

can alter the way elastic waves propagate through a saturated porous media - rock.

Three sets of laboratory tests were conducted using a triaxial cell which allows for dry, water, brine
and glycerin saturated sample conditions, under pressure while forced oscillation and ultrasonic

transmission methods were used to extract elastic properties from the samples being tested.

The first barrage of tests was performed on three carbonate samples. One of these samples is
homogeneous and is used as a comparison. The other two samples were heterogeneous. When
studying the elastic properties within the apparent frequency range (102 to 10° and 10° Hz), two
distinct attenuation peaks were observed in the heterogeneous samples and only one was observed
in the homogeneous sample. The peak observed in all three samples occurred at a frequency around
40 kHz. This attenuation mechanism was related to squirt flow, which occurs at the microscopic level
and is related to the aspect ratio of the pre-existing cracks present in all three samples. The second
attenuation peak was observed around 100 Hz. This attenuation mechanism was related to
mesoscopic flow between regions of varying porosity. Using the hydraulic diffusivity of the sample
and cut-off frequency observed, the length of diffusion was calculated which was in good agreement
with what was seen in the CT scans. A 3D numerical model was also developed and corroborated

the experimental results.

Next, low frequency (0.04 to 1 Hz frequency range) hydrostatic oscillation tests were performed on
intact and fractured carbonate Rustrel samples, at three effective pressures in dry and water saturated
conditions. The apparent bulk modulus and attenuation were extracted along the whole frequency
range showing no dispersion in the dry case or in the intact case. However, there was negative phase
shift between stress and strain in the fractured case in water saturated conditions at lower effective
pressures which disappeared at the highest effective pressure. A 1D analytical model and 3D
numerical model were developed, which explained the behavior, underlining the critical parameters
(fracture compliance and fracture geometry) relevant to the local negative phase shift associated to

fracture to pore space fluid pressure diffusion (FPD).

Finally, two perpendicular saw cut fractures were made in a Solnhofen limestone sample, then the

saw cut sample was tested, within a frequency range of 0.2 to 40 Hz, in undrained glycerin saturated
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conditions using the axial oscillation test performed at multiple effective pressures. The normalized
Young’s modulus and attenuation were extracted, which highlighted an attenuation peak at 2 Hz
frequency, having a maximum amplitude of 0.07 at the lowest effective pressure of 5 MPa,
interpreted as a fracture to fracture fluid pressure diffusion. A 3D numerical model was developed

and used which corroborated the experimental data.
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1. Introduction

In this chapter, a quick overview of the basics of elastic and porelasticity theory is explained, which
is essential for the interpretation of laboratory measurements as well as for seismic inversion.
Following this, the concepts of dispersion and attenuation of velocity are described as well as the
multiple mechanisms behind the attenuation/dispersion which can be present in rocks at different

scales.

1.1 Rocks

Rocks have unique properties depending on the mineral composition and grain size as well as its
physical structure. Granite and rhyolite have the same mineral composition, however due to the
different cooling rates in which they were created, they will have varying grain size and therefore
unique properties. It is also interesting to note that samples with matching mineral composition and
grain size can vary in properties as well due to their porous structure. This is seen, for example, in
the change in p- and s-wave velocities between Fontainebleau sandstone samples with identical

porosities (Gomez et al., 2010).

1.1.1 Carbonate rocks
All experiments described in this paper were performed on carbonate rocks. Carbonate rocks are

composed mainly of minerals which come from organic or inorganic sources. These rocks are
heterogeneous in nature mostly due to the numerous processes that create them: Carbonates are a
product of i) sedimentation depending on physical-chemical-biological processes, depositional
environment, paleogeography, climate, etc. and ii) diagenesis inducing numerous post-depositional
microstructural changes (mineralogical changes, cementation, dissolution, recrystallization,
etc.) during burial due to fluid migrations, fluid-rock interaction and temperature evolution (Bohacs
et al., 2000; Riding, 2000; Freytet and Verrecchia, 2002; Alonso-Zarza and Tanner, 2009; Pace et
al., 2016).

All these geological processes control the microstructure of carbonates and their resulting physical
properties (Anselmetti,1994; Anselmetti and Eberli, 1993, 1999, 2001; Eberli et al., 2003; Bailly et
al., 2019a, 2022).
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1.2 Scale

The definition of scale is an important concept in rock mechanics. For example, at the smaller scales,
the bulk modulus (measure of stiffness) of a calcite mineral is calculated to be around 77 GPa,
however some of the dry samples measured in this thesis have a calcite content hovering around
~98% calcite and usually have bulk moduli around 25 GPa. The reduction of stiffness when going
up to a sample scale is expected, as the sample is made up of not only calcite, but also pores filled
by fluid.

1.2.1 Representative elementary volume

The representative elementary volume (REV) is defined as the volume which is needed to always
measure the same physical properties (Bear, 1972). As rocks are composed of solid rock matrix and
pore space which can be filled with fluid, gas or a mixture of these, it is important to include an
unbiased representation of each of these components. Figure 1.1 shows a representation of this
phenomenon. If the scale one uses is too small, it is possible that either there are too few pores (A)
and the stiffness of the sample will be overestimated, or there are too many pores (B) and the stiffness
of the sample will be underestimated. Once a large enough volume is used to always measure the
same property value during a test, the beginning of the REV is reached (C). In theory, if the rock
sample were forever homogeneous as the volume increases, the REV domain would continue in
perpetuity (D). In reality, heterogeneities will appear at different scale, at which point the physical

properties would change. An example of heterogeneity is fractures (E).
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Figure 1.1: Volume versus measured property description of the REV domain (modified after Bear, 1972). In the

microscopic scale (A, B), the volume is too small to adequately represent all the pore space. Within the REV the

measured properties are constant (C, D). In the megascopic domain, other heterogeneous features appear which
change the measured properties (E).

1.2.2 Concept of different scales

Different scales have been defined by Haldorsen and Lake (1984) which 1) include microscopic (pore
scale - um to mm), ii) macroscopic (plug scale — cm), iii) megascopic (m to dm) and iv)
gigascopic (km) scales. Bailly et al. (2019b) studied the different effects that upscaling has on the
elastic properties of lacustrine carbonate found in Samos. This was done by comparing p-wave
velocity data compiled at the different scales and frequencies on 5 cm samples with 500 kHz
frequency, 20 and 40 cm outcrops with a frequency of 250 kHz and 54 kHz, respectively, and ~15 m
outcrops at a frequency of 100 Hz. The results showed that as the scale was increased, the p-wave
velocity decreased. Although the experiments were limited to dry samples, it still shows that using
solely ultrasonic measurements in the lab may be insufficient to determine subsurface reservoir

properties because of the presence of heterogeneities.
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Different types of responses are presented in figure 1.2 which shows three examples of stress strain

behaviors, when loading and unloading a rock. The first (A) is a linear elastic loading and unloading

path and can be defined as perfectly elastic. The second (B) shows non-linear elastic loading and

unloading path, which is typical of viscoelastic materials. Finally, a non-elastic behavior (C) is

shown, where there is irreversible strain during the loading/unloading cycles.

A | Linear elastic
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Figure 1.2: Stress strain paths during the loading and unloading of linear, non-linear and non-elastic samples;

In the linear elastic case, the mechanical behavior can be well described using the theory of elasticity,

or Hooke’s law:

o=M.z¢

(LD

where M is a fourth rank tensor of the elastic moduli, o is the stress tensor and € is the strain tensor.

If we assume isotropy, the fourth rank tensor of the elastic moduli can be described with two

independent elastic moduli. Equation 1.1 can be reduced to:

_1+v 4
€ij = — 0ij = 5 0ij0ijs

. (12)

where E and v are the Young’s modulus and Poisson’s ratio, respectively, and §;; is the Kronecker’s

symbol, where §;; = 0if i # j and §;; = 1if i = j. If an isotropic sample is loaded uniaxially (a,,),

the Young’s modulus and Poisson’s ratio can be determined, as follows:
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E=%and ... (1.3)
_ _fx_ _ &y
v=-2=-2 (14

The bulk (K) and shear (G) modulus can also be used to fully define the elastic constants of an

isotropic sample. The bulk modulus is described using a hydrostatic compression such that:

P
Skk:E, (15)

where g is the volumetric strain (& + €,y + &,;) and P is the hydrostatic pressure defined as P=-

Oxx+0yy+0z2

3 . The shear modulus is described using a shear deformation such that:

.
The bulk and shear are commonly used in geophysics, whereas the Young and Poisson ratio are more
often use in rock mechanics. Therefore, it is important to compare the bulk and shear modulus to the

Young’s modulus and Poisson’s ratio.

z (8]
zZZ
o = OXZ
YZ
g
X
zy & Oxx
% O-yx
Oxy —

Figure 1.3: Infinitesimal isotropic cube with confining stresses applied;

If three uniaxial stresses, 0y, 0y, and g, are applied to an infinitesimal isotropic cube, then:

_ Oxx Oyy Ozz
Sxx—T—VT—VT. (17)

The strain in the y and z directions can be defined similarly. Knowing the strain in the three principal

directions as well as the definition of the hydrostatic stress and strain:

Egkk :O'kk(l—ZV). (18)



Chapter 1 - Introduction

The bulk modulus can now be compared to the Young’s modulus and Poisson’s ratio through

equations 1.5 and 1.8:

_E
T 301-2v)

... (1.9)

The shear modulus can be solved, in E and v, by showing a 2D shear stress applied to a square and
resolving it into its principal directions X’ and Y’. Figure 1.4A shows a 2D stress field with a shear
stress (o) and no stress in the X or Y directions. Figure 1.4B shows the shear stress in A resolved
into the X’ and Y’ directions. This produces a positive stress (o) in the X’ direction and a negative

stress (o) in the Y~ direction.

A B
YA YA
(0) : \4 X
Y\ /‘V
N SN s
’ ~
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Figure 1.4: (A) 2D representation of shear stress field; (B) Same shear stress representation resolved into its principal
directions;

Following the X’ direction and using equation (1.7):
Eexinr = Oxixr — VOy1y, ...(1.10)
,With 0y, = 0, 0y, = —0 and &y,y, = €.

Then combining equation 1.6 and 1.10, the shear modulus can be defined as:

_E
T 2014v)

L (L1D)

It is also important to relate the bulk and shear moduli to the compressional and shear wave velocities,

or p- and s-wave velocities for short.

10
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A p-wave can be defined as a wave traveling along z using a displacement vector, u,(z,t) =

el(kz=0t) for a wave with phase velocity V, = w/k. The p-wave, in the z direction, is defined to
. 7] . . . . .

have a strain &,, = % , with all other strain ¢;; equal to 0. Knowing that all internal forces are in

equilibrium and assuming zero external body forces, the dynamic equilibrium equation:

aZZ azZ
g—z=pa;, ...(1.12)

can be solved with equation 1.7, where p is the density.
Knowing &y, = €,,, = 0 and gy, = 0y, due to isotropy, equation 1.7 can be re-written:
v
Oxx = Oyy = T—0p7 and ... (1.13)

_ &zE(1-v)
Ozz

T a+v(a-2v) .(1.14)

Using equation 1.14, the dynamic equilibrium equation turns into:

_ 2 2
[ E(1-v) 10%u; _ 3%u, .(1.15)

a+vya-2v)] 9z2 ~ otz °

Now, the displacement vector can be used to solve the p-wave velocity:

4
_w_ E(1-v) _ K+§G
V=%~ Jama—2vp | "p - ... (1.16)

An s-wave can be defined as a shear deformation traveling along z using a displacement vector,

i(kz— . . .. 10
u,(z,t) = el(kz=®t) for a wave with phase velocity V; = w/k. By definition &gy = Eﬂ and g, =

0z
auy .. . .y . . aazy 62uy
G > Similarly to the p-wave, the dynamic equilibrium equation can be solved 5, = P o such
0%u,  0%u, .
that G 57 = 2 leading to:
G
V, = o ... (L.17)

This is a very powerful tool as the bulk and shear modulus of isotropic mediums can be calculated
by measuring its p- and s-wave velocities. This can be used to quickly and easily measure bulk and

shear modulus in the lab, or it can be used to estimate the elastic properties of rock in situ.

Next, the effects that different pore fluids have on the elastic properties of a rock will be discussed

using the drained, undrained and unrelaxed rock conditions.

11
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1.3.1 Drained conditions

Rocks are a porous medium, as they are composed of a solid mineral structure and pore space. The
compressibility of a rock is therefore related to not only what minerals it is composed of but to its

pore space. The dry compressibility (inverse of Kqry) of a rock can be written as (Mavko et al.,2009):

L 1,9 . .(1.18)

Kdry Kmn K¢

where K, is the bulk modulus of the mineral matrix and ¢ is the porosity. The Ky is the effective
dry pore-space compressibility, which is defined as the ratio of the fractional change in pore volume

Vy,, to an increment of applied external hydrostatic stress, at constant pore pressure:

v,
Ky = 52 ...(1.19)

v,
P/ |
P pf

As rocks are fluid saturated, one needs to define the effective pressure as:
PeIS =P — apy,

where P is the mean pressure applied at the boundary, pf is the pore pressure and «a is the Biot’s

coefficient (Biot, 1941; Rice and Cleary, 1976). The Biot coefficient is defined as:
a=1—-K;/ Ky ... (1.20)

Where, K; is the drained bulk modulus. In drained conditions, there is a constant fluid pressure,

which allows for the pore volume to vary. In this case, Hooke’s law is written as:
O-ij = (Kd - 2/3 G)gkkSij + ZGSU - apf(SL] e (121)
Note that the drained moduli are equal to the dry ones.

1.3.2 Undrained conditions

Undrained conditions are met when the pore space in a rock is filled with fluid, and the pore fluid
mass is constant. In these conditions, the pore pressure can build up when a stress is applied at the
boundaries of the sample. The relationship between the increase in pore pressure and confining

pressure is given by the Skempton’s coefficient (B) (Mavko et al. ,2009):
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-1
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dP lyndrained ¢ Kf Km (Kd Km) ’ ( )

where K is the fluid’s bulk modulus. The bulk modulus of the undrained sample (K;q) can be
deduced using Biot-Gassmann’s equation (Gassmann,1951):

K
(1-72)

Kunded +m. (123)

2

Biot-Gassmann’s equation assumes that (i) the pores are fully filled with no isolated pores, (ii) the

pore pressure is isobaric at a REV scale, (iii) there is no chemical weakening of the sample.

In the laboratory, it can be hard to create undrained boundary conditions due to the hydraulic tubing
that is connected to the sample, creating volumes of water at the inlet and outlet of the sample, which
act as excess pore pressure absorbers (Pimienta et al., 2016b). These volumes associated to the

hydraulic tubing or any excess volume which can be added experimentally, are called dead volumes.

When a stress oscillation is applied at the boundaries of the sample, if the frequency is low enough,
there is time for the pore fluid to migrate from the sample to the dead volume. At high enough
frequencies, there is not enough time for the pore fluid to flow, and the masse of fluid is constant in
the sample. The cut-off frequency between the undrained and drained frequency regimes due to the
dead volume is related to the permeability, k, and dry bulk modulus and inversely related to the

dynamic viscosity 7 of the pore fluid as well as half the length of the sample, L, (Cleary, 1978):

fundrainea = % .. (1.29)
Purely undrained conditions are met in this manuscript by using micro valves which are placed near
the inlet and outlet, removing the dead volume associated with the drained-undrained transition
(Borgomano et al., 2020). The micro valves allow undrained conditions to be reached even at low
frequencies, as the pore fluid mass is constant. In this manuscript, all tests are performed using the
closed microvalves, therefore the cut-off frequency between the undrained and drained frequency is

not investigated.

1.3.3 Unrelaxed conditions

The drained-undrained frequency regimes occur due to the time dependence for the fluid to move at
the sample scale (equation 1.24). The undrained-unrelaxed frequency regimes occur due to the time

dependence for fluid to move at the pore scale. This FPD mechanism resulting from flow between a
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relatively compliant and stiff pore at the pore scale is referred to as squirt flow (Mavko and Nur,
1975, 1979). Figure 1.5 (modified after Murphy et al., 1986) shows an example of the pore pressure
distribution between low (A) and high (B) frequencies. At low frequencies, the pore fluid in the
compliant pore has time to go back and forth between the compliant and stiff pores during the
compression and dilation of the compliant pore. However, at high frequencies, the fluid in the
compliant pore does not have time to flow and is effectively stuck, with the consequence of a pore

pressure build up higher in the compliant pores than in the stiff pore.

Pore scale

A | Low frequency | o B | High frequency | o

L]

>

L] @
REEEEEEEEREREE

Figure 1.5: At the pore scale (A) Relaxed frequency regime where pore fluid has time to flow back and forth from the
compliant and stiff pore; (B) Unrelaxed frequency regime where the fluid in the compliant pore is stuck with increase
in pore pressure;

Many theoretical models of squirt-flow have been developed by analyzing the effect the aspect ratio
(aperture/radius assuming a geometry of penny shape for the compliant pore), at the pore scale, has
on the attenuation mechanism (O’Connell and Budiansky, 1977; Mavko and Nur, 1979; Palmer and
Traviolia, 1980). These models are reviewed as a whole by Jones (1986). Other models assumed a
binary structure with the majority of the porosity attributed to stiff pores and a small amount
attributed to compliant pores, which are responsible for the frequency dependence of the elastic
modulus at the pore scale (Walsh, 1965; Mavko and Jizba, 1991; Shapiro, 2003). Dvorkin et al.
(1995) considered the sample to be a granular structure at the pore scale, with stiff pores
compromising the intergranular structure and the compliant pores compromising the intragranular
structure. A reformulation of this model was completed by Pride et al. (2004) and corroborated that
the high-frequency limit is consistent with the well-established predictions of Mavko and Jizba
(1991).

To summarize, figure 1.6 shows a visual representation of a sample with dead volumes (A), with a
representation of their effects on the bulk modulus of a sample (B). In the drained regime, the pore

fluid pressure cannot develop and does not add any stiffness to the sample, the drained bulk modulus
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is equal to the dry modulus. In the undrained regime, there is an isobaric pore pressure at the REV
scale which develops in the sample, in this case, the pore fluid adds stiffness to the system and there
is a increase in bulk modulus (K4 > K;) due to the increase in frequency. Finally, there is the
unrelaxed regime, which shows a pore pressure gradient at the microscopic scale, related to the
difference in compliance between the pores, and K, > K,;,4- This high frequency regime can not
be interpreted in the framework of the poroelasticity (the assumption of isobaric pore pressure at the
REV scale is not valid), but can be interpreted using the framework of effective medium model
(Fortin and Guéguen, 2021). The change in elastic properties, due to a change in frequency is called
dispersion. As shown in figure 1.6, during the dispersion, an associated attenuation occurs which is

related to a loss of energy between the changes of stable regimes.

A | Fluid-flow regimes

Increasing
pore pressure

Drained ! Undrained ! Unrelaxed Frequency
Cut-off frequency Cut-off frequency
f;nd, f;q.
B [Bulk modulus dispersion and attenuation |
A
Kunr.>Kund
| |
| |
5 | |
E : und.>Kdr. l
% | | 5
g l : A *g
a2 Kdr’ | i | S
A f =
FA I °
! . ! >
"""""""""""""""""""" | ToTTTTTTTTTTTmmmmmmmmmmmmememennnm T | o
: . >/
Cut-off frequency Cut-off frequency
jt‘md. f;q.

Figure 1.6: (A) Drained, undrained and unrelaxed fluid flow regimes; (B) Bulk modulus dispersion and attenuation
caused by the fluid flow regimes;
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1.4 Dispersion and attenuation

The elastic modulus (M) of a sample can be written in the form of a complex number (O’Connell

and Budiansky, 1977):

where My, is the real part and M; is the imaginary part. If the rock is perfectly elastic (figure 1.2A),
there is no phase shift between stress and strain. However, if there is a non-linear elastic response
(figure 1.2B), the stress and strain will not have the same phase, or will be out of sync. This non-
linear elastic response can be described by assuming a viscoelastic medium. As the stress is the cause

of the strain, the strain phase can only be equal or lag behind the stress phase.

The attenuation of a sample is measured experimentally by (i) measuring the phase shift between the
stress and the strain or (ii) by relating the maximum elastic energy stored in one cycle (E) to the

elastic energy dissipated (AE) during that cycle (O’Connell and Budiansky, 1978):

- 1 AE M
Qy ' =tan(A¢) = e = M—; ... (1.26)

Where Ag is the phase shift between the stress phase, ¢, and the strain phase ¢,.

For a modulus M, a body wave of angular frequency w can be described by using the propagation

equation along the z-axis:

—az

U= uge e vy ...(1.27)

where V, is the wave velocity and a is the attenuation coefficient of the sample. The wave’s energy

decreases along the z-axis according to e~®2. The Q,, ' and a can be related by (O’Connell and

Budiansky, 1978):

_ v 'w
a——VO . ... (1.28)

A first method to determine the attenuation, is to measure the phase shift between stress and strain.
This can be done by fitting a sinusoidal wave to match the data or by applying a fast Fourier transform

(FFT) to the data.

Another method requires the determination of the elastic energy stored and dissipated in one cycle.

This can be determined using figure 1.2 with the elastic energy dissipated equal to the area within

16



Chapter 1 - Introduction

the stress-strain cycle and the elastic energy stored as the area underneath the stress-strain curve,

following (Tisato and Madona, 2012):

AE = po ool i and By = S ... (1.29)

where N is the total number of data points, N, is the total number of cycles collected, with g, and &,

being the stress and strain at a particular data point n.

All three methods have been used and compared by Borgomano (2018), and the author showed that
the method of applying an FFT to determine the phase shift and the determination of the elastic
energy lost always matched well, whereas the sinusoidal fitting method is not precise enough. As the

FFT method is straightforward and reliable to implement, it is always used in the manuscript.

1.5 Other mechanisms of dispersion and attenuation induced by fluid

pressure

1.5.1 Mesoscopic flow

Partial saturation can be the cause of mesoscopic FPD. This was first studied analytically by White
(1975) assuming bi phasic pore space, with a spherical pocket saturated with a very compressible
gas and the surrounding volume saturated with liquid (concentric spheres). White’s model couples
body waves and fluid flow. The body waves induce fluid flow generating a pore pressure gradient
between the gas and liquid. Using measured velocities in unconsolidated packed sand, p-wave
velocities were calculated and shown to increase by ~18% with saturation with matching attenuation
peaks. It was also shown that although bulk modulus is frequency dependent, the shear modulus was
not. Other analytical solutions have been developed to describe mesoscopic FPD through fluid

heterogeneities (Johnson, 2001; Kobayashi & Mavko, 2016; Pride et al., 2004).

Numerical models have also been developed to solve FPD due to partial saturation by solving Biot’s
(1941) quasi-static consolidation equations (Quintal et al., 2011) and Biot’s (1962) dynamic
poroelastic equations (Carcionne et al., 2003; Rubino et al., 2009) which match well with analytic

solutions.

Experimentally, there have been two main methods to introduce bi-phasic fluid distribution to a

sample. The first is the imbibition and drainage technique (Alemu et al.,2013; Nakagawa et al.,
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2013a; Zhang et al., 2015). The second is the exsolution of a gas from a fluid (Johnston and Toksoz,
1980; Blanchard and Delommot, 2015; Tisato et al., 2015; Spencer and Shine, 2016; Chapman et al.,
2017; Chapman et al., 2021). The most comprehensive of these was probably conducted by Chapman
et al. (2021) as they managed to test a large frequency range while simultaneously having a good
understanding of the fluid distribution. A Berea sandstone cylindrical sample, with a diameter of 40
mm and a height of 80 mm, was saturated with a water-CO2 mixture. The first part of the experiment
followed a strict CO2 gas exsolution process which was monitored using a X-ray scanner, allowing
for a 3D representation of fluid distribution. The second part of the experiment had the process
repeated on the sample, in a triaxial cell, where axial oscillation tests were performed at a large
frequency range. Dispersion and attenuation were observed which were consistent with the analytical
and 3D numerical models. The rate of the fluid pressure decline was also observed to have an effect
on the dispersion and attenuation, showing a shift of the attenuation peak to higher frequencies during

slow pressure declines.

Another cause of mesoscopic FPD can be caused by a heterogeneous sample, with varying solid
matrix properties. Pride et al. (2004) made a double porosity analytical model in the framework of
the poroelasticity (Biot, 1962), where a consolidate sandstone (phase 1) host rock contains thin lenses
of another rock type (phase 2). It was found that the magnitude of the attenuation measured was
controlled by the difference of elastic properties of the two phases as well as the shape of the
inclusions. Indeed, the two phases needed to have a significant difference in properties to generate
pore fluid pressure gradients. It is interesting to note that a change in permeability alone did not
create an attenuation peak. Carcione and Picotti (2006) develop also a mesoscopic FPD numerical
model using the laws of poroelasticity (Biot, 1962), and in their case the heterogeneities were in the

form of stratified layers.

1.5.2 Fracture to pore space flow

Fractures are not routinely tested in the laboratory, as a sample with a fracture, is hard to test and
would introduce a heterogeneity (no longer in the REV domain). However, fractures can have large
effects on reservoir parameters such as permeability (Walsh, 1981; Paillet et al. 1987) and elastic
properties (Matonti et al., 2015; Bailly et al., 2019b) as well as having an effect on the dispersion
and attenuation as it provides a FPD mechanism between the compliant fracture and the pore space

around it.

A common method for modelling fractures is to assume a saturated host rock with aligned parallel

fractures. This method was successfully used by Thomsen (1995) and Chapman (2003), showing
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dispersion and attenuation. Using a host porous medium (phase 1) with aligned thin layers (phase 2)
placed periodically, Brajanovski et al. (2005) elegantly solved for the p-wave modulus as a function
of frequency knowing the phase 1 properties and the normal compliance of the fracture. In this case,
the thin layers had a large porosity, permeability and compliance, to mimic a fracture.
Experimentally, there has been little work. However, Nakagawa (2013b) completed uniaxial stress
test on a jacketed fractured sample with a slight vacuum applied to the pore pressure to prevent fluid
from moving between the jacket and the sample. The oscillations were performed normal to the
fracture at a frequency range between 1 and 100 Hz, and attenuation was measured with a peak
around 1 Hz frequency. Amalokwu et al. (2014) were able to synthesize sandstone samples with and
without aligned penny-shaped voids. These were tested at an effective pressure of 40 MPa at a

frequency of 650 kHz showing more attenuation in the samples with aligned fractures.

The largest advancements in the effect of fracture on dispersion and attenuation have come from
numerical modeling as this method can more easily take into account more complex geometries. For
example, a mesoscopic 2D fracture was simulated by Rubino et al. (2013), by representing the
fracture as a much more compliant media within the host rock. This is similar to what is laid out by
Brajanovski et al. (2005), however, here the fracture has a more complicated geometry. Rubino et al.
(2013) were also interested in the effect that another fracture perpendicularly placed to the first
fracture would have on the dispersion and attenuation. A second attenuation peak at higher
frequencies was observed and is related to the two fractures being connected, changing the frequency
dependence completely. When the fractures were not connected, there was only one attenuation peak

at a lower frequency associated to the fracture to matrix FPD mechanism.

Rubino et al. (2014) continued their work, by changing sample and fracture characteristics and
looking at the changes in the p-wave modulus frequency dependence. They show that the attenuation
related to the fracture to fracture FPD mechanism was sensitive to the vertical and horizontal fracture
length and the angle of intersection. Quintal et al. (2014) followed a similar methodology looking at
these effects on s-wave attenuation mechanisms. It was found that the s-wave attenuation caused by
FPD between fractures is also connected to the angle of intersection. An interesting finding was that
s-wave attenuation is much more sensitive to the fracture inclination than the p-wave modulus in

both the unconnected and connected formats.
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To summarize, there are two main FPD mechanisms occurring due to fractures which are (i) FPD
between the fracture and pore space of the matrix and (ii) the FPD between two interconnected
fractures. The FPD from the fracture to the pore space of the matrix is presented in figure 1.7. At low
enough frequencies (A), there is a constant pore pressure throughout the sample (matrix and fracture).
At higher frequencies (B), there is no time for the pore fluid in the fracture to flow to the pore space,
a pore pressure higher in the fracture than in the matrix is developed. The critical frequency for this

mechanism is (Brajanovski et al., 2005):

fol ... (1.30)

L2’

where D is the hydraulic diffusivity D = kBK;/(an) and L is half of the distance between two

fractures.
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Figure 1.7: (A) low frequency regime where fracture fluid has time to flow back and forth from the stresses horizontal
fracture to the sample pore space; (B) high frequency regime where the fluid in the stressed horizontal fracture is
stuck with an increase in pore pressure;

The FPD due to fracture to fracture flow is presented in figure 1.8. At low frequencies (A), again,
the pore fluid has time to equilibrate between both fractures. At higher frequencies (B), the horizontal

fracture will have an increased pore pressure.
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Fracture to fracture FPD
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Figure 1.8: (A) low frequency regime where fracture fluid has time to flow back and forth from the stresses horizontal
fracture to the “dead volume” vertical fracture; (B) high frequency regime where the fluid in the stressed horizontal
fracture is stuck with an in increase in pore pressure;

Lissa et al. (2020) continued through this vein of work, by following the same methodology and
adding a 3D aspect, looking at the effect the roughness of the fracture would have on the attenuation.
Before their work, it was assumed that fractures have a constant aperture, when fractures are rough
by nature and develop contact areas as the samples effective pressure is increased. When contact
areas are taken into account, the stiffness of the fracture increases making for a smaller attenuation

amplitude, with the attenuations peak frequency increasing.

1.6 Thesis outline

The goal of this chapter is to explain the main mechanisms, which are observed experimentally in
the rest of this manuscript. Chapters 2 to 5 are written as independent articles which are published in
peer-reviewed journals related to rock mechanics. For this reason, they conform to the typical article
structure with abstract, introduction, experimental methods, results, discussion and conclusion. As
they are independent articles they can stand alone, however the theme within the thesis is to study
the heterogeneous aspects of rock mechanics through experimental work which is corroborated by

analytical and/or numerical methods. Each chapter is shortly summarized below.

Chapter 2 is a machine paper published in the “Review of Scientific Instruments” journal. This
machine paper, published in 2020, underlines the working of the triaxial cell which is used for all the

elastic property tests performed in this manuscript. The cell is outfitted to perform hydrostatic
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oscillation tests at a frequency range of 10~ to 1.3 Hz and axial oscillations tests at a frequency range
of 102 Hz to 1 kHz. Different pore fluids can be used, such as water, brine and glycerin. Innovative
micro valves were installed in the bottom and top cap, to allow undrained conditions to be met, which

was shown to work on a Vosges sandstone sample.

Chapter 3 focusses on the frequency dependent results on three carbonate samples. Forced oscillation
methods are used to test samples in dry, brine and glycerin saturated condition, reaching apparent
frequency range is between 7 102Hz to 100 kHz and 1 MHz. Two attenuation peaks were observed.
The first is at a frequency of around 100 Hz, and is associated to mesoscopic FPD caused by the
heterogeneous nature of the samples tested. The sample which was determined to be isotropic, did
not have this first attenuation peak. The second peak is at a frequency around 40 kHz and was
measured in all three samples. This peak is assumed to be caused by squirt-flow as it is pressure
dependent. Also, the first peak had no attenuation in shear, however the second did, which is

consistent with theory.

Chapter 4 is a paper under press in the “Rock Mechanics and Rock Engineering” journal. In this
paper, hydrostatic oscillation tests (frequency range of 0.04 to 1 Hz) are performed on an intact and
saw cut Rustrel sample, at three effective pressures, in dry and water saturated conditions. An
interesting local negative phase shift between the stress and strain, was measured in the saw-cut water
saturated conditions, in the low effective pressures. A 1D analytical model and 3D numerical model

were made, which corroborated the results and showed FPD between the fracture and the pore space.

Chapter 5 focuses on dispersion related to fracture to fracture FPD. In this paper, axial oscillation
tests (frequency range of 0.2 to 40 Hz) were performed on a saw-cut Solnhofen limestone in glycerin
saturated conditions at multiple effective pressures. An innovative eddy gauge sensor was used to
measure the global axial strain. An attenuation peak in the Young’s modulus was observed at 2 Hz
which decreased while the effective pressure was increased. The attenuation is associated to fracture
to fracture FPD, as the permeability of the matrix is too low to allow for fracture to pore space fluid

flow.

Chapter 6 provides concluding remarks on the work accomplished on measuring elastic properties
on heterogeneous samples in the lab. A discussion is also started on what the future entails with the

new developments which are made experimentally.
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2. An apparatus to measure elastic dispersion and attenuation
using hydrostatic- and axial-stress oscillations under
undrained conditions.

This chapter is a published machine paper in Review of Scientific Instruments: Borgomano, J. V.,
Gallagher, A., Sun, C., & Fortin, J. (2020). An apparatus to measure elastic dispersion and
attenuation using hydrostatic-and axial-stress oscillations under undrained conditions. Review of
Scientific Instruments, 91(3), 034502.

Abstract

An experimental apparatus is described for the investigation of the frequency dispersion, and related
attenuation, of fluid-saturated rocks under confining pressure and undrained boundary conditions.
The forced-oscillation method is performed on cylindrical samples. The measurement of stress and
strain under hydrostatic oscillations allows the dynamic bulk modulus to be inferred, while axial
oscillations give access to the dynamic Young’s modulus and Poisson’s ratio. We present calibration
measurements for dispersion and attenuation on standard materials such as glass, plexiglass and
gypsum. Results show that for strain amplitudes below 107, robust measurements can be achieved
up to 1 kHz and 1.3 Hz, respectively for axial and hydrostatic oscillations. A new experimental design
of the endplatens (sample holders) allows control of drained or undrained boundary conditions using
microvalves. The microvalves were tested on a porous Vosgian sandstone. In addition, numerical
modelling confirms that the resonances of the apparatus only affect frequencies above 1 kHz, with

little sensitivity to the sample’s stiffness.

2.1 Introduction

Dispersion (i.e. frequency-dependence) of the elastic properties of subsurface rocks constitute a
major challenge when trying to link seismic (~100 Hz) or sonic (~10 kHz) field surveys to laboratory
standard ultrasonic measurements (~1 MHz). Through the causality principle, well expressed with
Kramers-Kronig relationships, an elastic dispersion is conjugated with an elastic dissipation, often

named “attenuation” (Q ') by analogy to viscoelastic solids (O’Connell and Budiansky, 1978).

23



Chapter 2 - Experimental setup

Wave induced fluid flows (WIFF) are thought to be among the principal mechanisms for attenuation
in subsurface rocks (Pride et al., 2004). Each of the various mechanisms within WIFF have a
corresponding theoretical or modelling solution (e.g., Winkler and Nur, 1979; Miiller et al., 2010;
Sarout, 2012). It is therefore essential to verify experimentally these models in controlled and

comparable conditions to reliably interpret field measurements.

In fully saturated conditions, one major mechanism at play may be the squirt-flow between compliant
cracks and stiff pores. The characteristic frequency (f ~ £3K,/n) is dependent on the crack aspect
ratio (£), the skeleton bulk modulus (Ks), and the fluid’s dynamic viscosity () (Mavko et al., 2009).
Therefore, for reservoir rocks with § ~ 0.001, K¢ ~ 40 GPa and  ~ 0.001 — 0.1 Pa.s, the squirt-
flow attenuation may affect the frequency range from 400 Hz to 40 kHz.

In order to investigate these dispersive mechanisms, specific devices have been developed to measure
the complex elastic moduli over broadband frequencies under the kHz range using the forced-
oscillation method. In most apparatus, if we ignore resonant bar techniques which measure narrow
frequency bands in the sonic range (5 to 20 kHz), the Young’s modulus or Poisson’s ratio is
accessible in a large broadband (1 mHz to 1 kHz) through axial oscillations generated by
piezoelectric actuators or dynamic shakers (e.g., Spencer, 1981; Batzle et al., 2006; Mikhaltsevitch
et al., 2011; Tisato and Madonna, 2012; Szewczyk et al., 2016; Sun et al., 2018). The apparatus
developed by Jackson and Paterson (1993) is able to measure the shear modulus and the Young’s
modulus up to 1 Hz, through torsional and flexural oscillations respectively (Jackson et al., 2011).
The previous apparatus at the Ecole Normale Supérieure of Paris (Pimienta et al., 2015a, 2015b,
2016a) was able to measure a bulk modulus up to 0.4 Hz with pure hydrostatic oscillations, and

Young’s modulus/Poisson’s ratio up to 100 Hz through axial oscillations.

The new apparatus presented in this paper is able to measure the complex bulk modulus up to 1 Hz,
and Young’s modulus and Poisson’s ratio up to 1 kHz using forced-oscillation methods, under either
drained or undrained boundary conditions, and for temperatures between 20 and 100°C. The
frequencies of the viscous-driven WIFF (such as squirt-flow) for a water-saturated rock may be
shifted to lower frequencies with the use of more viscous pore fluids, such as glycerin (Batzle et al.,
2006). This enables us to extend the “apparent frequency” range of the apparatus (e.g. Borgomano
et al., 2017). We have recently reported some experimental results on carbonates or sandstones
(Chapman et al., 2018; Borgomano et al., 2019b; Yin et al., 2019). We wish here to present the

apparatus itself and the related calibrations.
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2.2 Pressure vessel

A standard hydraulic triaxial cell from Top Industrie company (Figure 2.1) was modified in order to
investigate the frequency dependence of the dynamic moduli of cylindrical samples, of 80 mm length
and 40 mm diameter. The cell is auto-compensated (i.e. the piston is hydraulically compensated for
the confining pressure), and can reach a maximum confining pressure of 100 MPa and a maximum
axial stress of 700 MPa, using servo-controlled hydraulic pumps. Initial experiments were conducted
at room temperature (controlled at 20°C). A servo-controlled heating collar located around the
confinement cell, enables heating and temperature control (through a PID controller) to a maximum
of 100°C (Figure 2.1). The temperature feedback is provided by a thermocouple (type K) located
inside the confining oil. The sample is jacketed in a neoprene sleeve to separate the confining oil
from the pore fluid, and is maintained in between a top and a bottom endplaten, respectively made

out of steel and aluminum.

A piezoelectric actuator from PI (PICA Stack P-056-20P) is installed above the top endplaten, and
under a cylindrical steel rod that can be put in contact with the axial piston (Figure 2.1). A neoprene
sleeve isolates the actuator from the confining oil. The axial piston is either not in contact with the

top endplaten for pure hydrostatic conditions, or in contact to apply a deviatoric stress.

The top and bottom endplaten, which contain the pore-fluid lines, are both equipped with two P- and
S-ultrasonic transducers of 10 mm diameter and 1 mm height from PI Ceramics (type PIC255/ref
PRYY+0.111), allowing for time travel measurements of P- and S-waves of 1 MHz in the axial
direction of the sample. They are also equipped with hydraulically piloted microvalves, which
enables us to switch between axially drained or undrained conditions for a saturated porous sample

(Figure 2.1).
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Figure 2.1: Photo and schematics of the experimental apparatus. The sample is a cylinder of 80 mm length and 40 mm diameter, isolated from
the confining oil by a neoprene jacket. A piezoelectric actuator is used to induce axial-stress oscillations (maximum 1 kHz), with the axial piston
in contact with a small deviatoric stress of maximum 1.5 MPa. The confining pump is used to perform hydrostatic oscillations while the axial
piston is not in contact (maximum 1.3 Hz). P- and S-wave ultrasonic transducers (1 MHz) are mounted in the top and bottom endplatens.
Drained or undrained boundary conditions of the sample can be achieved through the two hydraulically piloted microvalves installed in the top
and bottom endplatens.

The deformations of the sample can be measured with two internal LVDTs, which can measure the
global strain in the axial direction with a resolution of 10, and with axial and radial strain gauges
directly glued on the sample (at mid-height), which can measure local strains with a maximum
resolution of 0.3x107 (Figure 2.1). The strain results reported here were acquired with TML 350
ohms foil strain gauges (FCB-6-350-11). Up to 14 strain gauges, connected in quarter bridge, can be
connected to the data acquisition system. Four axial strain gauges are reserved for the bottom

aluminum endplaten in order to deduce axial stresses (Figure 2.1).

2.3 Methodology

The technique used to characterize the frequency dispersion and attenuation of the elastic moduli of
a sample is the forced-oscillations method (or stress-strain method). This method applies an
oscillatory stress to the sample, and records the subsequent axial and radial strains (e.g., Spencer,
1981; Paffenholz and Burkhardt, 1989; Jackson and Paterson, 1993; Batzle et al., 2006; Adelinet et
al., 2010; Mikhaltsevitch et al., 2011; Takei et al., 2011; David et al., 2013; Madonna and Tisato,
2013; Pimienta et al., 2015a). All the signals are analyzed using Fast Fourier Transform method to
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extract amplitudes and phases. The apparatus enables us to perform two modes of stress-oscillations:

(1) hydrostatic, using the confining pump; (ii) axial, using the piezoelectric actuator.

For hydrostatic oscillations (Figures 2.2a & 2.2b), the confining pressure oscillates with an amplitude
(AP,) of about 0.2 MPa around a mean value to induce strain oscillation amplitude in the order of 10-
¢, Below 0.1 Hz, the confining pump regulates from the feedback of the confining pressure transducer
(Figure 2.1). Above 0.1 Hz, the confining pump regulates solely in position. Depending on the bulk
modulus of the sample, the pressure oscillation can be adjusted so that the strains meet the previous
condition. For an isotropic sample, the volumetric strain (&,,;) can be calculated by (i) €,0; = €4y +
2&,q4, Where g4, and &,44 are the mean values of all the strain gauges glued at mid-height on the
sample in the axial and the radial directions respectively (Figure 2.2), or by (ii) &£,0; = 3&mneqn, Where
Emean 18 the mean values of all the strain gauges regardless of direction. In theory, for an isotropic
sample, both calculations should give the same result. However, the second method gives a slightly
lower uncertainty, since the error on average decreases with increasing number of strain gauges used.
Moreover, relation (ii) gives equal importance to the axial and radial directions, whereas the

uncertainty in relation (i) is primarily controlled by the radial directions. The bulk modulus K is then

calculated by:
K=-—2E L)
€vol

with the convention that strains are negative in compression (Figure 2.2a). For a perfectly
homogenous sample, no significant discrepancy between the different strain gauges are expected.
For rocks however, small discrepancies between the strain gauges may arise from the intrinsic
heterogeneity or anisotropy of the sample. An associated uncertainty can therefore be calculated
when averaging the strain gauges. From Equation 1, the uncertainty on K (§K) depends on the
uncertainty of the confining pressure (6P =~ 0.001 MPa) and the uncertainty on the average of the
strains (J¢). The relative uncertainty on K is then deduced by 6K /K = 8P /P, + 8¢/&,;. The error
on the strain average can be calculated by §& = std /+/n, where std is the standard deviation between

the strain amplitudes, and 7 is the number of strain gauges considered.

For axial oscillations (Figures 2.2¢ & 2.2d), the piezoelectric actuator between the piston and the
sample’s top endplaten induces axial stress oscillations. A small deviatoric stress (maximum 1.5
MPa) is constantly applied by the piston to preload the actuator and ensure a good coupling with the

sample, while avoiding stress induced anisotropy. In order to limit the displacement of the piston
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when the actuator is oscillating, the auto-compensation valve is closed. The oscillating axial stress
(Aa,,) (around the mean value) generated by the actuator is measured from the axial strain gauges
(€a1) glued on the lower endplaten (Figure 2.2) made out of aluminum by Aoy, = E;p,Eqiy, Where
E g, is the associated Young’s modulus of the endplaten that is to be calibrated with standard

samples. The Young’s modulus (E) and the Poisson’s ratio (v) of the sample can then be calculated

by:

E=7%% and v=-=9d, ...(22)

€ax Eax

A total of 4 axial strain gauges are glued on the lower aluminum endplaten, at diametrical opposite
locations. Due to the geometry of the endplaten and the position of the strain gauges, we demonstrate
later that E,;,, = 78 GPa. In addition, this configuration helps control that the vertical alignment is
good and that the axial stress is homogeneous on the sample, as any tilt would result in different
strain readings on the aluminum endplaten. Similarly to K, the uncertainty on the strain averages (6¢€)
can be calculated as previously, and propagated to the moduli relative uncertainties by §E/E =

6£alu/£alu + 6£ax/£ax and 5V/V = 5€rad/€rad + Sgax/gax-

The inverse of the quality factor (Q 1) measures the elastic energy dissipation within the sample
during the oscillating cycles. In the following text, the term attenuation refers to the factor Q1. For
a purely elastic material Q=1 = 0. When dissipation occurs, the rheology of the sample may be
considered analogue to a viscoelastic material (O’Connell and Budiansky, 1977). The stress-strain
curve presents an elliptic shape that highlights the non-elastic behavior (e.g. Figures 2.2b & 2.2d).
The slope of the big axis is given by the elastic modulus, while the surface represents the amount of
elastic energy dissipated (e.g. Tisato & Madonna, 2012). This elliptic shape is the result of the phase
shift between the applied stress (of phase ¢, ) and the induced strain (of phase ¢,). The attenuation
is then given by (O’Connell and Budiansky, 1977):

Q™! = tan(p, — @;) . k)

The attenuation related to K and E are therefore calculated by:

Qi* = tan(@p, = ¢¢,,)) and Qz' = tan(gg,, — @e,,) - - 29

Because the lower endplaten is assumed perfectly elastic (as confirmed by the calibration on standard

samples), we consider that 95 = @,_, .
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Figure 2.2: Strain gauge positions (left) and typical stress-strain recordings of hydrostatic (a & b) and axial (¢ & d) oscillations (around mean

values) on a viscoelastic material (modified from (Borgomano et al., 2017)). The strains (€qx, €rqq Ean) are each averaged from 4 strain

gauges around the circumference of the sample/endplaten at mid-height. The axial stress oscillation (Ao ,,) is deduced from the aluminum

endplaten axial strain (€4y,) and its calibrated Young’s modulus of 78 GPa.

2.4 Generation of stress oscillations and strain measurements

The controller program of the confining pump has been modified to perform hydrostatic oscillations.

Under 0.2 Hz, the program works in controlled pressure mode, and imposes a perfect sinusoidal

function to the confining pressure. Above 0.2 Hz, and to a maximum of 1.3 Hz, the program works

in controlled flow-rate mode, with a constant injection rate between pump-volume bounds. In order

to maximize the frequency range, the volume of the confining cell has to be as small as possible (here

4L), with a high flow-rate confining pump (here 70mL/min). Due to the limited flow-rate of the

pump and the cell volume, there is a compromise between the frequency and the amplitude of the

pressure oscillation. Figure 2.3 represents the maximum amplitude reachable in this apparatus for a

given frequency and the corresponding volumetric strain for different bulk moduli. At a low

frequency of 1073 Hz and at maximum flow-rate, the pump can achieve oscillations with an
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amplitude of 10 MPa (Figure 2.3a). The amplitude decreases to about 0.1 MPa at 1 Hz. Due to the

intrinsic inertia and joint friction in the pump, any frequency higher than 1.3 Hz cannot be performed.
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Figure 2.3: (a) Maximum amplitude of the hydrostatic-stress oscillations achievable with the confining pump as a
function of frequency, tested with a gypsum sample of bulk modulus K~40 GPa. (b) Corresponding volumetric strain
for various theoretical bulk moduli. For a given bulk modulus, the volumetric strain can have values equal or lower

than the lines shown;

The piezoelectric actuator (PI PICA Stack P-056-20P) is controlled through a programmable function
generator (TTi TG1010A) and an electric amplifier (PI PICA E-482). The amplifier can deliver a
maximum voltage of 1150V with a voltage gain of 100V/V. The actuator can tolerate stresses up to
30 MPa (blocking stress), over which there is a risk of depolarization and permanent damage. Figure
2.4 shows the amplitudes of axial-stress oscillations obtained with a glass sample for constant voltage
inputs of 200, 400 and 600V, and on a plexiglass (PMMA) sample for a voltage of 600V. The axial
stress (0,4, ) 1s deduced from the aluminum endplaten average strain (g,;,,) and considering a Young
modulus of E;;, = 78 GPa. The axial stress amplitudes are stable over the frequency range up to
103 Hz, although there does seem to be a little decrease in amplitude above 200 Hz when the voltage
input is 600V. The results on the plexiglass and on the glass, of very contrasting Young’s moduli of
around 5 GPa and 80 GPa respectively, are fairly similar with an input voltage of 600V. This shows
that the stress produced by the piezoactuator is solely proportional to the input voltage, with little
effect of the sample present between the actuator and the endplaten. The voltage can then be adjusted

to the Young’s modulus of the sample in order to obtain the desired strain amplitude.
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Figure 2.4: Amplitude of stress during axial-stress oscillations using the piezoelectric oscillator under oscillating
voltages of 200V, 400V and 600V on a glass sample, and 600V on a plexiglass (PMMA) sample. The axial oscillations
were performed on the samples at a confining pressure of 5 MPa and a deviatoric stress of 1 MPa. The axial stress (0 45)
is deduced from the aluminum endplaten average strain (€,y,) and considering a Young modulus of E ,;,, = 78 GPa;

The current data acquisition system (DAQ) used both for the pressure transducers and the strain
gauges (1/4 bridge) can record with a sampling frequency up to 4 kHz. It is composed of four
measurement modules provided by Gantner instruments. The pressure transducers are connected to
two universal Q.bloxx A107 universal modules, while the strain gauges are connected in ¥4 bridge
configuration to two Q.bloxx A166 multichannel modules. The maximum recordable frequency
without aliasing being under the Nyquist frequency of 2 kHz, we limit our measurements to a
maximum of 1 kHz. In order to manage the size of the output files, the sampling frequency is adjusted
depending on the frequency of the measurement. The sampling frequencies are always chosen to be
at least 20 times greater than the frequency of the stress oscillation. This rule is of course violated
for frequencies between 200 Hz and 1 kHz, but the uncertainty on the Fourier transform is then
lowered by acquiring a greater number of periods. For both hydrostatic and axial stress oscillations,
we record at least 50 periods of the signal to perform the FFT. For frequencies above 1 Hz, the
number of recorded periods can be reasonably increased without substantially penalizing the total
duration of the experiment. For frequencies between 2 and 20 Hz, we measure at least 400 periods,

and above 20 Hz at least 1200 periods.
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2.5 Protocol

Measurements can be done at various effective pressures on homogenous materials (mainly for
calibration), and principally on natural cored porous rocks. The top and bottom surfaces of the plug
are necessarily rectified to be perfectly parallel (tolerance of 1 um). Once the sample is installed in
the cell, it runs through several hydrostatic seasoning cycles, in order to minimize nonlinear cycling
effects caused by microcracks (Hart and Wang, 1995). The confining pressure varies several times
between 0.2 and 30 MPa, which is the maximum pressure tolerable of the piezoelectric actuator. The
strain gauges and the internal axial LVDTs (Figure 2.1) are monitored until the final cycles are
repeatable. The static bulk modulus, during loading and unloading (tangent modulus for a given

confining pressure), may be deduced from the last cycle.

For a given effective pressure, either for rocks or non-porous materials, the hydrostatic and axial
oscillations are performed in sequence, followed by ultrasonic measurements of P- and S-wave travel
times between the top and bottom end platen (Figure 2.1), and eventually permeability measurements
using the Darcy flow method. The effective pressure is then changed, generally by changing the

confining pressure, allowing enough time to equilibrate the pore pressure through the sample.

After measurements are performed on oven-dry porous rock, the sample can be fully saturated in the
cell following a specific procedure. A vacuum is generated throughout the whole sample from a
vacuum pump connected on the top pore-line. The pore fluid is then injected from the bottom of the
sample with one of the pore-fluid pumps, with a pressure of at least 2 MPa. The vacuum pump is
connected to the top pore line via a transparent tube which enables us to see the fluid that has crossed
the sample. Moreover, the volume injected by the fluid pumps can be monitored. A volume of fluid
of at least 2 to 3 times the pore volume, at high pressure, is drained through the sample to ensure
absence of air bubbles. The sample’s unconfined porosity is measured prior to the installation in the
cell, via the triple weight method. Porosity variations with effective pressure may eventually be
deduced from the volume of fluid ejected from the sample, which can be measured with the fluid

pumps.

Throughout the experimental surveys on saturated porous media, the pore fluid is maintained at a
minimum pressure of 2 MPa, also limiting the presence of air bubbles. A second pair of pore-fluid
pumps containing another fluid can be connected to the pore lines (Figure 2.1). Up to now, two pore-
fluids have been used in rocks: glycerin and water, due to their viscosity contrast (ratio 1000:1).

Since glycerin dissolves in water, the sample and the tubings will first be saturated by the glycerin.
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For low permeability rocks, the saturation with glycerin can be accelerated by heating the cell, which
decreases the glycerin’s viscosity. Prior to the installation in the cell and the first ‘dry’ measurements,
all the samples are generally oven dried at 80°C for at least 1 day to remove potential moisture

effects.

2.6 Calibration of dispersion and attenuation

Calibration measurements of the forced-oscillation method have been performed on three standards
at room temperature (20°C): gypsum, glass and plexiglass (PMMA). The gypsum is the same sample
used by Pimienta et al. 2015a, 2015b for the calibration of another apparatus. The glass sample is a
borosilicate glass that was used in the studies of Mallet et al. (2013, 2015). It was synthesized by the
French Atomic Energy Commission (CEA) laboratory by a reproducible method, under conditions
of slow cooling that prevent any crack formation. The plexiglass was provided by abaqueplast

company (France).

The hydrostatic and axial forced-oscillation methods were applied at a low confining pressure of 5
MPa and of 30 MPa, the maximum pressure allowed by the piezoactuator. Consistently with
uncracked media, the three calibrating sample’s exhibited no dependence on confining pressure
(Figure 2.5). The bulk moduli dispersion and attenuation inferred from hydrostatic oscillations are
presented in Figures 2.5a and 2.5b respectively. For the pure elastic materials, there was consistently
no dispersion of the bulk moduli, with constant values around 58 GPa and 44 GPa for glass and
gypsum respectively, in the frequency range 0.004 to 1.3 Hz. In this frequency range, the bulk
attenuation (Qg?1) for glass and gypsum can be considered negligible, although the results seem to
scatter between 0 and 0.02 (Figure 2.5b). For the plexiglass, although dispersion is difficult to
observe on the bulk modulus (Figure 2.5a), which is about 5 GPa, an attenuation around 0.04 was

observed between 0.004 and 1.3 Hz (Figure 2.5b) with a maximum around 1 Hz.
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Figure 2.5: Calibration results of plexiglass (PMMA), glass and gypsum, for confining pressures 5 and 30 MPa at room temperature
(20°C). Bulk modulus dispersion (a) and attenuation (b) are inferred from hydrostatic oscillations. Young’s modulus dispersion (c) and
attenuation (d), and Poisson’s ratio dispersion (e), are inferred from axial oscillations. Relative uncertainties for K, E, v are respectively

0.3%, 2%, 3% for PMMA, 2%, 5%, 6% for gypsum and 1%, 4%, 5% for glass;

The Young’s modulus dispersion and attenuation inferred from the axial-stress oscillations are
presented Figures 2.5¢ & 2.5d. For glass and gypsum, again, no dispersion of E is visible in the
frequency range 0.01 Hz to 1 kHz, with constant values of 80 GPa and 42 GPa respectively (Figure
2.5¢). Consistently, the related attenuation (Qz1) is negligible, with scattered points between -0.01
and 0.01 (Figure 2.5d). However, for the plexiglass, a noticeable attenuation peak (Qz! = 0.08)
centered between 1 and 2 Hz was observed (Figure 2.5d), with a very low Young’s modulus
increasing from 2.5 GPa to 5 GPa between 0.01 Hz and 1 kHz (Figure 2.5c). This behavior is
consistent with the results obtained on bulk modulus, and with previous experimental observations
at room temperature on plexiglass (PMMA) (Batzle et al., 2006; Tisato and Madonna, 2012;
Madonna and Tisato, 2013; Pimienta et al., 2015b).

The Poisson’s ratio dispersion, deduced from the axial oscillations, is presented in Figure 2.5¢. For
the non-dispersive glass and gypsum samples, v seems to be constant around 0.25 and 0.34,
respectively, up to 100 Hz. At higher frequencies, the Poisson’s ratio seems to abruptly diverge either
up or down (Figure 2.5¢). This is an error issued from the Fourier transform on the low amplitude
radial strains, which decrease above 100 Hz as axial stress decreases (as seen in Figure 2.4), reaching

the strain gauge’s uncertainty limit. Over the frequency range of 0.01 to 100 Hz for the plexiglass, a
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slight decrease with increasing frequency is observed (Figure 2.5¢), as was previously observed in

the study of Pimienta et al. (2016a).

Overall, these calibration results ensure the apparatus is capable of reliably measuring elastic or
viscoelastic dispersion and attenuation using forced-oscillation methods up to 1.3 Hz for the bulk

modulus, up to 1 kHz for Young’s modulus, and up to 100 Hz for Poisson’s ratio.

2.7 Controlling the undrained boundary conditions

In forced-oscillation experiments on saturated rocks, controlling the pore-fluid’s boundary
conditions in the sample may prove to be essential to control the wave induced fluid flow (WIFF) in
and out of the sample. If the boundary conditions are drained (opened), then a dispersive transition
between a drained and undrained fluid-flow regime will appear. This mechanism has been pointed
out first by Dunn (1987) for radial flow out of unjacketed samples under axial-stress oscillations (no
confinement) and named the “Biot-Gardner effect”. In our apparatus, the samples are jacketed
radially, but the mechanism may still occur axially through the endplatens and pore-fluid lines
(Figure 2.1). This transition was regularly defined as the drained/undrained transition in previous
studies and is a significant contributor to elastic dispersion and attenuation in broadband studies (e.g.,
Pimienta et al., 2015a, 2016b; Borgomano et al., 2017; Chapman et al., 2018). It bears a characteristic
frequency (f;), equal to (Cleary, 1978):

__ 4kKg
fC_ T]LZ )

.25

where £ is the permeability, K is the “drained bulk modulus”, 1 is the dynamic viscosity of the pore-

fluid and L is the length of the sample.

Closing the valves on the top and bottom pore-fluid lines (necessarily located outside the confining
cell) does not achieve purely undrained conditions as small dead volumes of about 3 mL remain
(purple in Figure 2.1). The storage capacity of these dead volumes are large enough to still generate
a drained/undrained dispersive transition (Pimienta et al., 2016b; Borgomano et al., 2017), which

may be misinterpreted as a local WIFF mechanism like squirt-flow between cracks and pores.

In the past, few studies proposed a poroelastic model to take into account these dead-volumes.
Pimienta et al. (2016b) proposed a 1D poroelastic model, accounting for a vertical global flow, which

solves the pressure diffusion equation accounting for different boundary conditions with the presence
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of dead-volumes. The boundary conditions were then defined as “experimentally undrained” with
the dead-volume as an input parameter. One can deduct from the previous model that near drained
conditions can be achieved when the cumulated dead-volumes (top and bottom) are at least 10 times
larger than the pore volume of the sample (Pimienta et al., 2016b), which can easily be achieved by
adding the internal volumes of the fluid pumps (Borgomano et al., 2017). The model can further be
extended to 3D using finite element methods to verify the possible effect of radial flow, especially
near the pore lines in the endplatens, which has the main effect to shift the transition to lower

frequencies (e.g. Borgomano, 2018; Sun et al., 2019).

Although the drained/undrained transition may be of interest to verify the applicability of Biot-
Gassmann’s equations (e.g., Borgomano et al., 2017; Yin et al., 2019), it may be problematic when
investigating other dispersive mechanisms (e.g. squirt-flow), especially when the characteristic
frequencies of each mechanism overlap (e.g., Pimienta et al., 2015a). In order to remove the
drained/undrained effect, we developed piloted microvalves settled in the endplatens (Figure 2.1),
that enable to impose either open or closed boundary conditions. The microvalves being very close
to the sample, we limit the dead volume to a maximum of 20uL for each side. By default, the

microvalves are opened, but can be closed by applying pressure through a pilot line (Figure 2.1).

The microvalves were first tested on a Bleurswiller sandstone, a 25% porosity Vosgian sandstone,
which is composed by ~60% quartz, ~30% feldspars and ~10% clays (Fortin et al., 2006, 2007; Baud
etal., 2015). The permeability was measured to be around 200 mD (2 X 10~13 m?) using Darcy flow
at an effective pressure of Porr = 5 MPa. Hydrostatic oscillations between 0.01 and 1.3 Hz were
performed under oven-dry and fully-saturated conditions with pure glycerin (Figure 2.6). In the
saturated case, the microvalves were kept either open or closed during the whole oscillation
sequence, with very large dead volumes connected to them (>200 mL). One experiment was

performed without any microvalve installed to compare with the open configuration.

From the bulk modulus dispersion and attenuation results (Figure 2.6a & 2.6b, respectively), we can
clearly observe that there is no dispersion/attenuation for both the dry and the closed microvalve
cases, whereas a strong dispersion is observed for the open configuration (Figure 2.6a). In the open
configuration, we clearly observe that the bulk modulus at 0.01 Hz is consistent with the “dry”
condition, then progressively increases to the “closed” configuration values at 1 Hz (Figure 2.6a).
From Equation 5, the theoretical characteristic frequency of the drained/undrained transition was
evaluated to be f, = 0.75 Hz, taking K; = 6 GPa, k = 2.107¥ m%, n = 1 Pasand L = 8.107? m.
This frequency is consistent with the observed transition and the center of the attenuation peak

(Figure 2.6b), supporting the evidence of the drained/undrained transition. Moreover, the bulk
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moduli value for both drained (6 GPa) and undrained (16 GPa) configurations are consistent with
Biot-Gassmann’s equations (horizontal dashed lines in Figure 2.6a), when using an skeleton modulus
(solid without pores) of 39 GPa (from a Voigt-Reuss-Hill average of the mineral composition, Mavko

etal., 2009), and a glycerin bulk modulus of Ky = 4.36 GPa.

Therefore, these microvalves enable us to suppress the drained/undrained transition and achieve pure
undrained conditions regardless of the permeability of the sample. The good agreement between the
open configuration results and the results without microvalves (Figure 2.6a) imply that they do not
affect the connectivity of the pore lines, which is essential in order to not affect permeability

measurements using the steady state flow rate method (Darcy flow).
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Figure 2.6: Results of bulk modulus dispersion (a) and attenuation (b) under dry and glycerin-saturated conditions
from hydrostatic oscillations on a Bleurswiller sandstone at Poy = 5 MPa. Relative uncertainty on K is around 3%. In
glycerin saturated conditions, the endplatens’ microvalves were either open to achieve axially drained boundary
conditions, or closed to test undrained boundary conditions. The theoretical drained/undrained characteristic frequency
(fc = 0.75 Hz) was calculated using Equation 5. The horizontal dashed lines correspond to Biot-Gassmann’s
equations;
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2.8 Numerical investigation of resonant frequencies

One major concern when developing dynamic oscillatory setups is the possibility of resonant
frequencies disrupting the results. A simple method to verify the frequency ranges affected by the
resonances of the machine can be computed through numerical solutions. Here, we used Comsol
Multiphysics to model the relevant parts of the apparatus (Figure 2.7a), and simulate its dynamic
response. Since we expect resonant frequencies to be in the kHz range according to the size of the
apparatus, we only focused on the axial-stress oscillations performed by the piezoelectric actuator

that may reach these frequencies.

The main body and piston of the triaxial cell are made out of a quenched and tempered (+QT900)
1.4418 stainless steel (E = 200 GPa, v = 0.28, p = 7700 kg.m™3). In the axial column, the
piezoelectric actuator (PZT) is made out of PIC151 piezoceramic (E;; = 55 GPa,v;, = 0.38, in
polarized state, Fett et al., 2002). The top endplaten is again made out of stainless steel and the lower
endplaten of aluminum 2017A (E = 72.5 GPa, v = 0.33, p = 2790 kg.m™3). The piston load
chamber at the top of the cell was modeled with the properties of Therminol SP mineral oil (K = 1.9
GPa, G = 0 GPa, p = 898 kg.m™3). Finally, we tested 3 virtual samples with varying Young’s
modulus (Es = 9,36,90 GPa) for the same Poisson’s ratio (vg = 0.2) and density (ps = 2500

kg.m™3). The materials are all considered purely elastic in the model.

The stack of pieces in the vertical column can freely expand radially, with continuous boundaries
between each other (Figure 2.7a). Only the bottom of the lower endplaten is fixed. The top of the
piston is radially fixed on an axially mobile surface that can compress the oil (no radial
displacement). The piston slides without friction in the upper part of the cell’s frame. Since the piston
is auto-compensated for the confining pressure, we did not simulate the contribution of the latter, but
simply added a deviatoric pre-stress in the vertical column (1.5 MPa). For the finite element
calculation, a free tetrahedral mesh was applied to the whole geometry (Figure 2.7b). An oscillatory
boundary load of +/- 1 MPa were simulated on the top and bottom surfaces of the piezoactuator and
the displacements of all the nodes were calculated in the frequency domain. Analogous to the real
experimental conditions, the sample’s axial and radial strains were deduced from the nodes
displacements at mid-height on the surface of the sample, averaged on a grid surface equivalent to
the experimental strain gauges (6x2 mm). Similarly, the aluminum axial strains (deducing the axial

stresses) are inferred from a surface grid at mid-height on the bottom endplaten.
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Figure 2.7: Numerical model of the experimental setup, with the definitions of materials (a) and the free tetrahedral mesh (b). The materials are
all purely elastic and isotropic. The system is solved in frequency domain for axial oscillations of amplitude 0.2 MPa, and the maximum vertical
strains are represented here for 0.1 Hz (c¢) and 10 kHz (d) (illustrated here for the sample with Eg = 36 GPa);

The frequency range of the simulations goes from 1075 to 10* Hz, and were applied to the three
samples of varying Young’s modulus (Es = 9, 36, 90 GPa). The strain amplitude results, inferred
from the virtual strain gauges, are presented Figure 2.8a. Negative values represent compressive
strains. The strain amplitudes are not affected by resonances for frequencies up to 600 Hz. It seems
that the axial strains of the sample start to diverge at slightly lower frequencies than the radial or
aluminum strains (Figure 2.8a). Moreover, the stiffening of the sample would seem to increase

slightly the frequency upon which the phenomenon appears.

When converted to Young’s modulus dispersion (E = (€414,/€ax)Earn) and attenuation Qz 1 (using
Kramers-Kronig relationships, (O’Donnell et al., 1981)), and Poisson’s ratio (Vv = —&,44/€ax) aS
would be measured experimentally in the cell (Figure 2.8), it seems that £ becomes significantly
affected only above 2 kHz, while v may start to diverge at 1 kHz, but insignificantly in terms of
absolute value. The moduli result at low frequency are consistent with the sample’s input (Figures
2.8b & 2.8d). Although the materials used in the model are purely elastic, the resonances above 3
kHz seem to result in an apparent attenuation on £, with potential increasing or decreasing dispersion
of E, which may appear non-physical for purely elastic materials. This is related to our experimental
configuration and our method to calculate the different moduli. The non-homogenous stress field in

the vertical column at a resonance frequency (Figure 2.7d) induces an apparent phase shift between
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the strains on the sample and the strains on the aluminum endplaten (used as the axial stress
reference), resulting in an apparent dispersion/attenuation of the sample’s Young’s modulus.
Therefore, it is highly probable that changing the vertical distance between the sample’s and
aluminum’s strain gauges will affect the apparent dispersion/attenuation results of £ (Figures 2.8b &
2.8¢). This also explains why Poisson’s ratio (Figure 2.8d) is much less affected (in absolute value)

since the radial and axial strain gauges nearly coincide.
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Figure 2.8: (a) Results of the numerical simulation for axial, radial and aluminum endplaten strains (positions shown in Figure 2.2); and the
induced (b) Young’s modulus, (c) Young attenuation Q;—l and (d) Poisson’s ratio as function of frequency, as would be interpreted from the strain
gauges. Simulations were performed here for 3 samples of Young’s moduli Es =9, 36, 90 GPa, Poisson’s ratio vs¢ = 0.2 and length L = 80 mm;

Although the Poisson’s ratio of the glass standard (Figure 2.5¢) seemed to diverge and decrease in
the similar manner as the model (Figure 2.8c), we do not believe it to be related to a resonance
problem but due to the lower-amplitude limit of the radial strain gauges, since for stiff materials the

resonances seem to affect higher frequencies (2-3 kHz, Figure 2.8c) and with negligible amplitude
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for v. Nevertheless, the numerical model suggests that the apparatus should not be affected by
resonance frequencies below 1 kHz, allowing use of the forced-oscillation method up to that
frequency. However, such triaxial cell designs will inevitably be affected by resonant frequencies

above 1 kHz.

2.9 Applications

The apparatus was first employed on fluid-saturated low-permeability limestones (pure calcitic),
prior to the installation of the microvalves (Borgomano et al., 2019b). The drained/undrained
transitions were at relatively low frequency allowing study of potentially higher frequency squirt-
flow effects. Similarly to the results on a dual-porosity oolitic limestone (Borgomano et al., 2017),
little or no squirt-flow dispersion was observed for the Indiana limestone (bioclastic & cemented) or
a Rustrel limestone (rudist grainstone & cemented). However, thermal cracking on the Indiana
sample generated sufficiently low aspect ratio cracks, mainly located in the intergranular cement, to
generate squirt-flow dispersion affecting seismic frequencies (~100 Hz)(Borgomano et al., 2019a).
In addition, a coquina sample (detritical), cored from a deep offshore well, seemed to present some
squirt-flow dispersion at sonic frequencies (~10 kHz). The main interpretation proposed for this
sample was that, similarly to sandstones, the squirt-flow originated from the uncemented grain-to-
grain contacts, as opposed to the cracked Indiana sample(Borgomano et al., 2019b). Consistently
with “crack” closure, the squirt-flow phenomenon disappeared with increasing effective pressure
above 15-20 MPa for both latter samples. For all samples, drained to undrained transitions were well

in accordance with Biot-Gassmann’s equations.

Forced-oscillation measurements were then performed on a glycerin-saturated Berea sandstone
(Chapman et al., 2018), again to investigate the squirt-flow mechanism, and compare with the
dispersion/attenuation results on a similar Berea sandstone in another apparatus (Mikhaltsevitch et
al., 2016). This comparison under similar pressure conditions confirmed the very high sensitivity of
the squirt-flow mechanism to variations in the characteristic aspect ratios of the cracks, as the
dispersive frequency ranges appeared quite different in both these studies (Mikhaltsevitch et al.,

2016; Chapman et al., 2018).

More recently, using the benefit of the drained/undrained transition, fluid substitution and shear
weakening at seismic frequencies were investigated in a clay-bearing sandstone (Yin et al., 2019). It
was shown that the shear-weakening in water-saturated conditions, due to the reduction in surface

free energy in the clays, affected mainly the shear modulus at seismic frequencies (<100 Hz), while
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seemingly not affecting the ultrasonic results (1 MHz).The observation at high frequency (1 MHz)
was interpreted as a combination of shear weakening due to clays that decreases G over the full

frequency range, and squirt-flow in cracks that re-increases G at high frequency (Yin et al., 2019).

2.10 Conclusion

A new apparatus was developed to perform both hydrostatic- and axial-stress oscillations on
saturated rock samples, enabling to characterize the dispersion and attenuation of the elastic moduli
over a large frequency range (0.004 Hz to 1 kHz). The cylindrical samples can have selectively
drained or undrained boundary conditions at the top and bottom with the use of microvalves, while
the lateral surface is jacketed. The various conditions were tested on a porous sandstone,
demonstrating the effect of the microvalves on the drained/undrained fluid-flow regimes. The
apparatus has been successfully tested on known elastic and viscoelastic materials, such as glass,
gypsum and plexiglass (PMMA). The complex Young’s modulus can safely be characterized up to
1 kHz, while the Poisson’s ratio measurements seems to be reliable up to 100 Hz, using axial-stress
oscillations. The complex bulk modulus, inferred from hydrostatic oscillations, can reliably be
measured up to 1.3 Hz. The dynamic limits of the apparatus were investigated through a numerical

model, showing that frequencies above 1 kHz will undoubtedly be affected by resonance.
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3. An experimental study of seismic wave attenuation and
dispersion in fluid saturated homogenous and heterogeneous
pre salt carbonates

3.1 Introduction

Compressional and shear wave velocities (vp, vs), in fluid saturated porous media, are dispersive from
low frequency (seismic — 0.1 to 1 Hz), medium frequency (sonic log — 1 to 10 kHz) to high frequency
(ultrasonic — 1 MHz) measurements. There are multiple reasons for the dispersion of the elastic
modulus, such as partial saturation (King et al., 2000; Pride et al. 2004; Miiller et al., 2010) , the
presence of multiple pore fluids (White, 1975; Johnson, 2001; Masson and Pride, 2011; Quintal,
2012; Quintal et al., 2012), inertial effects as described by Biot at higher frequency regimes (Biot,
1956), pore fluid pressure diffusion (FPD) mechanisms which are typically categorized by
mesoscopic or microscopic heterogeneities (Batzle et al.,2006 ; Miiller et al.,2010 ; Sarout et
al.,2012) ,as well as, dispersion which can arise due to the scattering of elastic waves whose wave
length are close to the size of the heterogeneities (Morlet et al., 1982; Murai et al., 1995; Gurevich
et al., 1998).

At the microscopic scale, the microporous structure can be thought of as intact, with thin compliant
pores and stiff round pores interspersed throughout. At higher frequencies, elastic wave propagation
does not allow time for the fluid in the thin compliant pores to flow to the stiff round pores, creating
none uniform pore fluid pressures in the representative elementary volume (REV), with high fluid
pressure in the compliant pores and lower pressure in the stiff pores (O'Connell and Budiansky, 1977,
Dvorkin et al.,1995; Gurevich et al.,2010). The higher pressure in the compliant pores has an effect
of increasing the overall stiffness of the sample. Experimentally, this phenomenon has been shown

to have a larger effect at low effective pressures as the micro cracks are open (Adelinet et al., 2010).

Mesoscopic FPD is analogous to squirt flow, at a larger scale, in terms of having zones of differing
fluid mobility (M = k/n) (Batzle et al.,2006), which lead to the creation of none uniform pore fluid
pressure profiles. These heterogeneous zones can be created due to partial saturation (White, 1975;

Lee and Collet, 2009; Adam et al., 2009), due to fractures (Parra, 2000; Brajanovski et al. 2010;
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Amalokwu et al.,2014), or due to samples with distinct zones with varying permeability, porosity

and elastic properties (Brajanovski et al.,2005; Rubino and Holliger, 2012).

Other FPD mechanisms are related to experimental setups, such as the drained to undrained cut-off
frequency that was shown by Pimienta et al. (2016b) to happen between the saturated sample and
dead volume, which was well described by a simple 1D analytical model. A setup, using innovative
microvalves, is used in this work to remove the dead volume, creating undrained boundary
conditions, and ensuring that the attenuation measured is not due to fluid flow between the sample
and the dead volume. Borgomano et al. (2020) showed that with these microvalves, undrained elastic
moduli are directly reached, as the mass pore fluid in the sample is kept constant; as a consequence,

in these experiments the drained-undrained critical frequency does not exist.

In the experiments presented in this paper, carbonate samples were chosen to investigate mesoscopic
and microscopic FPD mechanisms, in order to try to better understand the key characteristics which
define these mechanisms. Carbonates have heterogeneous pore types and complex microstructures

(Lucia, 1995), which makes them ideal to study these mechanisms.

Three different carbonate samples were tested at varying effective pressures. The elastic properties,
at a large apparent frequency range (7 102 to 10° — 10° — 5.5 108 Hz), were measured in a triaxial
cell using hydrostatic and axial stress oscillations. Ultrasonic sensors were also used to deduce the
p- and s-wave ultrasonic velocities. Two distinct attenuation peaks were observed, which were
attributed to mesoscopic and microscopic FPD. These two transitions where interpreted in the light
of analytical and numerical models. Finally, our experimental data is compared to borehole data

that was available.

The three carbonate samples that were tested in this study come from a pre salt formation. They will
be referred to as granular #1, #2 and shrub #1. The granular samples were cored from the same well
and have similar chemical compositions, mostly made up of calcite, with some pockets of quartz
(table 3.1), which was measured using X-ray Powder Diffraction (XRD). Shrub 1 comes from a
second well and is composed predominantly of calcite and quartz, with some dolomite and to a lesser
extent clay (table 3.1). The porosity of the samples was measured using the triple weight method and
was in the range of 0.14 to 0.17 (table 3.1). The permeability was measured using a nitrogen gas
permeameter, with a correction taking into account Klinkenberg gas slippage, and was in the range

of 1 to 16 mD. Details of the sample properties are listed in table 3.1.
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Samples granular1  granular 2 shrub 1
Porosity 0.14 0.17 0.15

Permeability (m?) 410" 1610 110%

Dry density (kg/m3) 2247.18 2177.92 2223.61
Quartz (% of Mineral) 4.7 2.2 38.3
Calcite (% of Mineral) 95.3 97.8 455
Dolomite (% of Mineral) 0.0 0.0 15.2
Wetclay (% of Mineral) 0.0 0.0 1.1
Mineral bulk (Kmin) 75.1 76.1 62.4

Table 3.1: Three carbonate samples properties and chemical composition;

Figure 3.1 shows the thin sections of all three samples. Granular #1 shows sub rounded to rounded
carbonate grains of moderate sorting, intergranular porosity and can be defined as spherulitic
grainstone. Granular #2 shows sparitic carbonate grains with some grains fused, again of moderate
sorting, and can be defined as spherulitic grainstone. Shrub #1 has rounded sparitic carbonate grains
with sizes ranging from ~200 um to up to 1 -2 mm, together with quartz grain and dolomite crystals

and can be defined as spherulitic grainstone with quartz grains and dolomite.

Granular #1 Granular #2

-« M0OmMmm——— 3

Y

10 mm > < 10 mm

A

Figure 3.1: Thin section (1 cm X 1cm) of three carbonate samples studied;

Figure 3.2 shows the three samples CT scan put into greyscale and binarized (rock matrix versus
porosity) using a threshold which was chosen to have a porosity closest to the value calculated
using the triple weight method. Granular #1 shows a relatively homogeneous distribution of the
porosity. Granular #2 shows a much more heterogeneous porosity distribution with higher porosity
near the top of the sample. Shrub #1 shows a heterogeneous porosity distribution, with a high

porosity near the lower middle part of the sample.
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Binarization of CT scan

Granular #1 Granular #2 Shrub #1

Sample porosity: ¢=0.14 Sample porosity: ¢=0.15

74 mm

*-—>
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Figure 3.2: Grey scale CT scans (left) with binarized picture (right) side-by-side;

Figure 3.3 shows the evolution of the p- and s-wave ultrasonic velocities versus pressure for the
three samples. For the three samples, the velocities increase as pre-existing cracks (or compliant

pores) are closed (Walsh, 1965). The ultrasonic velocities reach a plateau at a pressure of 25 MPa.
néE
4(1-v2)

E is the Young modulus (GPa), ¢ the mean crack aspect ratio and v the Poisson’s ratio. Assuming

The closure pressure at which cracks closed is Pgjpse = (Walsh 1965; Jaeger, 2009) where

v = 0.3, this leads to P,j,s, = 0.86¢ E, assuming E~50 GPa, this lead to mean crack aspect 0.7-0.8
107 in agreement with previous preexisting crack aspect ratio reported in the literature on carbonate

rocks (Baud et al., 2000; Nicolas et al., 2016; Panza et al., 2019).
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Figure 3.3: P- and s-wave velocities of all three samples, in dry conditions, dependent on effective pressure;
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3.2 Methodology

A TOP Industries triaxial cell, outfitted with four pumps, was used for all experimental data

presented in this paper. Two pumps are oil filled and are used to control the cell pressure and axial

piston, respectively. The other two pumps are Quizix (QX1500HC model) dual piston precision

pumps, used to control pore pressure at the inlet and outlet of the sample, one of these is used for

glycerin, the other for brine. Unique to this setup are microvalves which reduce dead volume to ~

20 ul and allow undrained conditions to be reached even at low frequencies (Borgomano et al.,

2020).
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Figure 3.4: Picture of triaxial cell (left); Schematic of microvalve (bottom left); Jacketed sample (middle); Schematic
of triaxial cell; [adapted from Borgomano et al. (2020)];

3.2.1 Sample preparation

The cylindrical samples are machined to a length of 74 mm and a diameter of 38 mm. Four
orthogonal biaxial strain gauge pairs are epoxied at 90° from each other at mid height (figure 3.5).
The strain gauge pairs were acquired from Tokyo Measuring Instruments Lab and are referenced as
type FCB-5-350-11-F. The strain gauge pairs have an axial and radial component, with a resistance
of 350 Q and have a gauge length of 5 mm. A neoprene jacket is used to isolate the sample from

the pressurized oil in the cell.

Two pore fluids were used for the experiments. The first is 98% glycerin with product specification
as Glycérol 298%, GPR RECTAPUR® provided by VWR Chemicals. The second is a brine mixture
prepared with distilled water (1L) and a mixture of sodium chloride (222 g), calcium chloride
dihydrate (20.7 g), potassium chloride (8.7g) and magnesium chloride hexahydrate (4.7 g). The
sample was first tested in glycerin saturated conditions, then in brine saturated conditions. Knowing

that the brine mixture has a salt concentration of around 250 000 PPM, the dynamic viscosity and
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bulk modulus of the brine mixture can be estimated as 0.0015 Pa*s and 3.5 GPa, respectively,
following the work by Batzle and Wang (1992). As the glycerin is hydrophilic, the dynamic viscosity
was calculated knowing the permeability of the sample and by conducting a continuous flow rate

permeability test. The dynamic viscosity of the glycerin was found to be 0.825 Pa*s, with the bulk
modulus at 4.3 GPa.
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Figure 3.5: Strain gauge positions (left) and typical stress-strain recordings of hydrostatic{(a) and (b)] and axial [(c)
and (d)] oscillations (around mean values) on a viscoelastic material. The strains (&ux, &ady Ealn) are each average from
four strain gauges around the circumference of the sample/endplaten at mid-height. The axial-stress oscillation (dc4x)
is deduced from the aluminum endplaten axial strain (gu) and is calibrated Young’s modulus of 78 GPa [taken from
Borgomano et al. (2020)];

3.2.2 Elastic property measurements

The triaxial cell is outfitted to measure three independent sets of elastic data on the samples at
different frequency ranges. The first is a hydrostatic-stress oscillation test, the second is an axial-
stress oscillation test and the third is an ultrasonic measurement test. When a sample is brought to

required effective conditions, all three tests are completed to explore the effect the whole

frequency range has on the elastic properties of the sample.
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3.2.2.1 Hydrostatic oscillations

The hydrostatic oscillation test uses the cell pressure pump that controls the confining pressure of
the sample. The cell pressure pump can oscillate around a mean value at a frequency of 0.007 to
1.3 Hz with a magnitude of 0.2 MPa to ensure that the strain is within the linear elastic range (g ~
10°%) (Winkler and Murphy I, 1995). The confining stress is measured using a pressure sensor with
a precision of 0.001 MPa. The volumetric strain is calculated as 2&,44 + €axiai, Where &.44 and
Eaxiar are the mean values of all strain gauges glued at mid-height on the sample in the axial and
radial directions, respectively (figure 3.5 — A&B). The bulk modulus is calculated using equation
(3.1), where -AP. is the magnitude of the effective confining pressure , €0 is the induced volumetric

strain and Ky, 4r, is the bulk modulus.

AP,

KHydro = ol

... (3.1)

The effective pressure, 4P, is defined by the difference between the cell pressure and the pore
pressure in the sample. Using a MATLAB program, fast fourier transforms (FFTs) are used to
determine the pressure and strain amplitude for each signal and averaged over all strain gauges for

the volumetric strain.

3.2.2.2 Axial Oscillations

For a given confining pressure, the axial piston is put in contact with the sample column with a small
deviatoric stress (<2 MPa), applied to ensure contact. Within the sample column, there is a
piezoelectric actuator that induces an oscillatory axial stress (figure 3.5). The frequency range is
between 102 and 103 Hz. The magnitude of the axial stress oscillation is then computed using the
strain gauges installed in the aluminum (AU4G) bottom cap, the known elastic modulus (Eauauas) =

72 GPa), and:
Oaxial = Ealugaxialalu . ...(3.2)

Using the axial stress inferred from equation 3.2 and the strain measured on the sample the elastic

Young’s modulus and Poisson’s ratio of the sample can be calculated using:
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E = Oaxial andv = — Eradial . ...(3.3)

Eaxial Eaxial

The samples are placed so that the strain gauges on the sample and the aluminum bottom cap are

aligned axially. FFTs are used to determine the axial stress and strain.

The bulk and shear modulus can be estimated assuming the samples are isotropic and using:

E E
Kaxial = m and Gaxial = 2(1—_'_1/) . e (34)
Kaxial (equation 3.4) and Khyaro (equation 3.1) are then compared to each other and should match if

the sample is isotropic.

3.2.2.3 Ultrasonics

Two ultrasonic sensors (p-wave and s-wave) are installed in the bottom end platen and top end
platen (see figure 3.5). The eigen frequency of the sensor is 10° Hz. One of these is active and sends
an ultrasonic pulse (Birch, 1960). The other is passive and receives the pulse. The time it takes for
the signal to go from the active to passive ultrasonic ceramic is then determined by analyzing the
signal and handpicking the arrival time. The travel time in the top and bottom cap are constant,
measured using a calibration sample and subtracted from total travel time of the waves. Using the
travel time of the ultrasonic wave and the length of the sample, the p- and s-wave velocity is

calculated (V=L/At). The high frequency bulk (Kur) and shear moduli (Gue) are obtained using:
4
Kur = p (%2 = 3V2) and Gyr = pV?, ...(35)

where p is the density of the medium, V, and I are the p-wave and shear wave velocities,

respectively.

3.2.3 Apparent frequency

The frequency band that can directly be studied in the triaxial cell used in this paper ranges from
102 to 10% Hz and 10° Hz. However, a larger spectrum can be reached when studying specific
mechanisms which are affected due to fluid pressure diffusion, using an apparent frequency
method (Batzle et al., 2006; Borgomano et al., 2017). The specific cut-off frequencies of interest are

directly correlated to the dynamic viscosity of the pore fluid. An example of these mechanisms is
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squirt flow characterized by the cut-off frequency f;,(equation 3.6) (O’Connell and Budiansky,
1977) where, £ is the aspect ratio of the crack (aperture over diameter of a penny shape crack), K,
is the bulk modulus of the matrix and 7 is the dynamic viscosity of the pore fluid.

3K
Eq=%r ...(3.6)

When using different pore fluids, only the dynamic viscosity changes. Therefore, the apparent
frequency can be expanded by increasing or decreasing the pore fluids dynamic viscosity. In this
case higher frequencies are sought, so glycerin is used which has a much higher dynamic viscosity
than water. The apparent frequency ff* can be calculated as :

«
fr=r ... (3.7)

where, 115 is the dynamic viscosity of glycerin and 1, is the dynamic viscosity of brine.

In this paper, dry and brine saturated data will be plotted as function of frequency, whereas

glycerin data will be plotted as a function apparent frequency relative to brine.

3.2.4 Dispersion and Attenuation (Q2)

In the case of porous rocks, the skeleton of the rock itself is none dispersive. However, the pore
fluid diffusion induced by a change in the stress field is time-dependent. This can cause dissipation
of elastic energy within the sample, similar to that of the rheology of a viscoelastic material
(O’Connell and Budiansky, 1977). This anelastic behavior is highlighted in figures 3.5 B and D, where
the stress-strain curve forms an ellipse, which represents the energy lost. This attenuation can be
characterized by calculating the phase shift between the stress and the strain, when expressed as
a complex stress & = ge!2™t+%s) and complex strain &€ = ee!@™t+%<) for a dynamic oscillation

of frequency f, where ¢, and ¢, are the stress and strain phases.
The stress is related to the strain through its complex modulus M.
g=MEs ...(3.8)

The attenuation factor QM_1 of modulus M is then defined as follows (O’Connell and Budiansky,

1978):
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O™ =i = ) = 0@ = 90 0

To calculate the QM_l, fast Fourier transforms (FFTs) were applied, using MATLAB, to the stress
and strain curves to extract the phases of each. Using equations 3.1, 3.3, 3.4 and 3.9, the

attenuation of the different elastic moduli can be calculated as:

QKhyd_l = tan(d)—APC - ¢£vol) ’ . (310)
QE_1 = tan(d’aax - ¢sax) ’ Qv_l = tan(d’sax - ¢smd) ’ ... (3.12)
QKax_l = tan(d’aax - ¢sax+2£md) and QGax_1 = tan(d’aax - ¢sax—smd) ... (3.12)

It must be underlined that equation 3.12 is only valid assuming an isotropic sample.

Two other methods can be used to extract the attenuation. The first is fitting sine functions through
the stress and strain to extract phase angles manually. While the second calculates the dissipative
elastic energy using the stress-strain curve to compute the area of the ellipse (fig 4) which
represents the energy lost per cycle. While all methods can be valid. The analysis using FFTs is

robust, straightforward and was used for this paper.

3.2.5 Uncertainties

For the elastic properties and ultrasonic measurements, the uncertainty is calculated using
relative uncertainty and assuming a normal distribution. For the attenuation of the elastic
properties, the standard deviation is calculated in dry conditions assuming that the attenuation in

dry conditions fits a log linear curve.

3.2.5.1 Hydrostatic Oscillation Error

For the hydrostatic oscillations, the relative uncertainty of the bulk modulus (8Kpyq/Kpyq) is
dependent on the volumetric strain uncertainty (5¢,,) and the pressure measurements uncertainty

(6P). The relative uncertainty can then be calculated using:

SKnya _ 0P | by

...(3.13)
Khyd P &y

53



Chapter 3 - Squirt flow and mesoscopic FPD in carbonates

For the pressure measurement uncertainty, the pressure transducer that is used has a resolution

of 6P = 0.001 MPa, with the amplitude of the cell pressure amplitude being around 0.2 MPa. The
relative uncertainty due to the pressure (%P) is calculated to be 0.005, which is negligible. The

uncertainty for the volumetric strain is measured by adding the relative uncertainty of the axial

1) . 6 . . . .
( 8‘“‘) and radial (?) strain measurements. Oscillations are repeated at least 10 times per test and
T

Eax

the standard deviation and mean is calculated by using a sample size of 5 tests. In dry conditions,
for sample granular #1, at f = 0.04 Hz and Py;ss = 15 MPa, the mean of the axial strain gauges is
11.72 ym/m with a standard deviation (S,,) of 0.54 um/m, which gives a relative uncertainty of
2.1% for the axial strain. The relative uncertainty for the radial strain gauge is found to be 2.9%. A
5.5 % relative uncertainty is found for the bulk modulus which gives a standard deviation of 1 GPa

on the bulk modulus.

Note that the amplitudes of the different strain gauges glued at different location do vary due to
small heterogeneities in the sample as well as the different quality of contact between the sample
and the strain gauge, which is why an average of these are used and this is assumed to represent

the whole sample.

3.2.5.2 Axial Oscillation Error

For the axial oscillations, the relative uncertainty for the elastic properties are calculated as

follows:

5_E — Seqiy + Sax ﬂ — S¢&rad + 8eax O6Kax — S¢&rad + Sax and 5_0 — Sary + 8&raq (3 14)

’ 7
E Ealu Eax V €rad €ax " Kax €rad €ax G Ealu €rad

The relative uncertainty of these measurements are related to combination of the relative
uncertainty of either the mean of the axial strain gauges on the sample, radial strain gauges on the

sample or axial strain gauges on the aluminum end platen.

In dry conditions, for sample granular #2, at f = 0.1 Hz and Py;rf = 15 MPa, the mean of the axial
strain gauges is 7.23 uym/m with a standard deviation (S,) of 0.34 um/m, which gives a relative
uncertainty of 2.1% for the axial strain. The relative uncertainty for the radial strain gauge on the
sample and axial strain gauge on the aluminum is 3.2 and 1.1%, respectively, using the same
method. Since the strain on the aluminum is smaller, the error on the Poisson’s ratio and bulk

modulus are larger when compared to the Young’s and shear modulus. This give an error of +/- 1.2,
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1.1 and 0.4 GPa for the Young’s, bulk and shear modulus, respectively, with an error of +/- 0.014

for the Poisson’s ratio.

3.2.5.3 Attenuation on elastic properties

When plotting the attenuation data from the axial oscillation tests, in dry conditions, it shows a log
linear trend around 0 with the frequency range, which is consistent with theory (no attenuation in
dry conditions) and the variance of the data compared to the log linear line of best fit is used to
calculate the random uncertainty. For sample Granular #2, at an effective pressure of 5 MPa, the
standard deviation, for a normal distribution, of the bulk attenuation is found to be 0.0096. This

standard deviation is used for the sample Granular #2 brine and glycerin data at 5 MPa.

3.2.5.4 Ultrasonic measurement errors

For the ultrasonic measurements, sample granular #2 will be used for an example. The velocity of
the waves is calculated using V=L/At. The length of the sample is 74.9 +/- 0.01 mm. This gives a
relative uncertainty that is negligible for the travel length. The handpicked arrival time of the P-
wave gives a total travel time of 17.55+/- 0.1 ps. This gives a relative uncertainty of 0.6 %. The
handpicked arrival time for the S-wave gives a total travel time of 31.82 +/- 0.4 us. This gives a
relative uncertainty of 1.3 %. Equations 3.5 is used to calculate the high frequency bulk and shear
modulus. The density of glycerin used is 1250 kg/m? (Bosart and Snoddy, 1927), with a relative

uncertainty of 1%. Therefore, the relative uncertainty of the product pV;2 is of +/- 2.2%. The
relative uncertainty of bulk (%K) and shear (%G) modulus can be calculated to be +/- 3.4% and

+/- 2.2% respectively.

3.3 Results

The samples were tested at confining pressures ranging from 5 MPa to 30 MPa within a frequency
range of 7 102 to 10°, 10° and 10° Hz in dry, brine and glycerin saturated conditions. For these tests,
the microvalves were closed, so the samples are in undrained conditions. The green, blue and pink
data points show the results for the dry, brine and glycerin saturated tests, respectively. The x,

square, diamond and circle shapes represent the axial oscillations at different effective pressures
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of 5, 15, 25 and 30 MPa, respectively. The star shaped data points represent the ultrasonic

measurements.

3.3.1 Dry hydro and axial measurement comparison

Figure 3.6 shows the hydrostatic and axial oscillation measurement results in dry conditions for all
three samples. Clearly, there is no frequency effect on all dry bulk moduli, with no dispersion or
attenuation, however, the bulk modulus does increase with an increase in effective pressure. For
granular #1, the hydrostatic and axial measurements match well (figure 3.6), with the amplitude of
the bulk modulus calculated to be 15, 20 and 22 GPa for effective pressures of 5, 15 and 25 MPa,
respectively. However, for granular #2 bulk modulus obtained by axial oscillations give larger values
than the ones obtained by hydrostatic oscillations. This bulk modulus difference between these two
methods is of 3.5 GPa (difference of 17%) at 5 MPa of effective pressure. It increases to a difference
of 4 GPa when at 30 MPa of effective pressure. For shrub #1, the hydrostatic oscillations give larger
values for the bulk modulus than the ones deduced from axial oscillations. The discrepancy
between both methods is of 3 GPa at 5 MPa of effective pressure (difference of 15%) and it
increases to 4 GPa when at 30 MPa of effective pressure. Note the bulk modulus obtained by
hydrostatic oscillations is a direct measurement, whereas the one obtained from axial oscillations
(on alarger frequency band) assumes isotropy of the sample (equation 3.4). Thus, this assumption
of isotropy is valid for Granular#1, but not really for the two other samples. As a consequence, in
the following we will focus on the Young’s modulus and Poisson’s ratio, which are direct

measurements obtained on the largest frequency band, when comparing these samples.
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Figure 3.6: Bulk Modulus and Attenuation for all three samples in dry condition, obtained from i) confining pressure oscillations (+) and ii) deduced from
axial oscillations (o) for 3 confining pressures of 5,15 and 25 MPa;

3.3.2 Frequency dependency in the fluid saturated sample “Granular #1”

Figure 3.7 shows the results for the axial oscillation tests of the Young’s Modulus and attenuation,
as well as, the Poisson’s ratio and Poisson’s attenuation, for sample Granular #1, in dry, brine and
glycerin saturated conditions as a function of apparent frequency in the range of 7 102 to 10° Hz
and at effective pressures of 5, 15 and 25 MPa. In addition, the high frequency moduli obtained

from ultrasonic measurements are shown.

The dry results are all frequency independent showing no attenuation in Young’s Modulus or
Poisson’s ratio. However, the Young’s Modulus is pressure dependent as it increases from 25 to 31
to 34 GPa, when the effective pressure is increased from 5 to 15 to 25 MPa, i.e. as preexisting cracks
are closed. The same can be said about the Poisson’s ratio, as it increases from 0.22 to 0.24 to 0.25,

when the effective pressure is increased from 5 to 15 to 25 MPa.

The brine results (blue in figure 3.7) are frequency independent, as well, showing no attenuation in
Young’s Modulus or Poisson’s ratio. The Young’s Modulus is pressure dependent as it increases
from 32 to 35 GPa, when the effective pressure is increased from 15 to 25 MPa. The Poisson’s ratio,
as well, however it decreases from 0.33 to 0.32 as the effective pressure is increased from 15 to 25

MPa.
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At 5, 15 and 25 MPa effective pressure, in glycerin saturated conditions (pink in figure 3.7), the
Young’s modulus at low frequencies starts at 26.5, 31.5 and 35 GPa, respectively, and shows an
increasing trend starting at around 30 kHz. This increase is highlighted in the Young’s attenuation,
which reaches a maximum amplitude of 0.06, 0.04 and 0.02 at a frequency of 8 10* Hz for effective

pressures of 5, 15 and 25 MPa, respectively.

The Poisson’s ratio results are frequency independent, in glycerin saturated conditions. There is no
clear attenuation peak in the Poisson’s attenuation. However, they are effective pressure
dependent as the Poisson’s ratio decreases from 0.34 to 0.33 to 0.32 when the effective pressure

is increased from 5 to 15 to 25 MPa.

The ultrasonic measurements, in brine saturated conditions, are in line with the high frequency
axial oscillations. The Young’s modulus, in glycerin saturated conditions, from the ultrasonic data is
5.1 and 1.5 GPa larger in amplitude then the highest frequency in axial oscillations results, at an
effective pressure of 5 and 25 MPa, respectively. The Poisson’s ratio, in glycerin saturated

conditions, shows good agreement with the high frequency axial oscillations.
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Sample: Granular #1

Conditions: Dry, Brine and Glycerin in pore space; Undrained Boundary Conditions;

102 10° 102 10* 1 Dﬁ 102 100 102 104 10° 108
40 - ! ' ‘ uur i : Il FTT] ' '
o cs\ 0.34} : : m’” ]
: x| ? gt
S ®/r g ‘ﬂﬂ% P, =25MP > 0321 erepe A8 B k|
o | BEREARE Bt \ A E sl £
0 2 03
E L] lE HEHEHE
_§ 32 + s \*‘ %2} } % 7 % ‘H‘ ok~ Fa '15MP5/ 7 ,2 0.28} Ultrasonics g
IR @
_:E,, . I _____—P_=5MPa 2 026F ——
2 281 w—4H il 1] 188
FL Qg = i
241 . HH I | . o] 022p A | | ]
| - f f | i " | I | Eff. Pres. (MPa)
0.06 - 1 =. 0.06f Q 5 16 26
Iy M P =5MPa o Axial DRY = 8 0
g _J T Axial GLYC a0
g ‘ ﬁ c Ultrasonic BRINE * K
5 ok 2
= 0.02} ey q Ls } péP,=25MPa B w 002 | T
0 & =} I o
g w“‘*‘%% Wl b J”%#w‘ e
£ 0 % “Hf Y “"f{' ilae o H;rﬁ T% +l%i
| | | | | s wt e |
102 10° 102 10 108 108 10 100 102 104 10° 108
Frequency(Hz) Frequency(Hz)

Figure 3.7: Young’s modulus and Poisson’s ratio, with their attenuation over a large frequency range (7 107 to 10° —

10° -
glycerin saturated conditions at 3 distinct effective pressures (5, 15 and 25 MPa) for sample Granular #1;

Figure 3.8 shows bulk and shear modulus, as well as, the bulk and shear attenuation for the granular
sample #1 in dry, brine and glycerin saturated conditions, as a function of apparent frequency in
the range of 7 102 to 9 10* Hz, at effective pressures of 5, 15 and 25 MPa, using the data from figure
3.7, and equations 3.4 which assumes isotropy of the sample . In addition, the high frequency

moduli are shown.

At 5, 15 and 25 MPa effective pressure, in dry conditions, the bulk modulus is constant throughout
all frequencies tested at around 15, 20 and 23 GPa, respectively. At 5, 15 and 25 MPa effective
pressure, in dry conditions, the shear modulus is constant throughout all frequencies at around
10.5, 12.5 and 13.7 GPa, respectively. The attenuation for these are close to 0, which is consistent

with dry samples and are within the precision of our setup (<0.02) (Borgomano et al., 2020).

At 15 and 25 MPa effective pressure, in brine saturated undrained conditions, the bulk modulus is
larger than in dry conditions at 31.1 and 32.2 GPa and constant throughout all frequencies tested.

The shear modulus, in brine saturated undrained conditions is lower than in dry conditions and
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constant throughout all frequencies tested. There is more shear weakening at low effective
pressures which is consistent with other work on carbonates (Adam et al., 2006) and even clay-

bearing sandstones (Yin et al.,2019). There is no significant attenuation bulk or shear attenuation.

At 5, 15 and 25 MPa effective pressure, in glycerin saturated conditions, the bulk modulus is mostly
constant for frequencies < 10 kHz at around 30, 31.5 and 33 GPa, respectively, with a small amount
of dispersion at frequencies >10 khz. There is an increase in bulk attenuation at around 80 kHz, to
an amplitude of 0.04 at the lower two effective pressures of 5 and 15 MPa. The bulk modulus, at
25 MPa effective pressure, is also in line with the predicted undrained bulk modulus using Biot-

Gassmann fluid substitution theory, which is showcased with the dotted line.

At 5, 15 and 25 MPa effective pressure, in glycerin saturated conditions, the shear modulus at low
frequencies starts at 10, 12 and 13 GPa, respectively, and shows an increasing trend starting at
around 30 kHz. This increase is highlighted in the shear attenuation, which reaches a maximum
amplitude of 0.06, 0.04 and 0.03 at a frequency of 80 kHz for effective pressures of 5, 15 and 25
MPa, respectively. The decrease in attenuation with increase in pressure is consistent with the
literature involving squirt flow (Adelinet al. 2011, Fortin et al 2014, Subramaniyan et al.,2015; Han
et al., 2018), as the compliant cracks are closed at larger effective pressures, which leads to a
decrease in crack density. It is also expected to have shear attenuation for squirt flow (Dvorkin et

al., 1994), which is the case here.

The bulk modulus ultrasonic data, in glycerin saturated conditions, is 4.1 GPa larger in amplitude
then the highest frequency axial oscillation results, at an effective pressure of 5 MPa. This difference
in bulk modulus, in glycerin saturated conditions, decreases with increasing effective pressures and
is equal to 0.9 GPa at 25 MPa effective pressure. The shear modulus ultrasonic data, in glycerin
saturated conditions, is 2.5 GPa larger in amplitude then the highest frequency axial oscillation
results, at an effective pressure of 5 MPa. This difference in bulk modulus, in glycerin saturated
conditions, decreases with increasing effective pressures and is equal to 0.6 GPa at 25 MPa effective

pressure.

In summary of the results on sample granular #1, shown in figures 3.7 and 3.8, the elastic properties
for the dry and brine saturated conditions are frequency independent, whereas in glycerin
saturated conditions, there is an attenuation peak at 80 kHz. This attenuation peak is pressure

dependent with higher attenuation peaks at lower effective pressures. The low effective pressure
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glycerin saturated ultrasonic results show more dispersion than the high effective pressure data,
which is in line with crack density decreasing with an increase of effective pressure (Adelinet et al.,
2011), and will be observed in all three samples. In addition, there is shear dispersion and
attenuation in glycerin saturated conditions, all these observations suggest a mechanism of squirt

flow that occurs at a frequency cut-off of 80 kHz.

Sample: Granular #1
Conditions: Dry, Brine and Glycerin in pore space; Undrained Boundary Conditions;
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Figure 3.8: Bulk and shear modulus, with their attenuation over a large frequency range (7 107 to 10° — 10° — 5.5 10° Hz) in dry, brine and glycerin
saturated conditions at 3 distinct effective pressures (5, 15 and 25 MPa) for sample Granular #1;

61



Chapter 3 - Squirt flow and mesoscopic FPD in carbonates

3.3.3 Frequency dependency in the fluid saturated sample “Granular #2”

Figure 3.9 shows the results for the axial oscillation tests of the Young’s modulus and attenuation,
as well as, the Poisson’s ratio and Poisson’s attenuation, for sample Granular #2, in dry, brine and
glycerin saturated conditions as a function of apparent frequency in the range of 7 102 to 10° Hz
and at effective pressures of 5, 15, 25 and 30 MPa. In addition, the high frequency moduli are

shown.

For the dry and brine saturated sample, similar feature as those observed for “Granular # 1” can be
observed. The dry results are all frequency independent showing no attenuation in Young's
Modulus or Poisson’s ratio. However, the Young’s Modulus is pressure dependent as it increases
from 23 to 29 to 31 to 31.8 GPa, when the effective pressure is increased from 5 to 15 to 25 to 30
MPa. The same can be said about the Poisson’s ratio, as it increases from 0.245 to 0.265 to 0.275

to 0.275, when the effective pressure is increased from 5 to 15 to 25 to 30 MPa.

The Young’s modulus, brine saturated results for 25 and 30 MPa effective pressures, are frequency
independent and have amplitudes of 32 and 33 GPa, respectively, showing no attenuation peaks.
However, the Young’'s attenuation, brine saturated results for 5 and 15 MPa effective pressure,
shows a peak at around 40-100 Hz with an amplitude of 0.03, and a small increase of about 0.5 GPa

in Young’s modulus at an effective pressure of 15 MPa for the higher frequency.

The Poisson’s ratio, brine saturated results for 25 and 30 MPa effective pressures are frequency
independent and have amplitudes of 0.322 and 0.324, respectively, showing no attenuation peaks.
However, as for the Young modulus, the Poisson’s ratio brine saturated results, for 5 and 15 MPa
effective pressure, both increase by about 0.01 with a small attenuation peak of 0.010 and 0.015,

respectively at a frequency around 40-100 Hz.

At 5 MPa effective pressures in glycerin saturated conditions, the Young’s modulus increases from
23.4 to 25 GPa, with two attenuations peaks of 0.029 and 0.047 at frequencies of 100 Hz and 40
kHz. At 15 MPa effective pressures in glycerin saturated conditions, the Young’s modulus increases
from 29.6 to 30.6 GPa, with two attenuation peaks of 0.012 and 0.022 at 100 Hz and 40 kHz. At 25
and 30 MPa effective pressures in glycerin saturated conditions, the Young’s modulus stays

constant at 33 and 34 GPa, with no attenuation peaks.

62



Chapter 3 - Squirt flow and mesoscopic FPD in carbonates

At 5 MPa effective pressure in glycerin saturated conditions, the Poisson’s ratio increases from
0.352 to 0.382 with two attenuation peaks of 0.027 and 0.006 at 100 Hz and 10 kHz, respectively.
At 15 MPa effective pressure in glycerin saturated conditions, the Poisson’s ratio increases from
0.346 to 0.356 with two attenuation peak of 0.0158 and 0.0045 at the 60 Hz and 20 kHz,
respectively. At 25 and 30 MPa effective pressures, the Poisson’s ratio stays relatively constant two

small attenuation peaks at 1 102 and 2 10* Hz, respectively.

For effective pressures under 25 MPa, the Young’s modulus, in brine saturated conditions, from the
ultrasonic data is larger in amplitude than the highest frequency brine saturated results. This
difference is largest at lower effective pressures. At effective pressures of 25 and 30 MPa, the
Young’s modulus ultrasonic brine data is in line with the axial oscillation data. The Poisson’s ratio,
in brine saturated condition, calculated using the ultrasonic data is in agreement with the brine

saturated axial oscillation data, at effective pressures of 15, 25 and 30 MPa.

The Young’s modulus, in glycerin saturated conditions, from the ultrasonic data is 5.1, 2.3, 1.5 and
0.2 GPa larger in amplitude than the highest frequency in axial oscillations results, at an effective
pressure of 5, 15, 25 and 30 MPa, respectively. The Poisson’s ratio, in glycerin saturated conditions,
shows good agreement with the high frequency axial oscillations, at effective pressures of 15, 25

and 30 MPa.
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Sample: Granular #2
Conditions: Dry, Brine and Glycerin in pore space; Undrained Boundary Conditions;
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Figure 3.9: Young’s modulus and Poisson’s ratio, with their attenuation over a large frequency range (7 10 to 10° — 10°— 5.5 10° Hz) in dry, brine and
glycerin saturated conditions at 4 distinct effective pressures (5, 15, 25 and 30 MPa) for sample Granular #2;

The bulk and shear moduli, as well as their attenuation for the granular sample #2 in dry, brine and
glycerin saturated conditions, is given in figure 3.10, using the data from figure 3.9, and equations

3.4 (assuming isotropy of the sample); although, it is known that the sample is slightly anisotropic.

At 5, 15, 25 and 30 MPa effective pressure, in dry conditions, the bulk modulus is constant
throughout all frequencies tested at around 15, 20.5, 23.5 and 24.5 GPa, respectively. At 5, 15, 25
and 30 MPa effective pressure, in dry conditions, the shear modulus is constant throughout all
frequencies at around 9, 11.5, 12.5 and 13 GPa, respectively. There is little to no dispersion in all

dry conditions, with no attenuation.

At 5 MPa effective pressure, in brine saturated conditions, the bulk modulus increases from 25 to
27 GPa as the frequency is increased, with an attenuation peak at 0.05 at the highest frequency
recorded of 40 Hz. At 15 MPa effective pressure, in brine saturated conditions, the bulk modulus

increases from 29 to 31.3 GPa, with an attenuation peak of 0.06 at the highest frequency recorded
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of 92 Hz. At 25 and 30 MPa frequency, the Bulk modulus is frequency independent, with no

attenuation peaks.

At 5, 15, 25 and 30 MPa effective pressure, in brine saturated conditions, the shear modulus is
found to be less frequency dependent over the frequency domain recorded. The shear attenuation
at 5 and 15 MPa effective pressure, in brine saturated conditions show an amplitude increase with

increase in frequency to around 0.026 at the higher frequencies.

At 5 MPa effective pressure, in glycerin saturated conditions, the bulk modulus increases from 24
GPa to 32.5 GPa, when going from a frequency of 100 Hz to 80 kHz. This dispersion is much less
significant as the effective pressure is increased and is negligible at the highest effective pressure
of 30 MPa. The bulk attenuation has two attenuation peaks at 100 and 40 kHz, with the first peak
having a maximum amplitude, at an effective pressure of 5 MPa and 30 MPa, of 0.096 and 0.025,
respectively. The second peak has a maximum amplitude, at an effective pressure of 5 MPa and 30
MPa, of 0.064 and ~0, respectively. The bulk modulus data is also in line with the predicted Biot-
Gassmann undrained bulk modulus prediction, at the highest effective pressure of 25 MPa, i.e.

when pre-existing cracks are closed.

At 5 MPa effective pressure, in glycerin saturated conditions, the shear modulus increases from 8.5
GPa to 9.4 GPa, when going from a frequency of 100 Hz to 80 kHz. This dispersion is much less
significant as at an effective pressure of 15 MPa and is negligible at 25 and 30 MPa effective
pressures. The shear attenuation has only one clear attenuation peaks at 40 kHz, for effective
pressures of 5 and 15 MPa, with a maximum amplitude, at an effective pressure of 5 MPa and 15

MPa, of 0.058 and 0.02, respectively.

The bulk modulus ultrasonic data, in glycerin saturated conditions, is 3.5 GPa larger in amplitude
then the highest frequency axial oscillation results, at an effective pressure of 5 MPa. This difference
in bulk modulus, in glycerin saturated conditions, decreases with increasing effective pressures and
is equal to 2 GPa at 30 MPa effective pressure. The shear modulus ultrasonic data, in glycerin
saturated conditions, is the same amplitude when comparing the 30 MPa effective pressure results,
however a discrepancy appears between the two measurements, at effective pressures of 5 and 15

MPa, which is larger at lower effective pressures.

To summarize, the results for the elastic properties on sample granular #2, presented in figures 3.9

and 10, show that there are two distinct attenuation peaks which appear around 100 and 40 kHz.
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The first attenuation peak is seen in brine saturated conditions at low effective pressures, as well

as, in the glycerin saturated conditions at all effective pressures. The second attenuation peak is

observed around 40 kHz, in glycerin saturated conditions. Both of these mechanisms are pressure

dependent. Only the second peak is associated with an attenuation and a dispersion of the shear

modulus. The second peak is similar to the one observed for “granular # 1” and can be interpreted

as a squirt flow mechanism. The first peak can be interpreted as a FPD at mesoscopic scale, and will

be discussed more thoroughly in section 4.

Sample: Granular #2

Conditions: Dry and Glycerin in pore space; Undrained Boundary Conditions;
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Figure 3.10: Bulk and shear modulus, with their attenuation over a large frequency range (7 10 to 10° —

106 -

saturated conditions at 4 distinct effective pressures (5, 15, 25 and 30 MPa) for sample Granular #2;

3.3.4 Frequency dependency in the fluid saturated sample “Shrub #1”

5.5 10% Hz) in dry, brine and glycerin

Figure 3.11 shows the results for the axial oscillation tests of the Young’s modulus and attenuation,

as well as, the Poisson’s ratio and Poisson’s attenuation, for sample Shrub #1.
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Similar features as those observed for “Granular 2” can be observed. The dry results are all
frequency independent showing no attenuation in Young’s Modulus or Poisson’s ratio. However,
the Young’s Modulus is pressure dependent as it increases from 23.4 to 30.2 to 33.3 to 34.8 GPa,
when the effective pressure is increased from 5 to 15 to 25 to 30 MPa. The same can be said about
the Poisson’s ratio, as it increases from 0.203 to 0.218 to 0.229 to 0.234, when the effective

pressure is increased from 5 to 15 to 25 to 30 MPa.

At 5 MPa effective pressure, in glycerin saturated conditions, the Young’s modulus increases from
20 GPa to 22 GPa, where it plateaus between attenuation peaks then it increases to 26 GPa, when
going from a frequency of 100 Hz to 60 kHz. At 30 MPa effective pressure, there is an increase in
Young’s modulus from 34.4 to 35.9 GPa, where again it plateaus between attenuation peaks then
it increases again to 36.9 GPa when reaching 60 kHz frequency. The Young's attenuation shows two
attenuation peaks at 300 Hz and 40 kHz, with the first peak having a maximum amplitude of 0.036
and 0.029 at 5 MPa and 30 MPa effective pressures, respectively. The second peak has a maximum
amplitude, at an effective pressure of 5 MPa and 30 MPa, of 0.070 and 0.023, respectively. An

increase in effective pressure is related to a decrease in attenuation for both mechanisms.

At 5 MPa effective pressure, in glycerin saturated conditions, the Poisson’s ratio increases from
0.030 to 0.032, when going from a frequency of 100 Hz to 60 kHz, with two attenuation peaks at
300 and 40 kHz with magnitudes of 0.014. At 30 MPa effective pressure, in glycerin saturated
conditions, the Poisson’s ratio increases with frequency from 0.028 to 0.030, with two attenuation

peaks at 300 Hz, with a magnitude of 0.026, and at 40 kHz, with a magnitude of 0.012.

The Young’s modulus from the ultrasonic data is 8 GPa larger in amplitude than the highest
frequency axial oscillation results, at an effective pressure of 5 MPa. This difference in Young’s
modulus, between ultrasonic and axial oscillations, decreases with increasing effective pressures
and is equal to 1.5 GPa at 30 MPa effective pressure. The Poisson’s ratio from the ultrasonic data is
0.01 larger in amplitude than the highest frequency axial oscillation data, at an effective pressure
of 5 MPa. This difference increases with an increase of effective pressure to 0.026 at 30 MPa

effective pressure.
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Sample: Shrub #1
Conditions: Dry and Glycerin in pore space; Undrained Boundary Conditions;
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Figure 3.11: Young’s modulus and Poisson’s ratio, with their attenuation over a large frequency range (7 10 to 10° — 10°— 5.5 10° Hz) in dry and
glycerin saturated conditions at 4 distinct effective pressures (5, 15, 25 and 30 MPa) for sample Shrub #1;

Figure 3.12 shows the results for the axial oscillation tests of the bulk modulus and attenuation.
Although, it is known that the sample does not behave isotropically, the bulk and shear moduli and
attenuation are calculated indirectly as if it was isotropic, giving insight on the local elastic

measurements. In addition, the high frequency moduli are shown.

At 5, 15, 25 and 30 MPa effective pressure, in dry conditions, the bulk modulus is constant
throughout all frequencies tested at around 13, 17.7, 20.8 and 22 GPa, respectively. At 5, 15, 25
and 30 MPa effective pressure, in dry conditions, the shear modulus is constant throughout all
frequencies at around 9.7, 12.3, 13.5 and 14 GPa, respectively. There is no bulk or shear

attenuation.

At 5 MPa effective pressure, in glycerin saturated conditions, the bulk modulus increases from 20
GPa to 22 GPa, where it plateaus between attenuation peaks then it increases to 26 GPa, when

going from a frequency of 100 Hz to 60 kHz. At 30 MPa effective pressure, there is an increase in
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bulk modulus from 26 to 28 GPa, where it plateaus between attenuation peaks then it increases
again to 30 GPa at the highest frequency of 60 kHz. The bulk attenuation reflects these results, with
2 attenuation peaks at 300 and 40 kHz, with the first peak having a maximum amplitude of 0.06 at
both 5 MPa and 30 MPa effective pressures. The second peak has a maximum amplitude, at an
effective pressure of 5 MPa and 30 MPa, of 0.08 and 0.04, respectively. The bulk modulus data at
25 MPa confining pressure is slightly smaller in amplitude when comparing with the Biot-Gassmann

prediction, which is probably due to the anisotropy.

At 5 MPa effective pressure, in glycerin saturated conditions, the shear modulus increases from 9.3
GPato 10.5 GPa with frequency. This dispersion is less significant at an effective pressure of 15 MPa
and becomes even smaller at 25 and 30 MPa effective pressures. The shear attenuation at 5 MPa
effective pressure, shows two attenuation peaks at around 300 Hz and 40 kHz, with maximum
amplitudes of 0.033 and 0.07, respectively. The location of these peaks are the same for the other

effective pressures, with lower peak amplitudes.

The bulk modulus ultrasonic data, in glycerin saturated conditions, is 8.4 GPa larger in amplitude
than the highest frequency axial oscillation results, at an effective pressure of 5 MPa. This difference
in bulk modulus decreases with increasing effective pressures and is equal to 4.2 GPa at 30 MPa
effective pressure. The shear modulus ultrasonics is 4.3 GPa larger in amplitude then the highest
frequency axial oscillation results, at an effective pressure of 5 MPa. The difference in shear
modulus decreases with increasing effective pressure and is equal to 1.7 GPa at 30 MPa effective

pressure.

The results for the elastic properties of sample shrub #1, presented in figures 3.11 and 3.12, first
show the frequency independence when the sample is dry and also shows frequency dependence
with two distinct attenuation peaks which appear around 300 and 40 kHz, when the sample is
saturated with glycerin. The attenuation peaks are pressure dependent, with a decrease in
attenuation, as the pressure is increased, however the higher frequency peak seems to be more
sensitive to pressure change than lower frequency peak. These observations are similar to those

observed on ‘Granular#2’.
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Sample: Shrub #1;
Conditions: Dry and Glycerin in pore space; Undrained Boundary Conditions;
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Figure 3.12: Bulk and shear modulus, with their attenuation over a large frequency range (7 10 to 10° — 105 — 5.5 10° Hz) in dry and glycerin saturated
conditions at 4 distinct effective pressures (5, 15, 25 and 30 MPa) for sample Granular #2;

To conclude the experimental results,

i) a high frequency attenuation peak was observed in all three samples, which is pressure
dependent. This frequency cutoff is associated with a dispersion and attenuation in the
shear modulus. It is interpreted as a squirt-flow mechanism. The frequency cutoff is in
the range of 40-80 kHz.

ii) The comparison of the dry bulk modulus derived from the hydrostatic and axial
oscillation tests show that granular #1 is isotropic and granular #2 and shrub #1 are not
perfectly isotropic.

iii) Finally, a lower frequency attenuation peak was observed in samples granular # 2 and
shrub #1, which is less pressure dependent than the high frequency attenuation peak.
No dispersion or attenuation on shear is observed for this frequency cut-off. This
frequency cut-off is interpreted as a FPD mechanism at mesoscopic scale and will be

discussed more thoroughly in section 5.
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3.4 Discussion

Two separate attenuation peaks are seen in the experimental results. These peaks are assumed to
be caused by two distinct FPD mechanisms: mesoscopic FPD and squirt flow. To explain these, figure
3.13 shows a simplified schematic of the sample in undrained boundary conditions having porosity
heterogeneities at the meso- and microscopic scale. This configuration creates a frequency
dependent system for a saturated sample with three distinct regimes: undrained (relaxed),
mesoscopic (partially relaxed) and unrelaxed. In the undrained frequency regime, fluid has time to
flow between both zones. This regime is reached even at low frequencies due to the introduction
of microvalves and allows the authors to avoid the drained regime (Pimienta et al.,2017;
Borgomano et al.,2020). In this undrained regime, the undrained value is obtained from the drained

value using Biot-Gassman equations, with a mean value of the porosity and drained elastic moduli.

The effect of intermittent layers of strata with varying porosity has been shown analytically by
Carcione and Picotti (2006) and numerically (e.g. Quintal et al., 2012; Rubino et al., 2009) to create
attenuation peaks. Let’s assume that sample is made of two zones with different porosity (figure
3.13) with ®;>®, where 1 stand for the upper layer, we assume the same drained modulus (K) and

the same modulus of the grain K, in both zones. Then, Skempton coefficient is defined as:

1 1

B = % . e (4.1)
o)

We get B1 < By, it implies that the pore pressure, p;, for f>f; in the upper layer is lower than p,. There

is no time for fluid to equilibrate at the sample scale. The frequency cutoff for the mesoscopic flow

is f; = D/L?, where D is the diffusivity and L in the case of figure 3.13 is half length of the sample.

For this frequency cut-off, we do not expect theoretically a change in the shear-modulus.

Finally, in the unrelaxed frequency regime, more compliant saturated cracks (microscopic scale) see
an increase in pore pressure, as the fluid in these doesn’t have time to escape to stiffer pores. And
the frequency cutoff is f, = KE*/n where the key parameter in this case is the mean crack aspect

ratio.
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Figure 3.13: A: schematic at different scales of the evolution of pore pressure in the sample between the undrained, mesoscopic and unrelaxed
firequency regimes; B: Young’s modulus and attenuation between the 3 frequency regimes;

3.4.1 Squirt flow

For all three samples, there are attenuation peaks in the apparent frequency range of 10 to 100
kHz, for the directly measured Young’s modulus, as well as, the inferred bulk and shear modulus.
These attenuation peaks are reduced with increasing effective pressure and all disappear at the
effective pressure of 25 MPa or higher. The dispersion in the respective moduli is also reduced with
increasing effective pressure. The non-linear increase in the moduli and ultrasonic wave velocities

is commonly associated with the closing of compliant porosity, such as cracks and grain contacts,
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of the samples (Walsh, 1965). The observed attenuation and dispersion therefore likely explained
by pore scale fluid pressure diffusion from compliant to stiff pores, where compliant pores are

progressively closed with increasing effective pressure (Dvorkin et al.,1994; Adelinet et al.,2011).

A plethora of experimental work has been completed on sandstone and carbonate samples
saturated with fluids of different viscosity. Particularly in sandstones the dispersion and attenuation
has been observed by a number of authors (e.g. Vo-Thanh, 1990, Mikhaltsevitch et al., 2014;
Spencer and Shine, 2016; Chapman et al., 2019). Different approaches have been used to
guantitatively interpret these observations. Vo-Thanh (1990) used the viscoelastic model of
O’Connell and Budianksi (1977). Subramaniyan et al. (2015) used the analytical solution of Gurevich
et al. (2010) for squirt flow to interpret the observed attenuation and dispersion in a Fontainebleau
sandstone saturated with different water-glycerin mixtures. Chapman et al. (2019) also used the
Gurevich et al. (2010) solution and applied it to the observed attenuation and dispersion in the bulk
and shear modulus of a glycerin saturated Berea sandstone. Similar observations in carbonate
samples are less common (e.g. Adam et al., 2009; Borgomano et al., 2019). Borgomano et al. (2019)
was able to create micro cracks needed for squirt flow attenuation by thermally cracking the sample
which originally had no squirt flow attenuation. Sun and Gurevich (2020) extended the Gurevich et
al. (2010) analytical solution by combining it with the effective medium approach by David and
Zimmerman (2012) to extract the crack porosity and crack aspect ratio from pressure dependent
measurements of ultrasonic wave velocities. To test this approach Sun and Gurevich (2020) utilized
the data from Borgomano et al. (2019), they however only found satisfactory matches between the
analytical solution and the experimental data at elevated effective pressures. These papers all
helped define squirt flow attenuation and dispersion experimentally and how it can be observed in
the lab, mainly, that (i) the dispersion happens in the Young’s, shear and bulk moduli and (ii) it is
larger at low effective pressures, which is consistent with the results for all three carbonate samples

tested in this paper.

Applying the approach of David and Zimmerman (2012) to the pressure dependent p- and s-wave
measurements on the three samples in dry conditions, we determined crack aspect ratios of 2.3-
3.2x10™, Using these in Gurevich’s (2010) analytical solution, the maximum in attenuation due to
squirt flow is predicted at frequencies 1 to 2 orders of magnitude lower than what is observed in
our measurements. The discrepancy is likely due to inherent assumptions in the effective medium

approach of David and Zimmerman (2012), the idealized geometrical configuration of Gurevich'’s
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(2010) squirt flow model and the experimental procedure. The approach of David and Zimmerman
(2012) considers an isotropic rock with a random distribution of cracks which is not consistent with
the anisotropy and heterogeneity observed in the three carbonate samples. It should be noted that
the aspect ratios are inverted from the p- and s-wave velocities determined form travel time
measurements of wave propagating through the entire length of the sample whereas the frequency
dependent attenuation and dispersion are determined from local measurements of strain on the
sample. The aspect ratios of grain contacts in the vicinity of the strain gauges may be different from

those inverted from the velocity measurements given the heterogeneity of the samples.

3.4.2 Mesoscopic flow

The attenuation and dispersion observed at frequencies around 100 Hz for sample granular #2 and
shrub #1 seem to be associated with mesoscopic flow, as these samples are heterogeneous. This
peak of attenuation is uncommon and has never been reported in the literature, when in perfectly
undrained conditions. The critical frequency can be estimated at the first order using f; = D/L2.
The length between porosity regions was chosen as 30 and 8 mm, for samples granular #1 and
shrub #2, respectively, which resulted in a frequency cut off of 140 and 120 Hz, respectively. Looking
at the porosity gradient (figure 3.14), there are only 2 zones of varying porosity for granular #2,
however there are more zones of varying porosity for shrub #1. This observation is consistent with
attributing a larger value of L for sample granular #2 when compared to shrub #1. However, this is
a rough estimate and for that reason, a 3D numerical model is developed, using constant

petrophysical parameters, apart from the porosity, to investigate in more detail mesoscopic FPD.

3.4.2.1 Numerical model and model results

Model development
COMSOL multiphysics was used to create a numerical model corresponding to the axial oscillation

experiments. Biot’s (1941) poroelastic quasistatic equations were solved by means of the
displacement-pressure formulation (Quintal et al.,2011) within the frequency domain explored

experimentally, using:

V.-=0, ...(5.1)
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k . lwp
V-(—;fo)+a|7-(lwu)+7—0, ... (5.2)

where u is the solid displacement vector, with 3 dimensional components and & is the stress

tensor,

o-ij = Zugij +/1€5U - ap@ij , . (53)

where §;;, €;; and e are the Kronecker delta, components of the strain tensor and cubical dilation

jr
given by the strain tensor, respectively. The p and A are the shear modulus for the dry frame and
Lamé’s parameter A = K; — 21/3. The coefficient M is (Biot and Willis, 1957):

M=<i+ﬂ)-1. ... (5.4)
Kr K

The sample is modeled as a 38 mm diameter and 74 mm height cylinder. The porosity found in the
CT scan’s greyscale pictures allowed for a determination of porosity dependent on height, z, which

is associated to a row of pixels (figure 3.14).
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Figure 3.14: CT scan, binarization of the CT scan using greyscale and the porosity height gradient determined from the binarization of the CT scan for
samples granular #1, #2 and shrub #1;

Tetrahedral elements are used to create a volumetric mesh within COMSOL multiphysics, then a
finite element method is applied using this newly formed mesh to solve for the weak form of
equations 5.1 and 5.2. To create undrained boundary conditions, the fluid pressure gradient is set

to 0 along the outside limit of the volumetric mesh. An oscillatory axial strain is applied to the top
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of the sample equal to 10°®. The bottom of the sample’s displacement in the z direction is set to 0.
Table 3.2 shows the parameters used for all three samples in the numerical simulations, with the
porosity taken using figure 3.14. The bulk and shear modulus were taken from the experimental
data at 5 MPa effective pressures. The dynamic viscosity is taken as that of water, since the

comparison will be made with the apparent frequency.

Samples granular1l  granular 2 shrub 1
K ¢(GPa) 15 15.4 13
G ¢(GPa) 10.5 9.3 9.7
Dry density (kg/m3) 22471 2177.9 2223.6
Permeability (m?) 410" 1610 110%
K giycerin (GPa) 4.36
Nwater (Pa s) 0.001

Table 3.2: Three carbonate samples properties for numerical simulations;

Numerical model results

Figure 3.15 shows the results for the Young’s modulus and attenuation at the strain gauge location
using the 3D numerical model with a porosity variation along z for frequencies between 10! to 10*
Hz. To simulate the local measurements recorded by a strain gauge, the Young’s modulus and
attenuation are calculated from the local stress and strain measurements on a 5 mm central stretch,
representing the size of a strain gauge. It is important to underline that all parameters in the 3D
numerical model are constant apart from the porosity. The blue, green and pink data points
represent samples granular #1, #2 and shrub #1, respectively. The Young’s modulus increases by
0.2, 0.8 and 1 GPa for samples granular #1, #2 and shrub #1, respectively, when going from low to
high frequencies. There is a tiny attenuation peak at 3 102 Hz, with a magnitude of 0.004, for
granular #1. Granular #2 shows two Young’s attenuation peaks at 1 102 and 1 103 Hz, both with
magnitudes of 0.009. Finally, Shrub #1 shows a Young’s attenuation peak at 1.5 10? Hz with a

magnitude of 0.018.
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Figure 3.15: Young’s modulus and attenuation at the strain gauge location as well as for the whole sample using the 3D numerical model with a

porosity gradient along 7 for frequencies between 10~ to 10* Hz;

3.4.2.2 Discussion of numerical and experimental low frequency attenuation results
For samples, granular #2 and shrub #1, there is a distinct attenuation peak, in the experimental

results, at a frequency range around 100 Hz, which is not present in granular #1. Looking at the CT
scans, it is easy to see that granular #1 has a much more randomly distributed porosity than
granular #2 (see figure 3.14). This is in line with the comparison between the bulk modulus using

hydrostatic and axial oscillations methods.

For the granular #1 sample, there is close to no dispersion or attenuation in the numerical model

which is corroborated by the experimental data.

For the granular #2 sample, at 5 MPa effective pressure when going from low to high frequencies,
the Young’s modulus increases by 0.9 and 0.8 GPa, for the experimental and numerical results,
respectively. For the shrub #1 sample, at 5 MPa effective pressure when going from low to high
frequencies, the Young’s modulus increases of 0.9 GPa and 1.1 GPa for the experimental and
numerical results, respectively. For all three of these samples, the numerical model with porosity

gradient gives a good estimation on the dispersion of the elastic moduli.

For granular #2, the experimental data shows an attenuation peak at 100 Hz, with a magnitude of
0.029. The numerical model results show a broad attenuation peak between 100 Hz and 1 kHz, with
a magnitude of 0.009. For shrub #1, the experimental results show an attenuation peak at 300 Hz,

with a magnitude of 0.036. The numerical model results show an attenuation peak at 200 Hz, with
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a magnitude of 0.017. For these two samples, the frequency cutoff is well estimated, however the

magnitude of the attenuation peaks underestimated by the numerical model.

Attempts were made to numerically simulate the mesoscopic flow using the same parameters with
bulk and shear modulus dependent on height. The bulk and shear were derived from the porosity
gradient, using a method from Fortin et al. (2007). However, the numerical results were not
improved. This is probably due to the 1D porosity approximation (porosity vs z) made with a 2D
representation (CT scan). Some porosity estimates along z were “unrealistic” as they had values
higher than 40% (granular #2) which may imply that the size of the REV chosen for the porosity
estimation is too small. It should be noted that for granular #2, the mesoscopic attenuation is
pressure dependent, whereas the mesoscopic attenuation for shrub #1, is much less pressure
dependent. This shows that the parameters which affect the mesoscopic FPD are effected by the
change in effective pressure for granular #2 but less so for shrub #1. As porosity will not vary too
much, it is most likely due to change in permeability and stiffness of the matrix, related to the

samples facies (granular and shrub).

The comparison of the numerical and experimental results, would suggest that the attenuation
seen in samples granular #2 and shrub #1 are related to mesoscopic FPD effects. Also, the frequency
location of these peaks is within the range of what is reported in the literature Carcionne and
Picotti, 2006; Masson and Pride,2007,2014). Indeed, Carcionne and Picotti, (2006) and Masson and
Pride (2007,2014) has shown that critical frequency due to mesoscopic FPD effect should be in the
50-500 Hz frequency range, which is consistent with the numerical and experimental results in this

work.

3.4.3 Comparison with log measurements

P- and s-wave well log velocity measurements were provided by Total and Petrobas and shown on
figure 3.16. These were taken as an average over ~40 cm at a frequency of around 10 kHz. The in
situ pressure for all three samples is 85 MPa with a pore pressure of 60 MPa leading to an effective

pressure of 25 MPa.
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Sample | Depth
location
Granular #1 e
Granular #2
Shrub #1

Figure 3.16: P- and s-wave velocities, with chemical composition at depth provided by Total and Petrobras;
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Figure 3.17 shows the data collected from the axial oscillation tests in terms of p- and s-wave

velocities using equations 3.5, within a frequency range between 103 and 10°. All the data shown is

in glycerin saturated conditions with the x, square, diamond and circle shapes representing

effective pressures of 5, 15, 25 and 30 MPa, respectively. The large black x represents the p- and s-

wave velocities found in situ.
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Figure 3.17: Axial oscillation data for all three carbonate samples, converted to P and S wave equivalency over a frequency range (103 to 105 Hz)

compared to in situ log well data at the in situ effective pressure of 25 MPa;

For the granular #1 sample, the well log and experimental data, for the in situ effective pressure of
25 MPa, give a p-wave velocity of 4495 and 4543 m/s, respectively, whereas the well log and
experimental data give an s-wave velocity of 2583 and 2314 m/s, respectively. The error between

the in situ and experimental data is 1.1% and 12.0 % for the p- and s-wave velocities, respectively.

For the granular #2 sample, the well log and experimental data, for the in situ effective pressure of
25 MPa, give a p-wave velocity of 4357 and 4590 m/s, respectively, whereas the well log and
experimental data give an s-wave velocity of 2346 and 2276 m/s, respectively. The error between

the in situ and experimental data is 5.1 and 3.1 % for the p- and s-wave velocities, respectively.

For the shrub #1 sample, the well log and experimental data, for the in situ effective pressure of 25
MPa, give a p-wave velocity of 4777 and 4405 m/s, respectively, whereas the well log and
experimental data give an s-wave velocity of 2838 and 2383 m/s, respectively. The error between

the in situ and experimental data is 7.8 and 16.0 % for the p- and s-wave velocities, respectively.
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There is a very good agreement between the insitu and experimental data for the two granular
samples, with a little more divergence when considering shrub #1. The biggest part of the
discrepancy between these measurements is probably due to the length wave difference between
the methods. As lab scale, we measured an effective properties of the rock at 8 cm scale, whereas

log measurements are effective properties over a length wave A=v/f~ 45 cm (Bailly et al., 2019).

3.5 Conclusion

Three carbonate samples were tested in dry, brine and glycerin saturated conditions in a large
apparent frequency range (7 102 to 10° — 10° — 5.5 108 Hz) using a triaxial cell in undrained
conditions. All three samples had a high frequency attenuation peak around 10 kHz, which was
attributed to squirt flow. Two samples, which have slight heterogeneity, had 2 distinct attenuation
peaks, the higher of which is attributed to squirt flow and the lower (~¥100 Hz) which is attributed
to mesoscopic FPD effects. A numerical model was made to show that local attenuation can occur
between regions of changing porosity. The location of the lower frequency attenuation peak is
consistent with mesoscopic FPD effects found in the literature, as well as, with what was found in
the numerical model developped in this work. Finally, the insitu data is compared to the

experimental data, which shows good correlation.
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4. Seismic dispersion and attenuation in fractured fluid-
saturated porous rocks: an experimental study with an
analytic and computational comparison

This chapter is under press in Rock Mechanics and Rock Engineering: Gallagher A., Fortin J.,
Borgomano J. V. M., (2022). Seismic dispersion and attenuation in fractured fluid-saturated
porous rocks: an experimental study with an analytic and computational comparison.

Abstract

Although different fluid pressure diffusion (FPD) mechanisms caused by fractures have been
extensively studied using analytical and numerical methods, there is little to no experimental work
completed on them in laboratory conditions. In this paper, hydrostatic stress oscillations (frequency
—0.04 to 1 Hz) are used on an intact and saw cut sample, in dry and water saturated conditions, in a
triaxial cell at different effective pressures in undrained conditions. The objective is to study the
fracture’s effect on the elastic properties of the sample and validate some computational fracture
models, that have been explored in the literature. Experimental results highlight dispersion and
attenuation in saturated conditions due to the fracture, which diminishes in amplitude as the effective
pressure is increased, i.e. as the fracture is closed. From local strain gauge measurements, it is found
that there is a local negative phase shift between stress and strain in water saturated conditions for
the fractured sample, due to the location of the strain measurements. No attenuation observed in dry
conditions. A simple 1D model using mass balance and mechanical equilibrium equations for a linear
isotropic poroelastic homogeneous medium give prediction in very good agreement with the
experimental results. A 3D model was also developed to allow a comparison between analytic,

numerical and experimental results.
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4.1 Introduction

Fractures are commonplace in reservoirs. Natural fractures are the consequence of geologic processes
(cycle of burial, diagenesis, uplift, tectonic, erosional unloading...) but may also be created due to
anthropogenic activities such as geothermal exploitation (Fleuchaus et al., 2017). Even if they only
account for a small amount of the total porosity of a geological formation, they may control the
reservoir permeability (Walsh, 1981; Paillet et al.,1987) and elastic properties (Matonti et al., 2015;
Bailly et al., 2019b); thus a better knowledge of the effect of fractures on the physical properties of
a reservoir is fundamental for deep geological repositories (Min et al.,2013), the exploitation of
hydrocarbons (Gudmundsson and Letveit, 2014), CO2 sequestration (Mazumder et al., 2006; Ulven
et al., 2014) and geothermal exploitation.

Fractures can be defined as a type of porosity with small aspect ratios which is more compliant than
equant pores and as such is more sensitive to stress. As a consequence, elastic properties and thus P-
and S- wave velocities are strongly affected by the fracture density, orientation, connectivity and
geometry (Walsh, 1981; Brajanovski et al. 2005; Gurevich et al. 2009; Galvin and Gurevich
2009&2015; Quintal et al., 2014; Guo et al. 2018a&2018b, Lissa et al., 2020). The elastic wave
velocities for fluid saturated rocks, in the absence of mesoscopic (cm scale) fractures, can be
frequency dependent resulting in attenuation and dispersion. This behavior has been shown to be
attributed to different mechanisms. One of these fluid pressure diffusion (FPD) mechanisms is at a
mesoscopic scale, between different regions and is dependent on the change in properties, such as
compressibility, permeability and pore fluid viscosity, between regions (Miiller et al., 2010).
Heterogeneous rocks and multiple pore fluids can also create volumes of different compressibility
which may trigger a similar viscoelastic response (White, 1975). Squirt flow is another FPD
mechanism which happens at pore scale, within the representative elementary volume (REV),
between stiff and more compliant pores (Batzle et al., 2006; Gurevich et al., 2010). The characteristic
frequency is related to the aspect ratio of the different microscopic pores, the elastic properties of the

sample and is inversely proportional to the dynamic viscosity of the pore fluid.

In saturated condition, the presence of mesoscopic fractures can also change the elastic properties of
samples by promoting dissipation through FPD. This has been shown through analytical modelling
(Brajanovski et al. 2005; Gurevich et al. 2009; Galvin and Gurevich 2009&2015), and also through
numerical modelling with simple cases of a single fracture and simple stress fields applied (Chapman
and Quintal, 2018; Caspari et al. 2019), to slightly more complicated geometries of fractures

intersecting each other at 90° (Vinci et al., 2014; Lissa et al., 2020), to even more complex
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geometries, such as multiple parallel fractures (Cai et al.,2000; Carcione et al., 2012) or even
fractures intersecting at 45° (Quintal et al., 2014). Some work has also been done in situ at the
Grimsel Test Site in the Swiss alps by Barbosa et al. (2019), who investigated the effect of fractures
in a borehole, using a sonic logging tool, which allowed for p- and s-wave velocities as well as their
attenuation measurements, with intrinsic background attenuation estimated and removed by studying

the intact regions of the borehole.

However, there is a lack of data that investigates in the laboratory, under pressure and in undrained
conditions, the frequency dependence of fractured porous rocks. Nakagawa (2013) was able to
measure normal and shear fracture attenuation at a range of seismic frequencies (between 1 and 100
Hz) with different axial stresses applied normal to the fracture. This setup was not in a pressure
vessel, therefore limiting the stress oscillations to be purely axial and limiting the tests to have a very
low pore pressure in the sample to prevent fluid migration between the jacket and the sample.
Amalokwu et al. (2014) showed results on man-made intact sandstones and sandstones with aligned
penny-shaped voids at different water saturation levels at 40 MPa effective pressure and
measurements made at a single frequency of 650 kHz, which showed more attenuation in the
sandstone with aligned penny-shaped voids. Amalokwu et al. note however that there can be
microstructural differences between the intact and fractured samples due to manufacturing processes,

which makes it hard to compare absolute attenuation peaks between both samples.

One needs to be careful regarding the definition of a local and global measurement, in a laboratory
setting, when an isotropic medium has a fracture introduced to the sample. As a matter of fact,
Chapman and Quintal (2018) investigated numerically the mechanical properties of a fully saturated
Berea sandstone sample with a single fracture and distinguished i) the elastic modulus of the whole
fractured sample from ii) the apparent elastic modulus of the matrix (local measurement), both
affected by the pore pressure variation induced by the fracture. In the second case, the results showed
different attenuation peaks depending on where the local strain was measured (more or less close to
the fracture). They also show that in this case a negative phase shift between stress and strain is

expected.

Finally, one needs to be especially careful that the measured attenuation is related to the fracture and
not to other mechanisms like squirt-flow (Gurevich et al.,2010; Chapman et Quintal, 2018), partial
saturation (Chapman et al., 2016; Spencer et al., 2016; Chapman et al., 2019), drained-undrained

transition (Pimienta et al., 2016) or even mesoscopic FPD (Carcione and Picotti, 2006).
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The goal of this work is to validate numerical models by experimentally showing FPD caused by
fractures, such as the simulation by Chapman and Quintal (2018). To accomplish this, the elastic
properties of an intact sample were monitored during hydrostatic oscillations at a frequency range of
0.04 to 1 Hz in dry and water saturated conditions, with undrained boundaries, and at 3 effective
pressures. The effective pressure is defined as the difference between the confining and pore
pressure, with the confining and pore pressure defined as the pressure in the triaxial cell and the
pressure in the pore fluid of the sample, respectively. The sample was then cut in half, to create a
simple known fracture geometry. The fractured sample was then tested again following the same
procedure as for the intact sample. Although, the fracture strain cannot be directly measured due to
the experimental limitations, we measured the strain in the matrix -affected by pore pressure change
due to the fracture- similar to what was investigated in Chapman and Quintal’s work (2018), allowing
comparisons to numerical models in the literature. Permeability tests were completed on the intact
and saw cut sample at varying effective pressures to estimate the hydraulic aperture and stiffness of
the fracture in undrained conditions, using innovative microvalves. A 1D model was developed,
using the hydraulic aperture and stiffness measured. The model is used to calculate the pore pressure
field with frequencies as well as the bulk modulus and attenuation with frequency. In addition, a
numerical model was made in COMSOL multiphysics to take into account the 3D geometry and
validate the 1D model. Finally, the numerical and analytical models were compared to the

experimental data.

4.2 Experimental procedure

The dispersion and attenuation of the bulk modulus was measured using the stress-strain method
(Adelinet al. 2011; David et al. 2013; Pimienta et al., 2015), in a TOP Industries™ triaxial cell (figure
1) installed at the ENS Paris geology laboratory (Borgomano et al., 2020). It is outfitted with 3
pumps, two of which are oil filled and control cell pressure and the axial piston, and the final pump
is a Quizix dual pump (QX1500HC model), which is water filled and controls upstream and

downstream pore pressures in the sample.
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Figure 4.1: Top Industry triaxial cell: (left) when cell is closed, (right) cell is open, close up on jacketed sample.
Modified after Borgomano et al., 2020;

Four strain gauge pairs are attached to the surface of the sample at mid height (figure 2) and are used
to measure local strain during the hydrostatic-stress oscillations. The strain gauge pairs are two
directional and have one axial and one radial component at 90° from each other. They have a
resistance of 350 Q and have a gauge length of 5 mm. The sample is held between a top and bottom

cap, and is separated from the confining oil by a black neoprene jacket.

The strain gauges and the pressure transducers are connected to the data acquisition system (DAQ),
which can record up to a frequency of 4 kHz. The cell pump controls the cell pressure and can reach
a maximum pressure of 100 MPa with a hydrostatic oscillating mean amplitude of 0.2 MPa and a

minimum and maximum oscillating frequency of 0.001 and 1.3 Hz, respectively.
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Figure 4.2: Strain gauge positions (left) and typical stress-strain recordings of hydrostatic[(a) and (b)] oscillations
(around mean values) on a viscoelastic material. The strains (&, &ad, Ean) are each averaged from four strain gauges
around the circumference of the sample or aluminum end platen at mid-height. Modified after Borgomano et al.,
2020,

It’s important to underline that every test completed under pore fluid saturation in this paper was
done in undrained conditions. This was accomplished using microvalves which are placed in the
bottom and top end platen, which when closed reduce the dead volume to ~ 20 ul. The dead volume
can be defined experimentally as the volume of fluid between the inlet and outlet of the sample and
the pump or as an excess of water which acts as a fluid reservoir outside of the sample. This implies
that the mass of fluid inside the sample during the oscillation is constant, a necessary condition to
measure directly the undrained moduli (Fortin and Guéguen, 2021). More details of the experimental

set up regarding these microvalves are documented in Borgomano et al. (2020).

4.2.1 Hydrostatic stress oscillations

The confining pump, which is connected to the main chamber of the triaxial cell, is able to oscillate
around a confining pressure at a frequency of 0.01 to 1.3 Hz, which is measured using a pressure
transducer attached to the main chamber of the triaxial cell using a 1/8” NPT tube. When a sample
is put into the triaxial cell, the hydrostatic pressure in the cell is cycled between 5 and 25 MPa three

times to ensure all compliant pores are closed. The strain induced by these oscillations are measured
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using the strain gauges attached to the sample. The magnitude of the confining pressure oscillation
is 0.2 MPa to ensure that the strain is within the linear elastic range (¢ ~ 10°) (Winkler and Murphy
111, 1995). The apparent bulk modulus is calculated as:

K:ﬂ, .40

€vol

where K is the bulk modulus, AP, is the change in confining pressure and €,,; is the volumetric
strain. The volumetric strain is calculated as 2&,,4 + €4xiq, Where €44 and €,4;4; are the mean
values of all strain gauges glued at mid-height on the sample in the axial and radial directions,
respectively (figure 2) . Using a MATLAB program, fast fourier transforms (FFTs) are used to

determine the stress and strain amplitude for each signal.

4.2.2 Attenuation (Q%)

In the case of porous rocks, the skeleton of the rock itself is none dispersive. However, the pore fluid
diffusion induced by a change in the stress field is time-dependent. This can cause dissipation of
elastic energy within the sample, similar to that of the rheology of a viscoelastic material (O’Connell
and Budiansky, 1977). This anelastic behavior is highlighted in figure 2 B, where the stress-strain
curve forms an ellipse, with the area within the ellipse representing the energy lost. This attenuation
can be characterized by calculating the phase shift between the stress and the strain, when expressed
as a complex stress & = ge!?™t+%s) and complex strain & = ge! @ t+®<) for a dynamic oscillation

of frequency f, where ¢, and ¢, are the stress and strain phases.

The stress is related to the strain through its complex modulus M.

=Mz ... (42)
The attenuation factor Q' is then defined as follows (O’Connell and Budiansky, 1978):

To calculate the Qp; %, fast Fourier transforms (FFTs) were applied to the stress and strain curves to
extract the phases of each, using MATLAB. Using equations (2.1 and 2.3) the attenuation of the bulk

modulus can be calculated as:

Qe = ta(P_sp, — Peyy) (44
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4.2.3 Sample characterization

The sample came from Rustrel in the Urgonian Limestone formation in the SE of France (Borgomano
et al., 2019). The Rustrel sample was machined from a core into a cylindrical shape with a diameter
of 39 mm and a height of 78 mm (figure 3). Using the triple weight method, the porosity, ¢, of the
sample was found to be 16% +- 0.5%. The dry density of the sample is around 2291.5 kg m*. A thin
section was made from a section right above the sample, which was then scanned using a digital
microscope (Keyence digital microscope VHX-5000), and a scanning electron microscope (SEM).
Figure 3 shows the digital microscope picture (B) which is at a larger scale, with an SEM scan (A)
at a smaller scale, as well as pictures of the intact and saw cut samples (C and D). This limestone is

made of calcite cement -(b) in figure 3A- surrounding micritic peloidal grains -(a) in figure 3A-;

fragments of rudist shells can also be observed.

Figure 4.3: (A): SEM scan of the thin section; (B): Digital microscope picture of the same thin section (using Keyence digital microscope VHX-5000);
(O)&(D): Intact and sawcut Rustrel samples;

The permeability of the intact sample is 3 107 m? at an effective pressure of 7.5 MPa (table 4.1).
After testing the intact sample, it was then cut down its center, along its length using a diamond saw
with a width of 2 mm. The permeability of the saw cut sample was measured at varying confining
pressures (2, 6, 10, 14, 18, 22 and 26 MPa) using a constant flow rate at the inlet of 1.5 ml/min and
having the outlet pressure at 0 MPa. The effective pressure was then calculated by subtracting half

the inlet pressure from the confining pressure.
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Intact Parameter Values
Sample length L =78 mm
Sample diameter d =39 mm
Sample's porosity ¢=0.16
Sample’s permeability K=310"m?
Confining oscillation amplitude Po=0.2 MPa
Water Bulk Modulus Kyat = 2.2 GPa
Water viscosity Nwa=107 Pa's

Table 4.1: Intact Rustrel sample and pore fluid characteristics;

4.2.3 Hydraulic Aperture

The hydraulic aperture of the fracture in the saw cut sample is calculated assuming the total flow rate
through the sample (Q,,) is equal to the sum of flow rates i) through the fracture (Qf) and ii) through

sample matrix (Qyy,).
Qw = Qm + Q5 ... (49

Darcy’s law states:

_ ,kops

Q=ASZL ... (4.6)

n o0z

where k is the permeability (m?), 1 is the dynamic viscosity of the pore fluid (Pa.s), Q is the flow
rate parallel to the fracture (m*.s?), A is the area of the sample perpendicular to the flow (m?) and

Pr is the pore fluid pressure (Pa). Equation 2.6 was used to calculate the permeability.
Equation 2.6 leads to:

where k,,, ki, and ky are the whole sample, matrix and fracture permeability, respectively, and A,

Ap, and Ay are the whole sample, matrix and fracture areas, respectively .
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Apart from the permeability of the fracture, each other term in equation 2.7, is known or is a function
of the hydraulic aperture (b) of the fracture. In addition, assuming a parallel plate model, the
permeability of the fracture can also be related to b and :

bZ

ke == .. (4.8)

Using 2.7 and 2.8, a cubic equation is derived which can be used to infer the hydraulic aperture at

varying effective pressures.

4.2 .4 Stiffness of the fracture

The normal stiffness of a fracture (Z,,) is defined as (Goodman, 1976):

db = —(n.do.n + dPy), ... (49)

where 7 is normal to the fracture and o the applied stress field. Note that in the case of hydrostatic
loading equation 2.9 is simplified as

db = — =

T

(dPC—de)=—%dP, ... (4.10)

where P, is the confining pressure and P is the effective pressure.

Knowing the hydraulic aperture at several different effective pressures, m, allows approximation of
the fracture stiffness at a given effective pressure P, : the stiffness is calculated between two loading
steps Py,,—1 and Py, 41,

m _ Pm+17Pm-1
zZy =t L (411

where Z;* is the stiffness, by, is the hydraulic aperture measured at the loading step By,.

Although efforts were made to simplify the geometry of the fracture, it is important to underline that
the stiffness is an estimation of the true mechanical aperture as the parallel plate model (equation
2.8) assumes a continuous aperture along the whole fracture, whereas a more realistic geometry
would be a fracture with distinct contact areas along the fractures, which is bound to change with
increase in effective pressure. Li et al. (2008) showed that as the effective pressure is increased, the
difference between mechanical and hydraulic aperture diverge, due to the creation of more complex

and tortuous flow paths.
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4.3 Experimental results

In the first part of this section, the hydraulic aperture, permeability and apparent stiffness of the
fracture will be shown. The second part shows the experimental results on the elastic properties of
the intact and saw cut samples performed at 5, 10 and 20 MPa of effective pressure saturated with
air and water. Figure 4 shows a schematic of the intact and saw cut samples, with the coordinate

system used in the next sections.

Y

Fracture
Z I

0 Sample

A 4

-----------

(a) \_/ (b)

Figure 4.4: Intact (a) and saw cut (b) sample with xyz Cartesian coordinate system; (c) xy representation of saw cut sample;

—/ (c)

4.3.1 Hydraulic Measurements

4.3.1.1 Saw cut fracture permeability and hydraulic aperture

Figure 5 shows, in orange, the permeability of the saw cut sample versus the effective pressure. The
figure shows that the permeability decreases as confining pressure is increased, i.e. as the fracture is
being closed. The permeability of the sample was measured at 7 different effective pressures. Within
this range, the permeability dropped by 1.4 orders of magnitude as the effective pressure was

increased from 1.8 to 22 MPa.

The hydraulic aperture of the fracture was then calculated following the procedure described in
section 2.3, within the same effective pressure range and is shown in blue. Within this range, the

hydraulic aperture dropped from 14.5 to 5 um as the effective pressure was increased from 1.8 to 22
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MPa. However, the slope of change in hydraulic aperture is much steeper between 1.8 and 11.6 MPa
of effective pressure with a drop in hydraulic aperture from 14.5 to 6.0 um than it is between 11.6
and 22 MPa of effective pressure with a drop in hydraulic aperture from 6.0 to 5.0 um. This trend
shows that the change in permeability and hydraulic aperture due to change of effective pressure

mainly occurs for an effective pressure lower than 12 MPa for this specific man-made fracture.

The intact permeability was measured during saturation and was found to be 3 10" m? at an effective
pressure of 7 MPa (orange line in figure 5). This result is in agreement with the study of Borgomano
(2018), who showed that between effective pressures of 2.5 and 20 MPa, the permeability of the
Rustrel sample changes slightly from 4 10717 to 2.5 1017 m?.
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Figure 4.5: 1) left axis: fracture aperture and 2) right axis: permeability log scale versus effective pressure;

4.3.1.2 Stiffness of the fracture versus effective pressure

Figure 6 shows, the change in stiffness of the fracture, versus the effective pressure applied to the
sample. The stiffness of the fracture was calculated following the procedure described in section 2.4,
which also explains the change in number and magnitude of effective pressure points (see equation
2.11). Within this range, the stiffness of the fracture increased from 9.9 10! to 2.0 10'* Pa m™! as the

effective pressure was increased from 5.3 to 18.4 MPa, which represents an increase of 1.3 orders of
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magnitude. This figure shows, as expected, that the fracture stiffness is increasing exponentially as
the effective pressure is increased. Note that the fracture stiffness is obtained through permeability
measurements and under the assumption of a parallel plate model, it is thus a rough estimation of the
true fracture stiffness. These results will be compared in the discussion to the fracture stiffness

obtained using analytical methods developed further on.
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Figure 4.6: Normal stiffness of the fracture (Zn) versus effective pressure;

4.3.2 Hydrostatic measurements

This sub-section focuses on the results derived from the hydrostatic oscillations, which were
performed on the dry and water saturated, intact and saw-cut Rustrel sample, at 5, 10 and 20 MPa

effective pressures, at a frequency range between 0.04 and 1.1 Hz.

4.3.2.1 Hydrostatic oscillation - Intact sample

Figure 7 shows the results for the hydrostatic oscillations at 5, 10 and 20 MPa effective pressure, in
dry and water saturated undrained conditions, for the intact Rustrel sample. The green and blue
crosses represent the dry and water intact data, respectively. The bulk modulus for the dry intact data
is constant for all frequencies at 25.3, 25.4 and 26.9 GPa for effective pressures of 5, 10 and 20 MPa,

respectively. The attenuation for these are close to 0 and are within the precision of our setup (<0.02).
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The bulk modulus for the water saturated intact data is constant at all frequencies at around 30.2,
31.1 and 32.6 GPa for effective pressures of 5, 10 and 20 MPa, respectively. The prediction of the
water saturated bulk modulus from the dry bulk modulus can be obtained using Gassmann’s equation
(Gassmann, 1951):

-1
Ku=Kd+a<K%+mTS@> , . (4.12)

where K, and K; are the undrained and dry moduli, K¢ the fluid bulk modulus, K the solid mineral
bulk modulus, ¢ the porosity and @ =1-K,; /K, the Biot coefficient. The predictions of the undrained
bulk modulus are given on figure 6 (black lines) using a solid mineral bulk modulus of calcite (77
GPa), which is what is observed in the SEM scan, and are in good agreement with the measured

undrained bulk modulus.
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4.3.2.2 Hydrostatic oscillation - Saw cut sample

Figure 4.7: Intact Rustrel’s dry and water bulk moduli and attenuation at 5, 10 and 20 MPa P for axial oscillations. In addition, the prediction of the
undrained bulk modulus from Gassmann’s equation is plotted. A good match is found between the prediction of Gassmann’s equation and the measured

Figure 8 shows the results for the hydrostatic oscillations at 5, 10 and 20 MPa effective pressure, in

dry and water saturated conditions, for the saw cut Rustrel sample. The green and blue Xs represent

the dry and water saw cut data, respectively. The apparent bulk modulus is shown in the top half and
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the phase shift is shown in the bottom half. The apparent bulk modulus is calculated in the same way
as the bulk modulus for the intact sample. This bulk modulus is not the bulk modulus of the fractured
sample, as strains are measured locally by strain gauges glued on the matrix. This apparent bulk
modulus is the bulk modulus of the matrix (or background) affected by pore pressure changes
induced by the fracture. The phase shift is calculated in the exact same way as for the bulk attenuation
for the intact sample, however since the strain measurements are local, it is not the attenuation of the
fractured sample, but a phase shift between strain and stress due to the time delay for pore fluid to

flow from the fracture to the matrix.

The apparent bulk modulus for the dry saw cut data is constant for all frequencies at 26.7, 28 and 28
GPa for effective pressures of 5, 10 and 20 MPa, respectively. The error band shown in figure 8 is
defined using the mean and standard deviation of the dry saw cut phase shift data and is within the
typical precision (<0.02) found for dry samples in this setup. This is used to compare to the water
saturated data. The bulk moduli for the dry saw cut sample are very close to those obtained in the
intact sample; indeed, the bulk modulus is obtained from strain gauges glued on the rock: it is a local

measurement.

Under water saturation and for 5 MPa effective pressure, the apparent bulk modulus reaches a peak
at the lowest frequency of 0.07 Hz with a value of 36 GPa. The value for the apparent bulk modulus
decreases with increasing frequency until 0.4 Hz, at which point it stabilizes around 31 GPa. The
phase shift between the stress and strain is negative at low frequencies, with values around -0.08, and
increases to 0 at 1 Hz. For 10 MPa effective pressure, again the apparent bulk modulus is at its peak
at the lowest frequency of 0.07 Hz with a value of 34.3 GPa. This value decreases with increasing
frequency until 0.4 Hz at which point it stabilizes around 32 GPa. The phase shift between stress and
strain is negative at low frequencies, with values around -0.02 and increases to 0 at 1 Hz. For 20 MPa
effective pressure, the apparent bulk modulus is constant for the full frequency range and there is no
attenuation. The dry bulk modulus of the matrix in the saw cut sample is slightly larger by ~1 GPa,
than the one measured in the intact sample. This might be due to the extra hydrostatic cycling that
the sawcut sample was imposed at the start of every triaxial test, which is common practice to close

microcracks; but note that it is also in the error bar of the bulk modulus (~ 1 GPa).
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Figure 4.8: Saw cut Rustrel’s dry and water saturated bulk modulus and phase shift between stress and stain at 5, 10 and 20 MPa Peff for hydrostatic
oscillations;

4.4 Modeling for the saw cut samples

Theoretical models of dispersion due to wave-induced fluid flow between pores and fractures have
been developed based on poroelasticity theory (Chapman 2003, Brajanovski et al. 2005, Gurevich et
al. 2009). These models show that the characteristic frequency of dispersion depends on the matrix
permeability, fluid viscosity, as well as the fracture geometry and properties. The aim, here, is to
model the experiment, and in particular the fact that measurements are local measurements obtained
by strain gauges, which has not been developed analytically to the authors knowledge. The present
approach is consistent with the theory of poroelasticity and, as in the work of Brajanovski et al.

(2005), the mechanism behind the dispersion is fluid flow induced between the matrix and the

fracture.

4.4.1 Pore pressure

Here we develop a 1D analytic solution along x within the frequency domain (figure 4 c). A mass

balance and mechanical equilibrium equation for a linear isotropic poroelastic homogeneous
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medium, leads to a partial differential equation which involves the pore fluid pressure (e.g. Rice and

Cleary, 1976; Zimmerman, 2000; Guéguen and Boutéca,2004):

% _ kBKg4 2 BKg4 %
ot na(l—-aB) f T 1-aB ot

=0, . (413)

where k, Ky, B, ps,a and €, are the rock’s permeability, drained bulk modulus, Skempton’s

coefficient, pore fluid pressure, Biot’s coefficient and the volumetric strain, respectively.

The oscillating hydrostatic pressure is applied so that P.(t) is sinusoidal and time dependent
(P.(t) = Pye'®?t). Again, the pore fluid pressure is dependent on the location x (1D model), as well
as being time dependent, ps(x,t) = f(x) e'®t _ Substituting the oscillating hydrostatic pressure and

pore fluid pressure equations into equation 4.1 leads to:
n k
() o5+ f(x) = BF, , (414

where S is the rock’s storage coefficient (S = a/(BK,;)). Using the fluid hydraulic diffusivity (D =

k/(Sn)), the previous equation can be rewritten as:

f”(x)i;D+f(x)=BPo- .. (4.15)

The boundary conditions, at x=0 (at the jacket) and x=r (at the fracture), are used to solve this
problem. At x = 0, fluid is not allowed to flow out of the sample, which leads to:

3Pf

. =0 ... (4.16)

The second boundary condition states that there is a mass balance between the pore fluid leaving the
pore space in the sample and the pore fluid entering the fracture which happens at x =r. The mass of

pore fluid, m, flowing from the sample to the fracture is given by Darcy’s law:

om| - _ kA% (417

Ot ly=r n 0x x=r’

where p is the fluid density and A is the surface area of the fracture in the y-z plane. The change of
pore fluid mass in the fracture is related to the pore fluid pressure, and the volume change of the
fracture:

dpv _ Vv 0Py A%

ot —pK}r 5 TP ... (4.18)
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where V is half of the fracture volume and Ky the fluid bulk modulus. The volume change of the

fracture is related to the change in its aperture, b, and can be expressed as dV = A db/2. In addition

db is related to the fracture’s normal stiffness, Z, (equation 2.10).

Thus combining 4.5, 4.6 and 2.10, leads to the boundary condition at x=r:

S Py _ A 0P kA 0Pf
Voot lymp 2z, 0tl,_. ' 7 0xly=p

A A

S ... (4.19)

=0, with §; = —+
f

In the estimation of Sy, the compressibility of the fluid can be neglected in comparison to the fracture

stiffness. Using both boundary conditions, the pore fluid pressure p(x,t) can be solved:

Pr(x,t) = Pe'*| B + cosh

... (4.20)

iw 1-B
p X [D fi fi )
. Lw w
2Z,S Zsmh Fr+cosh >

Equation 4.8 highlights the characteristic frequency ff « r%, which is the time needed for the pore

pressure to equilibrate between the fracture and pores (Brajanovski et al. 2005).

In the limit case of low frequency w —0, equation 4.8 reduces to :

_ 1-B
Pr(x,t) = P, (B + 1+25an) . ... (421)

In this case, frequencies are low enough to allow equilibration of the fluid pressure between fracture

and pores.
In the limit case of high frequency w —, equation 4.8 reduces to :
Pr(x < 1,t) = BP,e™"and Py(r, t) = Pye'®". ... (4.22)

At high frequencies the fluid has no time to move from pores in the matrix into the fractures, or vice
versa. In this case the pore pressure in the matrix (related to the Skempton coefficient) is lower than

the pore pressure in the fracture.

Figure 9 a) shows the evolution of the pore pressure in the sample during hydrostatic oscillations,
using equation 4.8, from x=0 to r, at frequencies of 104, 10!, 10°, 10' and 10* Hz. The sample
characteristics used for this model are given in Table 4.2. At a frequency of 10* Hz, the pore pressure
in the sample is constant at py = BAF, =53 kPa and the pore pressure in the fracture reaches AP, =
0.2 MPa. As the frequency of the applied stress oscillations is reduced, the pore pressure in the

fracture decreases, indeed the pressure has time to percolate through the sample, causing a higher
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pore pressure throughout the sample matrix. The pore pressure found near the jacket (at x=0) is found
to be 53 kPa, when the applied frequency is 10* Hz. As the frequency is reduced to quasi static
conditions, the pore pressure found near the jacket increases to its highest value of 90.7 kPa (using
4.10). Figure 9 (B) shows the pore pressure evolution versus frequency at r= 0 (where strain gauges
are glued) and 2 cm (inside the fracture). At low frequencies, the pore pressure in the whole sample

is equilibrated and equal to 90.7 kPa, then as the frequency is increased, the pore pressure decreases
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at the strain gauge location and increases in the fracture.

Sample Characteristics for 1D Model

Stiffness of Fracture — Z,,(m Pa)
Dry Bulk Modulus — K; (GPa)
Matrix Permeability — k (m?)

Porosity -

¢

Skempton’s coefficient - B
Table 4.2: 1D model sample characteristics;
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4.4.2 Apparent bulk modulus

Recalling that the volumetric strain is given by:
1
& (x,t) = e [Pc(t) —aps(x t)] . ... (4.23)

The local apparent bulk modulus measured by the strain gauge at x=0 is calculated using equation

4.8:

PO iwt K
Knatrix = = E;O,t) = 2 . ... (4.24)
1-a| B+ 1-B i
ZZnS\/%sinh\/%r+cosh\/%r
In the limit case of high frequency ( w —),
K
Knatrix = [j] = Ky, ... (4.25)

which is simply the undrained bulk modulus. In this limit case, the bulk modulus measured by the

strain gauge is not affected by the fracture.

In the limit case (w —0), the local apparent bulk modulus is :

1 _ 1 a(1-B) (4.26)

Kmatrix Ky Kq(142S8Zp1)

In this case, the bulk modulus measured by the strain gauge is larger than the undrained bulk

modulus, as the pore pressure in the matrix is higher.

4.4.3 Bulk modulus of the fractured sample

The overall goal here is not to develop a complete model for P-wave dispersion of a porous rock
containing a fracture. Such analytical models can be found in Chapman (2003) or Brajanovski et al.
(2005). Here the aim is to show that a negative phase shift for the apparent bulk modulus predicted
in section 4.2 is in agreement with a positive bulk attenuation of the fracture sample. First of all, as
the matrix is an isotropic elastic solid, the fractured sample is a transversely isotropic elastic solid.

However, it is still possible to define a bulk modulus of the fracture sample, K, defined as:
P—aPr=—Kp =, .. (427)

where V is the volume of the fractured sample.
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Let’s consider the bulk modulus, Ky, of the fractured sample in the fluid saturated case, in the limit

case of high frequency w —oo equations 2.10, 4.13 and 4.15 leads to
Ker = Ky, ... (4.28)

which is the same as if there was no fracture; in agreement with previous results (Brajanovski et al.
2005).

Let’s consider the bulk modulus, Kf,., of the fractured sample in the fluid saturated case, in the limit

case of low frequency w —0 equations 2.10, 4.14 and 4.15 leads to

1 1 a(1-B)2 1 a(1-B)2
_=__(—)=__(—)_ ... (4.29)
Ker Ky KqB(1+2SZpr) Ky  KgB+a2Zur

Figure 10 shows in solid and dashed lines the theoretical predictions of the apparent matrix bulk
modulus (at x=0) and the bulk modulus of the fractured sample for different value of the normal
fracture compliance and using the poroelastic constants given in table 4.3. At high frequency, the
moduli are not affected by the fracture and converge to the undrained bulk modulus. As the frequency
increases the bulk modulus of the fracture sample increases, in agreement with Brajanovski et al.
(2005). The trend of the apparent bulk modulus of the matrix shows an opposite trend which
decreases as the frequency increases. Note that using the low frequency bulk modulus value, and
equations 4.14 or 4.17 it is possible to directly infer the fracture compliance, knowing the poroelastic

properties of the rock.

One needs to remember that the evolution of the apparent matrix bulk modulus is related to the pore
fluid migrating from the fracture to the pore volume. This creates theoretically an unusual negative
phase shift between stress and strain (figure 10b), which is not seen when looking at the attenuation

of the bulk modulus of the fractured sample (figure 10 c).

4.4.4 1D analytical versus 3D computational

The 1D analytical model allows to understand the mechanisms behind the dispersion and attenuation
of the apparent matrix bulk modulus. However, the 1D model is a geometrically simplified version
of the fractured cylindrical sample. To take into account the 3D geometry of the experiment, the
dispersion and attenuation caused by the fluid pressure diffusion is modelled numerically in
COMSOL by solving Biot’s (1941) poroelastic quasistatic equations in the frequency domain, using

the displacement-pressure formulation (Quintal et al., 2011). These equations are:
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k . I
v -(—;fo)+a|7-(la)u)+%p=0 , ... (4.31)

where u is the vector of solid displacement, with components in the x, y and z directions, and o is

the stress tensor,
oij = 24 + Aed;; — apdy; ... (4.32)

where §;;, €;; and e are the Kronecker delta, components of the strain tensor and cubical dilation

given by the strain tensor, respectively. The p and A are the shear modulus for the dry frame and
Lamé’s parameter A = K; — 2p1/3. The coefficient M is (Biot and Willis, 1957)

— (& 29\
M‘<Kf+ KS) ) ...(433)

The fractured sample is modeled with an intact matrix and a fracture having a higher permeability,
porosity and compliance. The drained bulk modulus for the fracture was calculated using the normal
stiffness of the fracture multiplied by the aperture. We also take into account a fracture shear
modulus, estimated and taken as half the value of the drained bulk modulus, according to the study
of Lubbe et al. (2008) on a carbonate limestone. The geometry is made of two half cylinders (matrix),
with a rectangular cuboid in between both halves (fracture). The width of the rectangular cuboid is
equal to the diameter of the cylinder at 40 mm. The height of the fracture is equal to the height of the
cylinder and was taken as 80 mm. The fracture aperture has little effect in the analytical model or
numerical model as long as the aperture is smaller than 1.1 10~ m (equation 4.7) and sensitivity tests
were done on the effect of aperture. The model was run at an aperture of 2 10* m with sensitivity
tests run at 10 m. The parameters used for the intact and fracture volumes are summarized in table

4.3.

Intact Fracture
Grain bulk modulus (GPa) K,=177 K,=177
Grain density (kg/m?) ps =2710 ps =2710
Porosity ¢=10.16 $=0.9
Permeability (m?) k=101 k=101
Drained bulk modulus (GPa) K4 =28 K3=02,0.52,4
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Drained shear modulus (GPa) w, =14 u,=0.1,0.26, 2
Fluid bulk modulus (GPa) Ky =22 Ky =22
Fluid density (kg/m?) ps=1000 pr= 1000
Fluid viscosity (Pa s) Nwat=10" Nwar=1073

Table 4.3: Material properties for the poroelastic equations used in COMSOL multiphysics, with bulk and shear
modulus shown for 3 different scenarios similar to effective pressures of 5, 10 and 20 MPa, respectively;

COMSOL multiphysics is used to create a volumetric mesh with tetrahedral elements and the weak
form of equations 4.19 and 4.20 are solved, using a finite element method. The gradient of fluid
pressure is set to 0 along the outside boundary, creating undrained boundary conditions. To induce
the hydrostatic pressure, an oscillatory radial stress amplitude of 2 10° Pa is applied along the
curved surface of the cylinder and fracture. An oscillatory stress amplitude of 2 10° Pa is applied to
the top of the cylinder in the negative z direction and to the bottom of the cylinder in the positive z

direction.

Figure 10 shows the 1D analytical solution and 3D COMSOL multiphysics results of the apparent
matrix bulk modulus (at location x = 0) and the bulk modulus of the fracture sample versus frequency,
for 3 fracture stiffness’s: 1 10'2, 2.6 10'? and 2 10'* Pa m™'. The solid and dashed lines show the 1D
analytical model results. The Os and Xs are for the 3D numerical model completed in COMSOL
multiphysics. The solid line and Os are for local measurements at the “strain gauge” location. The
dashed line and Xs are for global measurements, i.e. matrix and fracture. The black, blue and red

colors represent the solution at a normal compliance of 1, 2.6 and 20 10'2 Pa m’!, respectively.
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Figure 4.10: Bulk Modulus of local measurement (x=0) and of whole fractured sample versus frequency, with
associated phase shift and attenuation versus frequency;

In the low frequency regime, below 102 Hz, the bulk modulus of the fractured sample is smaller than
the apparent matrix bulk modulus. In the high frequency regime above 10° Hz, the apparent matrix
bulk modulus are equal and constant at K,, (equation 4.13). Overall there is a good consistency
between the 1D model and the 3D numerical model: for the apparent matrix modulus, the low
frequency moduli for the 1D analytical model are 37.6, 35 and 33.2 GPa for a fracture stiffness of 1
10'2, 2.6 10'2 and 2 10'* Pa m™!, respectively, whereas for the 3D numerical model these values are
36.7, 34.6 and 33.2 GPa. For the bulk modulus of the fractured sample, the low frequency moduli
for the 1D analytical model are 24.1, 28.4 and 32.8 GPa for a fracture stiffness of 1 10'2, 2.6 10'2 and
2 10" Pa m’!, respectively, whereas for the 3D numerical model these values are 25, 28.8 and 32.4

GPa.

The critical frequency for the attenuation for the 1D analytical model and 3D analytical model also
match well. The amplitude of the attenuation (fractured sample) for the 1D analytical model are

0.026, 0.011 and 0.001 for fracture stiffness of 1 102, 2.6 10> and 2 10" Pa m™!, respectively,
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whereas for the 3D numerical model these values are 0.021, 0.006 and 0.000. The amplitude of the
phase shift (apparent matrix modulus) for the 1D analytical model is -0.085, -0.038 and -0.005 for a
fracture stiffness of 1 10'2, 2.6 10'? and 2 10" Pa m’!, respectively, whereas for the 3D numerical

model these values are -0.069, -0.0307 and -0.001.

Small differences between the 1D and 3D models are expected as the solution for pore pressure
propagation in the 3D numerical model is more intricate, taking into account the complex geometry
of the sample, whereas the 1D analytical model is simplistic. That being underlined, the critical
frequency is the same for both the 1D and 3D models, both models predict almost the same negative
phase shift for the apparent matrix bulk modulus, and both models show an apparent matrix bulk

modulus that converges at K, in the high frequency regime.

In the high frequency, and for the fractured sample, the modulus converges to a value smaller than
K,, for the 3D simulation. This is due to the aperture not being small enough: when modelling with
a smaller aperture (10 m), the 3D numerical model converges to Ky, which is not shown, since the
length of the sample has to be greatly reduced to create a model that could be run on the servers
without crashing the system. This is further highlighted by the increase in high frequency apparent
matrix bulk modulus, with an increase in fracture stiffness, as the fracture stiffness comes closer to

the matrix stiffness.

4.4.5 Comparing experimental results with the 1D analytical model

Figure 11 shows the results presented in figure 7, with the solution to the 1D analytical model, as
well as the solution for the 3D numerical model. The sample properties for the 1D and 3D models
can be seen in table 4.4. The drained bulk modulus is taken from figure 7. The fracture stiffness was
calculated using the low frequency regime (equation 4.14) for the 1D analytical model, and was

adjusted, in the 3D model, to fit the experimental data (it is the only unknown parameter).
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1D analytical

3D computational

Sample Characteristics

Sample Effective Pressure (MPa)

5 10 20 5 10 20
Stiffness of Fracture — Z,(Pam™) | 1102 | 2.6 10% 510% 0.7 10** | 1.810%? | 3.510%
Drained Bulk Modulus — K; (GPa) 26 28 28 26 28 28
Matrix Permeability — k (m?) 10"
Porosity - ¢ 0.16 .

Table 4.4: 1D and 3D model sample characteristics;

Figure 11 shows that the experimental data is in good agreement with the 1D analytical and 3D

numerical models. The inferred value for the fracture stiffness are given in table 4.4. The fracture

stiffness increases as effective pressure increases. The 1D and 3D models predict the same order of

magnitude for the fracture stiffness, however the 1D model slightly overestimates the fracture

stiffness, and for the three effective pressures a ratio of ~0.7 is found between the fracture stiffness

used from the 3D model to the one deduced from the 1D model. As the 3D model takes into account

the geometry of the problem, it is probably a better approximation of the stiffness of the fracture.

The 1D model is analytical, catches the mechanisms behind dispersion and attenuation, and is easy

to use to interpret the experimental data.
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Figure 4.11: Experimental results for hydrostatic oscillations with the predictions of the 1D model superimposed;

4.5 Discussion

In this paper, the permeability of the sample was used to calculate the hydraulic aperture of the
fracture. For a saw cut sample with the fracture running parallel to the flow path, there is an expected
decrease in permeability when the effective pressure is increased, which has been shown
experimentally by others (Kluge et al., 2017; Blocher et al.,2019) and is consistent in this work. The
flow rates used for the hydraulic aperture never exceeded 2.5 10® m’/s, which is well below the
Reynolds number threshold for laminar flow and the fracture is relatively flat and parallel as it was
cut using a diamond saw, however there is certainly partial contact between both halves of the
sample, meaning the parallel plate model is not completely met. The stiffness of the fracture
calculated using this method has an error of 1, 33 and 92 %, at effective pressures of 5, 10 and 20
MPa, when compared to the stiffness calculated from the 1D analytical model, and 41, 4 and 26 %
when compared to the fracture stiffness from the 3D numerical model. The 3D numerical model is
in better agreement with the hydraulic measurements of fracture stiffness, than the 1D analytical
model. Li et al. (2008) showed that the error between hydraulic aperture and real aperture are on an

order of 2.
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The pore pressure model presented in section 4.2, shows the trend of pore pressure along the x axis
depending on the applied hydrostatic frequency. The pore pressure in the pore matrix is highest at
low frequencies and lowest at high frequencies, the opposite is true for the fluid pressure in the
fracture. At high frequencies (10° Hz and above), the pore pressure in the fracture does not have time
to dissipate into the matrix. This is analogous to squirt flow attenuation mechanisms, for which fluid
does not have the time to equilibrate between pores and cracks. Note however that in the case of a
fracture medium, poroelasticity can be applied as the pore pressure is equilibrated at a REV scale,
which is not the case for squirt flow. In addition, the cut-off frequency related to squirt flow is
typically at a much higher frequency range ( > 10 kHz), whereas in this case the frequency cut-off
is:

f = ‘;_[2’ ...(4.34)
where L is the distance between 2 fractures (or 2 times the distance r in our experiments), and thus
typically occurs at low frequency. The distance between the fractures (and thus the fracture density)
is a key parameter to estimate the frequency cut-off. This can be shown by using the 1D analytical
model developed and changing the value of r. When changing r from 2 to 4 to 8 cm, the cutoff
frequency goes from 0.85 to 0.32 to 0.12 Hz with the attenuation magnitude going from 0.076 to
0.048 to 0.025, respectively. This is consistent with the numerical models developed by Hunziker et
al. (2018) which has shown that an increase in fracture density does increase the magnitude and cut

off frequency of the attenuation caused by FPD from the fracture to the pore space.

Figure 10 and 11 show that the critical frequency for the FPD from the fracture to the matrix changes
depending on the fracture stiffness, with an increase in critical frequency as the fracture stiffness
increases. The importance of the location of the strain measurement is highlighted in figure 10, the
local strain measurement shows a critical frequency which is smaller than that of the critical
frequency for the whole sample. The importance of the location of strain measurement has been
shown numerically before by Chapman and Quintal (2018), with a change in the cut-off frequency
depending on the location of where the strain measurement was taken. A negative phase shift was
also shown in their work, when the attenuation was measured locally at a set distance from a fracture.
This negative phase shift is shown experimentally in figure 11, at lower effective pressures, as the
strain gauges used here are local measurements, which shows the effect the fracture has on the local
strain measurements. The ‘global’ bulk strain measurements would be needed, to calculate directly
the bulk dispersion and attenuation of the fractured sample. The 1D model in this paper (figure 11),

as well as the numerical model in Chapman and Quintal (2018), show that although some local
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measurements can create a negative phase shift between the stress and strain, the ‘global’ bulk
attenuation is still positive. However, this work shows that it is possible to calculate the fracture
stiffness by inversion through the apparent matrix bulk modulus, and then predict the bulk modulus

and attenuation of the fractured sample.

The dispersion caused by the fracture decreases in magnitude with an increase in effective pressure.
This is expected as the fracture closes when there is an increase in effective pressure. When using
the 1D model, the amplitude of the attenuation is sensitive to the stiffness of the fracture, which
decreases with an increase of effective pressure. This implies that dispersion and attenuation related
to fractures mainly occurs in shallow reservoirs, or during fluid injection as the effective pressure is

increased leading to opening of pre-existing fractures.

4.6 Conclusion

With the addition of innovative microvalves, a set of hydrostatic oscillation tests was performed on
an intact and saw cut cylindrical sample at frequencies between 0.07 and 1 Hz in purely undrained
conditions. As expected, the intact sample showed no dispersion for dry or water saturated
conditions. Permeability tests were performed at a large range of effective pressures to measure
hydraulic aperture and stiffness of the man-made fracture. Using the local strain measurements
during the hydrostatic oscillations, the apparent matrix bulk modulus and phase shift were measured.
At an effective pressure of 5 MPa, the apparent matrix bulk modulus decreased from 36 at low
frequency to stabilize at 31 GPa at higher frequencies and a maximum local negative phase shift of
-0.08 was recorded, with the cut-off frequency at ~0.2 Hz. At an effective pressure of 15 MPa, the
local bulk modulus again decreased with increase in frequency, however only by 2.6 GPa from 34.6
to 32 GPa and a maximum local negative phase shift of -0.02 was recorded, with a cut-off frequency
at ~0.35 Hz. At an effective pressure of 20 MPa, there was no change in local bulk modulus and no

phase shift.

A 1D analytical model and 3D numerical model, for hydrostatic oscillations on a fractured sample,
were developed and fit well the experimental data, which implies a fracture to matrix leak-off. The
models give insight on how a negative phase shift can be observed locally, and how the fracture
stiffness can be measured. It underlines also the importance of fracture stiffness and the location of

the strain measurements on the cut-off frequency and the magnitude of the phase shift.
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5. Frequency-dependent attenuation caused by FPD due to
interconnected fractures: Experimental evidence
and numerical modeling

5.1 Introduction

The study of wave-induced fluid pressure diffusion (FPD) has been shown analytically (Chapman,
2003; Brajanovski et al. 2005; Gurevich et al. 2009) and numerically (Quintal et al., 2014; Hunziker
et al., 2018; Janicke et al., 2019; Lissa et al., 2021) to be a crucial factor in understanding seismic

energy dissipation in fractured media.

Numerically, there has been substantial advancements in not only the interaction between fractures
and pore space (Caspari et al.,2019), but fractures and fractures (Vinci et al., 2014; Lissa et al., 2020).
These theoretical and numerical studies on fractures help understand how these react depending on
their orientation (Guo and Gurevich, 2020), the parameters of the matrix (Brajanovski et al.,2005;
Vinci et al.,2014), or even how fractures interact with each other (Quintal et al.,2014). For simpler
geometries, analytical models have been used as a benchmark to compare to numerical models.
However, very little work has been done experimentally. Nakagawa (2013), measured normal and
shear fracture attenuation, under uniaxial stress applied normal to the fracture. The sample was
jacketed and the pore pressure was in a slight vacuum to prevent the fluid from moving between the
jacket and sample. The frequency range was between 1 and 100 Hz. Amalokwu et al. (2014)
synthesized two sandstone samples, one with aligned penny-shaped voids and the other without, and
tested these at 40 MPa at a frequency of 650 kHz. Their results showed that the sample with the
synthesized fractures had more attenuation. These experiments were revisited in 2017 by Amalokwu
et al., where a Gassmann equation was applied and used to predict the dispersion due to squirt flow,

at different water saturations ranging from 0 to 1.

The goal in this paper is to create an experimental setup which can easily be validated using a
numerical approach, and highlights fracture to fracture fluid pressure diffusion (FPD). This will be
done using a traditional triaxial cell outfitted with new microvalves to obtain undrained conditions
and an eddy gauge which can measure global strain of the sample. A cylindrical sample of a very
low permeability Solnhofen limestone was cut twice using a diamond saw. These cuts were done

horizontally and vertically, so the cuts intersect in the center of the volume, and create a “Swiss
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cross”. The cell is also outfitted with an axial oscillator which can oscillate between 10 and 10 Hz.
The idea is to monitor the dispersion caused by the attenuation due to fluid flowing from the
horizontal fracture, which is being squished due to the axial oscillations, to the vertical fracture which
in this case acts as a small dead volume. Due to the low permeability, there should be little to no fluid
migration to the pore space of the matrix, highlighting fracture to fracture FPD. It is important to
make sure that the attenuation measured is indeed related to the FPD between the fractures and no
other mechanisms. Also, some permeability tests were performed at a range of effective pressures to
calculate the hydraulic aperture and estimate roughly the vertical fractures stiffness. Finally, a 3D

numerical model of the experiment was made to compare experimental and numerical results.

5.2 Experimental procedure

A TOP Industries™ triaxial cell is used to pressurize and saturate the sample (Borgomano et al.,
2020). Two pumps are oil filled and control the cell pressure and axial piston, respectively. One
Quizix dual precision pump (QX1500HC model), is used to regulate upstream and downstream pore
pressure in the sample. The pore fluid used in this paper is 98% glycerin with product specification
as Glycérol >98%, GPR RECTAPUR® provided by VWR Chemicals. Glycerin is used as it has a
higher dynamic viscosity than water, which allows for the observation of FPD at lower frequencies.
The cell is outfitted with microvalves in both the top and bottom end platten, when these are closed,
the dead volumes are reduced to ~ 20 pl, creating undrained boundary conditions. Further details on
the microvalves are presented in Borgomano et al. (2020) paper. An eddy gauge sensor was

developed to measure global axial strain.

5.2.1 Axial oscillations
For the axial oscillation test, first the cell pressure pump brings the sample to a pre-determined

confining pressure. A piezoelectric actuator is then sandwiched in between the sample and axial
piston with a small deviatoric stress applied (5 MPa) through the axial piston to ensure proper contact.
The actuator is fed by an electronic signal which causes an oscillatory volume change in the actuator.

This creates an oscillatory stress propagation in the column. The stress is calculated using:

Oax = EauEaius ... (5.0)

where g, is the axial stress in the column, E;;, is the Young’s modulus of the aluminum bottom

plate and &, is the axial strain in the aluminum bottom plate. Four strain gauge pairs are attached
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to the bottom aluminum plate and are used to measure &,;,,. Knowing E,;,, ,the axial stress can be

calculated.

5.2.2 Eddy gauge sensor

An eddy gauge sensor is a sensor which is fed by an alternate current, which in turn creates a magnetic
field around the sensor. A conductive material, a small aluminum cylinder in this case, was chosen
to be a target (see figure 5.1). The magnetic field will generate an eddy current in the target based on
the distance (x) between the sensor and the target as well as the resistivity (p), the electric
permeability () of the target and the frequency (f) of the alternating current. Due to the creation of
an eddy current in the target, the impedance (Z) of the coil in the sensor will change. The change in

impedance in the coil can be seen in equation 2.2, which was shown by Wang and Fend (2013).
Zgsr = [Re + Rg (e, p N1 + jwlLe + Lo Cx, p, 1, )] .. (22)

R, and L. are the inherent resistance and inductance of the sensor. R, and L, are the change in
resistance and inductance due to eddy current being generated. The frequency of the alternating
current is constant, and the resistivity and permeability of the target are known. The temperature can
change the inductance and resistivity but this can be accounted for (Wang and Feng, 2013). For our

specific use, the temperature is stable at 21 °C.
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Figure 5.1: left: Working principals of eddy gauge sensor; right: Schematic of eddy gauge implementation in high pressure triaxial cell;

Eddy gauge sensors are relatively new, reliable and are being used both in the industry (Cardwell et
al., 2008; Garcia-Martin et al., 2011) and in academia (Ying et al.,2007; Zainal Abidin et al., 2011;

Wang et al., 2013). Eddy gauge sensors main advantage is that it implements a non-contact system.

The eddy gauge sensor that was used at ENS is the EU 05(74) with a DT3300 controller provided by
Micro-epsilon™., The sensor has a total range of 0.5 mm with a precision of 5X10® m and has a
working temperature range of 0 to 60 °C. The eddy gauge sensor is used axially along the sample

length to measure the axial deformation of the sample, as well as, the bottom and top metal caps.
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Figure 5.2: Picture of TOP Ind. triaxial cell, jacketed sample and schematic of microvalve and whole triaxial cell system (modified from Borgomano);

The compliance of the system (S, ) is calculated using:

€eddy gauge
Sgyg = —————— . (5.2
Sys. Cax P ( )
with:
Aleddy
Eeddy gauge = loystem’ ... (5.3)

where €044y gauge 15 axial strain measured by the eddy gauge, Algq4y is the eddy displacement and
lsystem 1s the length of the system (147 mm), which includes the metal bottom and top caps.
Assuming there is no dispersion at the largest effective pressure of 25 MPa, since the fracture is
completely closed, and the system is perfectly elastic, a correction (Cor.) is calculated for the

compliance as follows:
Cor.= Sy — S¥OHZ, .54

where S5 is the compliance matrix of the system at an effective pressure of 25 MPa and $* #7 is

the compliance of the system at an effective pressure of 25 MPa and a frequency of 40 Hz. This
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correction removes small frequency dependent changes in compliance due to the eddy gauge sensor,

which was observed. The correction is applied at each effective pressure following:
Snew =S — Cor., ...(5.5)

where Sj,q, 1s the compliance of the column (sample, aluminum bottom cap and steel top cap),
without the frequency effect of the eddy gauge and S is the compliance of the system at each effective

pressure.

Finally, the elastic modulus (E) is calculated from the compliance

E=—", ... (5.6)

Snew

and is normalized with the elastic modulus at an effective pressure of 25 MPa using:

E
E25MPa >

E= ...(5.7)

where E is the normalized elastic modulus and E25MP@ ig the elastic modulus at 25 MPa.

As the eddy displacement also reads the displacement in the bottom and top cap, which includes a
small part in aluminum and stainless steel, the normalization is ideal to highlight dispersion caused

by the FPD, since elastic properties of the metal column are frequency independent.

5.2.4 Normalized Young’s attenuation

The attenuation of the Young’s modulus (Qz %) is calculated using (O’Connell and Budiansky,

1978):

-1 _ Im(E) _ Im(a/g) _
QE - Re(E) - Re(E/E) - tan(d)dax - ¢gsample)' o e (58)
Again, it is assumed the fracture is closed and therefore there is no attenuation at an effective pressure

of 25 MPa, consequently a corrected attenuation (Qz~* ) is calculated, as follows:

cor.

-1 -1 -1
Qk cor. — Qp  — 0k Eff.P.=25 MPa ° .59

where Qg ! Eff.P.=25 MPa is the attenuation at an effective pressure of 25 MPa. This correction gives

an attenuation of 0 at all frequencies at an effective pressure of 25 MPa, which is consistent with the

correction made with the Young’s modulus.

116



Chapter 5 - Fracture to fracture FPD in Solnhofen sample

5.2.5 Kramer-Kronig’s relationship

To verify that the normalized Young’s modulus and normalized Young’s attenuation is causal, the
Kramers-Kronigs relation (Nowick and Berry,1972) is applied to the linear interpolation of the

normalized Young’s modulus to determine the imaginary part of this, following:

wda

Im(E) == ["[Re(E(@)) — Re(E(M)] -z ... (5.10)

2_q2 4

where Re(E (a)) is the linear interpolation of the real part of the normalized Young’s modulus,
Re(E (r)) is the relaxed real part of Young’s modulus given by the high-frequency limit of

Re(E (a)), «a is the integration variable, and w is the angular frequency.

5.2.6 Hydraulic Aperture

To calculate the hydraulic aperture of the vertical fracture, it is assumed that there is no flow taking
place through the matrix (Q,,, = 0) due to the low permeability of the sample and that the flowrate
through the sample (Q,,) is equal to the flowrate through the fracture (Qf).

Qw = Qf ... (5.11)
Darcy’s law states:

_ kopy

Q=AZL, .. (5.12)

n 0z

where k is the permeability (m?), 1 is the dynamic viscosity of the pore fluid (Pa.s), Q is the flow
rate through the fracture (m?>.s™), A is the area of the sample perpendicular to the flow (m?) and Py

is the pore fluid pressure (Pa).

Using a parallel plate model, the hydraulic aperture (b) can be calculated as follows:

b= J12%k;. . (5.13)

In addition:
A=bxD,

where D is the diameter, then:
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. (5.14)

5.2.6 Vertical fracture stiffness calculations

A rough estimation of the stiffness of the vertical fracture was measured by calculating the hydraulic
aperture at multiple effective pressures. The change in effective pressure between two points
represents a loading step, m, and the difference between the hydraulic aperture between these shows
the displacement normal to the fracture. The normal stiffness of a fracture is defined by (Goodman,
1976):

m _ Pm+17Pm—1
A — ... (5.15)

where Z" is the hydraulic stiffness, by, is the hydraulic aperture measured at the loading step Py,. It
is important to underline that it is a rough estimation as the true mechanical aperture is not the

hydraulic aperture which is inferred from the parallel plate model.

5.3 Sample preparation

For this study, the underlying research goal was to use the innovative eddy gauge to capture
attenuation effects of fracture to fracture FPD. To ensure that this effect is isolated, a Solnhofen
limestone cylindrical sample was chosen, as it has a very low permeability, which eliminates the
FPD effects from the fracture to the matrix of the sample, in the frequency range chosen. This section

first describes the sample, then the method used to create two fractures in a Swiss cross formation.

5.3.1 Solnhofen limestone

In the geological formation known as Altmiihltal lies Solnhofen limestone. This limestone was
formed in a basin which was around 30 by 70 km, in southern Germany. It was created by a micritic
carbonate mud (Koch, 2007). The basin held multiple lagoons which had limited access to open sea
and could get isolated, creating low oxygen zones. This made it less likely for predators to roam
around, and for this reason, if an animal perished in these lagoons, they were not eaten and were left
to settle whole in the carbonate mud. For this reason, Solnhofen limestone is a well-known formation

as it often preserves some of the best quality fossils.
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Solnhofen limestone is 99.9% calcite with it’s grain size shown to be around 5 um and a measured
density around 2663 kg/m* (Robertson,1955; Heard, 1960; Baud et al., 2000). Baud et al. (2000)
show the intact Young’s modulus to be around 60 GPa, with its Poisson’s ratio, porosity and its
intrinsic compressibility to be 0.34, 3% and 1.6 107! Pa’!, respectively. Its permeability is estimated

to be below 10'® m? (Koch, 2007). The characteristics of the sample are tabulated in table 5.1.

5.3.2 Swiss cross - Fracture preparation

An intact cylindrical sample of Solnhofen limestone, with a radius of 40 mm and height of 80 mm,
was centrally saw cut down its length, using a diamond saw. Then, these halves were marked and cut
again around it’s center. The new dimensions of the sample are shortened in height and width
perpendicular to the fracture by 3 mm, due to the sawcut. Each section was marked (1 through 4),
then was sanded (400 grit) along the inside surface, then each section was placed and held together
using transparent tape. This was done to keep all parts aligned during the mounting process. Small

drops of epoxy were applied to chipped corners to reduce dead volumes.

Axial oscillation

\M I amplituds
<«

frequency

Undrained boundary
conditions

Solnhofen
saturated
sample

Horizontal
saturated

77 mm
: fracture

Vertical
saturated
fracture

Figure 5.3: (A) Solnhofen limestone sample with Swiss cross fracture and shortened dimensions; (B) Picture of the meshing used for the numerical

simulation, with fracture highlighted in blue; (C) Schematic of Solnhofen limestone sample with Swiss cross fracture during experiment;
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5.4 Results

5.4.1 Swiss Cross - Young modulus versus frequency

Figure 5.4 shows the normalized Young’s modulus of the Swiss cross Solnhofen sample, in
undrained glycerin saturated conditions, at effective pressures of 5, 10, 15, 20 and 25 MPa. The

circles represent the data collected from the eddy gauge. The lines show the linear interpolation.

At the lowest frequency recorded of 2 10! Hz, the normalized Young’s modulus increases from 0.71

to 1 for effective pressure of 5 and 25 MPa, respectively.

At the highest frequency recorded of 4 10" Hz, the normalized Young’s modulus increases from 0.86
to 1 for effective pressure of 5 and 25 MPa, respectively. This increase in Young’s modulus is smaller

than the lower frequency case.

At 5 MPa effective pressure, the normalized Young’s modulus goes from 0.71 to 0.86 at frequencies

of 2 10" and 4 10' Hz, respectively.

At 20 MPa effective pressure, the normalized Young’s modulus goes from 0.95 to 0.99 at frequencies
of 2 10" and 4 10' Hz, respectively. This represents a large decrease in dispersion, when compared

to the 5 MPa effective pressure case.

At 25 MPa effective pressure, the normalized Young’s modulus does not change with frequency as

the fracture is assumed to be completely closed.
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Figure 5.4: Normalized Young’s modulus versus frequency of Solnhofen sample with Swiss cross fracture in
undrained glycerin saturated conditions at 5, 10, 15, 20 and 25 MPa effective pressures;

5.4.2 Swiss Cross - Young’s attenuation versus frequency

Figure 5.5 shows the normalized Young’s attenuation of the Swiss cross Solnhofen sample using
both the eddy gauges (circles) and Kramer-Kronig’s relationship (dotted lines), in undrained glycerin

saturated conditions at effective pressures of 5, 10, 15, 20 and 25 MPa.

As the data is normalized using the attenuation at an effective pressure of 25 MPa, the attenuation
for 25 MPa effective pressure is 0. The highest attenuation, at effective pressures of 5, 10, 15 and 20
MPa using the eddy gauge data are 0.073, 0.052, 0.026 and 0.018, respectively, at a frequency of 2
Hz, for each effective pressure. These results were validated using the Kramers-Kronigs method on
the linear interpolation of the Young’s modulus. The highest attenuation, at effective pressures of 5,
10, 15 and 20 MPa using the Kramers-Kronigs method are 0.081, 0.060, 0.033 and 0.019,
respectively, at frequencies of 1.80, 1.78, 1.75 and 1.67 Hz, respectively. There is a slight trend, for

the critical frequency to shift to lower frequencies, as the effective pressure is increased.
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Figure 5.5: Normalized attenuation of Young’s modulus versus frequency of Solnhofen sample with Swiss cross
fracture in undrained glycerin saturated conditions at 5, 10, 15, 20 and 25 MPa effective pressures, using eddy gauge

and using Kramer-Kronigs relationship;

5.4.3 Permeability and hydraulic aperture

Figure 5.6 shows the evolution of the permeability and hydraulic aperture with the effective pressure.

As the effective pressure increases from 1 to 29 MPa, the permeability decreases from 4.6 107! to

4.0 102 m?, and the hydraulic aperture decreases from 2.3 107 to 6.9 10° m. This correlation is

expected since the fractures close as the pressure is increased.
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Figure 5.6: Hydraulic aperture and permeability versus effective pressure;

5.4.4 Fracture Stiffness

Figure 5.7 shows the vertical fracture stiffness, calculated from the hydraulic aperture versus
effective pressure. The fracture stiffness is shown to increase, in an exponential fashion, as the
effective pressure is increased. At 3 MPa effective pressure the vertical fracture stiffness is found to
be 4.5 10" Pa m™!. At 27 MPa effective pressure the vertical fracture stiffness increases to 9.4 102
Pa m!. It should be noted that the horizontal fracture is deformed by the confining pressure as well
as the deviatory axial stress applied to it, for that reason, it should be stiffer. A reasonable estimate
of the horizontal fracture stiffness would be to use the vertical fracture stiffness at 5 MPa higher

effective pressure, as the differential stress, between the radial and axial stress, is fixed to 5 MPa.
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Figure 5.7: Vertical fracture stiffness versus effective pressure;
5.5 Numerical Model

5.5.1 Model development
A numerical model is made using COMSOL to compare to the experimental data. This is done by

solving Biot’s (1941) poroelastic quasistatic equations using the displacement-pressure formulation

(Quintal et al., 2011) in the frequency domain, as follows:

V-o=0, ... (5.16)
k . I
v -(—;fo)+al7-(lwu)+%=0 , .. (5.17)

where u is the vector of solid displacement, with components in the x, y and z directions, « is the
Biot coefficient and o is the stress tensor,

0ij = 20g;j + Aedij — apdy; ...(5.18)

where §;;, €;; and e are the Kronecker delta, components of the strain tensor and cubical dilation

given by the strain tensor, respectively. The p and A are the shear modulus for the dry frame and

Lamé’s parameter A = K; — 2p1/3. The coefficient M is (Biot and Willis, 1957)
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M=(i+ﬂ)-1. . .(5.19)
Kr K

The sample is modeled with two distinct zones: an (i) intact zone and a (ii) fractured zone. The intact
zone has the characteristics of the intact Solnhofen limestone. The fractured zone is modeled
assuming a very high permeability and porosity. Using the normal compliance (stiffness™) estimate
calculated previously, the shear compliance can be inferred knowing that the ratio of the normal over
shear compliance of carbonate limestones is found to be 0.5 by Lubbe et al. (2008), over a large
range of effective pressures. Then the dry p-wave and s-wave modulus can be calculated using

(Nakagawa and Schoenberg, 2007):
H=bx*Z,and G =b * Z; , ...(5.20)

where H and G are the p- and s-wave moduli, respectively, and S;, and S; are the normal and shear

compliance, respectively. Then the bulk modulus can be calculated using:
K=H-%/3G. . (5.21)

The intact zones are modeled with four half cylinders, which are held apart by the fracture aperture,
all space between the intact zones are considered fractured zones. The total height of the model is 77
mm, the total diameter is 40 mm. The parameters used for the intact and fractured zones are presented
in table 5.1. The fracture stiffness in the numerical model at each effective pressure is assumed to be
the same for the horizontal and vertical fractures, using the estimate of the horizontal fracture from

the hydraulic measurements.

Intact Fracture
5 MPa 15 MPa 25 MPa

Grain bulk modulus (GPa) K;=175 K, =175
Grain density (kg/m?) ps = 2663 ps = 2663
Porosity ¢=0.03 $=10.99
Permeability (m?) k=108 k=110 k=5510" k=410"
Drained bulk modulus (GPa) Ky =60 K3 =0.13 K4 =0.33 K;=1.33
Drained shear modulus (GPa) Gy =215 G4 =0.20 Ggq =0.50 Ggq =2.00
Fluid bulk modulus (GPa) Kgiye=3.4
Fluid density (kg/m?) Pgiyc= 1260
Fluid viscosity (Pa s) Natye=10°

Table 5.1: Material properties for the poroelastic equations used in COMSOL multiphysics;
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Tetrahedral elements are used to create a volumetric mesh (figure 5.3) within COMSOL
multiphysics, then a finite element method is applied using this newly formed mesh to solve for the
weak form of equations 5.1 and 5.2. An axial strain oscillation is applied to the top surface with 0
axial displacement set to the bottom surface. The sides of the cylinders are free to move with

undrained conditions fixed.

5.5.2 Comparing experimental results to numerical model

Figure 5.8 shows the normalized bulk modulus from the experimental results as well as the numerical
results. The numerical normalized Young’s modulus results are presented for effective pressures of
5, 15 and 25 MPa, which is shown in green, red and purple diamonds, respectively. The numerical

simulation shows a total dispersion of 0.13, 0.06 and 0.03 for effective pressures of 5 and 15 MPa,
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Figure 5.8: Normalized Young’s modulus versus frequency of Solnhofen sample with Swiss cross fracture in undrained glycerin saturated conditions at 5,
10, 15, 20 and 25 MPa effective pressures for experimental results and at 5,15 and 25 MPa effective pressures for numerical model results;

Figure 5.9 shows the attenuation from the experimental results as well as the numerical results. The
numerical Young attenuation results are presented for effective pressures of 5, 15 and 25 MPa, which

is shown in green, red and purple diamonds, respectively. The maximum attenuation reached, for an
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effective pressure of 5 MPa, is 0.071, with the critical frequency around 2.5 Hz. The maximum
attenuation reached, for an effective pressure of 15 MPa, is 0.029, with the critical frequency around
2.5 Hz. The maximum attenuation reached, for an effective pressure of 25 MPa, is 0.012, with the
critical frequency around 4.4 Hz. The numerical simulations are in good agreement with the

experimental data.
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Figure 5.9: Normalized Young’s attenuation versus frequency of Solnhofen sample with Swiss cross fracture in undrained glycerin saturated conditions
at 5, 15 and 25 MPa effective pressures, using eddy gauge and using Kramer-Kronigs relationship, with the Young’s attenuation versus firequency of the
numerical simulation under the same conditions at effective pressures of 5, 15 and 25 MPa;

5.6 Discussion

Figure 5.4 shows the normalized Young’s modulus of the Swiss cross Solnhofen sample, in
undrained glycerin saturated, conditions at effective pressures of 5, 10, 15, 20 and 25 MPa. At 25
MPa effective pressure, the normalized Young’s modulus does not change with frequency as the
fracture is assumed to be completely closed and there is no attenuation. At 20 MPa effective pressure,
the normalized Young’s modulus goes from 0.95 to 0.99 at frequencies of 2 10! and 4 10' Hz,
respectively. At 5 MPa effective pressure, the normalized Young’s modulus goes from 0.71 to 0.86
at frequencies of 2 10"! and 4 10! Hz, respectively. There is a trend of increase in dispersion with
decrease in effective pressure which is associated to the FPD between both fractures (horizontal and

vertical), as their compliances are largest at low effective pressures. This is corroborated by the 3D
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numerical fracture to fracture simulation completed using the estimated fracture stiffness and
aperture values found from permeability measurements, as well as the petro physical properties of

the sample.

Others work such as Vinci et al. (2014) and Lissa et al. (2020) showed numerically the importance
of the FPD between two fractures and was able to show the effect that changing of geometry fracture
has on the FPD, however, a direct comparison has never been shown between numerical and
experimental work. This stepping stone can help validate future numerical work on fracture FPD for

work using finite element modelling.

Although fracture to fracture FPD was not directly solved for analytically, FPD from matrix to
fracture has been shown analytically through Brajanovski et al. (2005), Gurevich et al. (2009) and
Galvin and Gurevich (2009&2015) works, and shows that the stiffness of a fracture is increased when
reaching the critical frequency through effective medium theory, which is consistent with the results

presented here.

At the lowest frequency recorded of 2 107! Hz, the normalized Young’s modulus increases from 0.71
to 1 for effective pressure of 5 and 25 MPa, respectively. This increase in Young’s modulus is

attributed to 1) to the matrix compressibility and ii) the horizontal fracture stiffening.

At the highest frequency recorded of 4 10! Hz, the normalized Young’s modulus increases from 0.86
to 1 for effective pressure of 5 and 25 MPa, respectively. At this frequency, fluid has not time to flow
from the fracture to fracture, therefore, the fracture compressibility is equal to the glycerin’s

compressibility.

Thus the global displacement is equal to the displacement of the matrix plus the displacement of the

fracture (third term) and simplifying to obtain the following equivalence:

1 1 e 1

... (5.22)

E — pintact EgL ~ pintact

where E*, EI™tect and E, is the Young’s modulus of the whole sample, intact part of the sample and

the glycerin, respectively, e is the mechanical aperture and L is the length of the sample. Equation

6.1 represents the axial compliance of the fractured sample.

This is in agreement Brajanovski et al. (2009) who showed that the effect the fracture has, at high

frequencies, on the compliance of the whole sample becomes nil (granted large enough spacing).
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Therefore, the increase in normalized Young’s modulus (0.14) in the highest frequency regime, when
going from 5 to 25 MPa effective pressure, is mostly attributed to the change in the matrix

compressibility (closure of preexisting cracks).

Looking at figure 5.5, which shows the attenuation of the fractured sample at varying effective
pressures, there is a slight trend, for the critical frequency to shift to lower frequencies, as the
effective pressure is increased. This follows the estimation for the frequency cut off for a fractured

medium:

4D
fri2 ..(5.23)

where D is the hydraulic diffusivity and L is the distance between 2 fractures (constant here). As the
hydraulic diffusivity is directly related to the permeability and bulk modulus of the fracture, the slight
decrease in critical frequency suggests that the permeability decreases at a larger rate than the bulk

modulus of the fracture for the same step increase in effective pressure.

Looking at figures 5.8 and 5.9, there is very good agreement between the experimental and numerical
data for effective pressures of 5 and 15 MPa. For an effective pressure of 25 MPa, there is a slight
discrepancy between the numerical model and experimental results of 0.03 and 0.012 for the
normalized Young’s modulus at low frequencies and Young’s attenuation at the attenuation peak,
respectively. The first explanation can be due to a too small estimate of fracture stiffness, from the
experimental hydraulic measurement, for the numerical input. When a fracture stiffness is changed
from 1 10" to 2 10" Pa/m, the difference between the experimental and numerical model drops down
to 0.01 and 0.004 for the normalized Young’s modulus at low frequencies and Young’s attenuation
at the attenuation peak, respectively, which means this might be a better estimate. The second
explanation can be due to the fact that the fracture is not in fact completely closed, at 25 MPa but is
closed at a slightly larger effective pressure, meaning there is a slight fracture compliance at 25 MPa

and the experimental dispersion and attenuation is not nil but a value slightly larger.

The numerical results were obtained for an aperture of 2 10 m, as that is the computing limit of the
system used, with smaller apertures creating an increase in nodes due to smaller mesh sizing. In
addition, according to Brajanovski et al. (2009) the aperture is not a key parameter that controls the
amount of dispersion and attenuation. A control test was outsourced (use of stronger computers) to
study a numerical model with an aperture of 2 10~ m, which is the measured hydraulic aperture. The
results give the same values of magnitude of attenuation and dispersion, but show an attenuation
peak with a critical frequency shifted down by one order of magnitude. This discrepancy can be due

to (i) the hydraulic aperture not being analogous to the mechanical aperture, (ii) the simplicity of a
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constant fracture aperture not considering fracture roughness or contact areas,. Lissa et al. (2020)
completed numerical models on the attenuation mechanisms between fracture to fracture FPD and
found that when comparing a fracture with and without contact areas, the case with contact areas had
the critical frequency increase by 1 to 2 orders of magnitude, depending on the geometry, which

could explain the lower critical frequency in the outsourced constant aperture test.

Although the exact determination of the aperture could be beneficial for direct comparisons of the
frequency cut-off, due to the properties of the Solnhofen limestone (impermeable) and undrained
conditions of the test, it is clear that the attenuation recorded is due to fracture to fracture FPD, and

the prediction of the numerical modelling is in agreement in term of dispersion and attenuation.

5.7 Conclusion

A very low permeability Solnhofen limestone cylindrical sample was saw cut twice horizontally and
vertically at mid height to create a “Swiss cross” formation. Axial oscillations were performed, in a
large frequency range (10! to 4 10> Hz), on the glycerin saturated sample in a triaxial cell, at 5, 10,
15, 20 and 25 MPa effective pressures, under undrained conditions. Hydraulic measurements were
made to measure permeability and roughly estimate the fractures aperture and stiffness. The axial
strain was measured using an innovative eddy gauge which allowed for normalized Young’s modulus
and attenuation measurements. FPD between both fractures were shown, with the largest dispersion
on the normalized Young’s modulus and Young’s attenuation of 0.15 and 0.073, respectively, at an
effective pressure of 5 MPa. This dispersion and attenuation was shown to be sensitive to effective
pressure. It is predicted that the decrease in dispersion and attenuation, when increasing effective
pressure, is caused by the fracture stiffening which is corroborated by the 3D numerical simulation

results.
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6. Conclusion and perspectives

The goal of this thesis is to use the experimental facilities at the ENS geology laboratory to study the
elastic properties of carbonate samples in a large frequency range and understand the mechanisms
behind the attenuation peaks observed due to viscous fluid flow between different types of
heterogeneities. The triaxial cell used for all experiments in this manuscript allows for three types of
tests, described previously. These methods combined with the use of specific types of pore fluids
allowed for a large apparent frequency range to be studied. Unique to the setup at ENS are two
technical improvements which were made at the start of my doctoral work, which include (i) a pair
of microvalves inserted at the inlet and outlet of the sample and (ii) a global axial eddy gauge. These
advancements allowed for the observation of specific FPD attenuation mechanisms which have

previously only been theorized or observed in numerical simulations.

6.1 Mesoscopic FPD and pore scale squirt flow experiment with takeaways

Three carbonate samples, originating from a pre salt formation, were tested. An attenuation
mechanism at 40 kHz apparent frequency was observed in all three samples. This is assumed to be
caused by squirt flow at the pore scale as there is dispersion in both shear and bulk moduli and it is
pressure dependent. Usually, in similar setups, a drained-undrained frequency regime is observed
around 10 Hz. However, the microvalves remove any attenuation that would be caused by the
drained-undrained regime, as the pore volume is kept constant. This advancement allowed for a clear
attenuation peak to be observed around 100 Hz, in the heterogeneous samples. This second peak was
identified as mesoscopic FPD between regions of varying porosity. There was no shear attenuation
caused by the mesoscopic FPD which is consistent with the literature (White, 1975). Also, a simple
numerical model was developed, for the mesocopic FPD, which revealed similar critical frequencies
and magnitudes of the attenuation peaks observed experimentally. The model assumed the same
dimensions of samples used with elastic properties mimicking what was calculated during the tests,
however a 1D porosity gradient was applied by analyzing a 2D slice for each sample of the CT scans

made available by TOTAL and Petrobras.

There have been some interesting attenuation peaks observed experimentally caused by mesoscopic
FPD due to heterogeneity in the pore fluid (Alemu et a.,2013; Tisato et al., 2015; Chapman et al.,

2021). However, there has been no experimental work, until now, showing attenuation caused by
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mesoscopic heterogeneity in the porosity, which is shown analytically by Carcione and Picotti (2006)
to be just as impactful. Also, comparisons between the laboratory and in situ p- and s-wave

measurements are in good agreement with each other.

In retrospect, when studying heterogeneous samples, it would be ideal to complete a full 3D CT scan
to create a 3D map of the sample’s porosity. This would allow for a more accurate representation in
the numerical models of the sample. During the numerical simulations, it was found that the
attenuation peak shifted depending on the location of the measurement. With this in mind, it could
be beneficial to experimentally measure the local strain at multiple heights on a heterogeneous
sample to explore how the attenuation peaks moved depending on location. This exercise could help
improve models, deepen our understanding of the mechanics behind this viscous fluid flow and help
create more robust 3D numerical models, which could be used to help define the subsurface remotely

through elastic wave propagation.

6.2 Fracture to background FPD experiment with takeaways

A carbonate cylindrical sample, from Rustrel in the SE of France, was also tested when it was intact
and after a vertical saw cut was made along its length. This series of tests were done in dry and water
saturated conditions, using hydrostatic oscillations, at frequencies between 0.04 and 1 Hz and at three
effective pressures. The strain measurements were done locally and a negative phase shift between
the stress and strain was observed for the saw cut sample in the water saturated conditions, at the
lower effective pressures. At the highest effective pressure, the same sample had no attenuation as
the fracture was closed. A 1D analytical model and 3D numerical model were developed which both
confirmed that although the pore pressure in the compliant fracture increases at high frequencies, a
slight decrease in pore pressure is seen in the matrix, which creates a slight local decrease in bulk
modulus with increase in frequency. In this study, the experimental data is well described by both
models. The 1D model was ideal to get a quick first order estimation of the normal compliance of
the fracture and the 3D model corroborated the results from the analytical model and can allow

different geometries to be explored.

This work is important as it shows how significant the location of measurements can be, and how the
fluid connects all parts of a rock, and by monitoring its behavior, local measurements can be used to

infer global properties.

In retrospect, it could be interesting to repeat a similar experiment with global strain measurements,

to record both the global positive attenuation and local negative phase shift between the stress and
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strain, at the same time. As the local responses can be used to infer elastic properties of the fracture,

the global measurements would help to create a more accurate method of deducing these results.

6.3 Fracture to fracture FPD experiment with takeaways

A relatively impermeable (10'® m?) Solnhofen limestone was used to investigate FPD that can be
caused by two fractures in contact with each other. Many numerical simulations have been made
studying this configuration, however never has this been measured experimentally (Rubino et al.,
2013; Quintal et al., 2014). Typically, fracture to fracture FPD occurs at higher frequencies (Vinci et
al., 2014) therefore glycerin was used as a pore fluid to increase the apparent frequency of the system.
The Solnhofen sample was cut twice down its length and height, creating a “Swiss cross” formation.
This series of tests were completed at multiple effective pressures using axial oscillations, at
frequencies between 0.2 and 40 Hz. The strain measurements were completed using the eddy gauge,
which is a global axial measurement and the normalized Young’s modulus and attenuation were
measured. An attenuation peak was found at a frequency of 2 Hz, which increased in amplitude with
a decrease in effective pressure. A numerical model was made to simulate this experiment, with a
really good match between the experimental and numerical dispersion and attenuation, when using

an aperture of 2 10 m.

These findings are remarkable, as this simple fracture formation has been heavily leaned upon when
studying fractures to fracture FPD numerically, however, has not been measured experimentally in

the lab.

In retrospect, it could be beneficial to scan the roughness of both fractures, to better simulate the
roughness and contact points in the fracture numerically, which could lead to a better approximation
of the experimental results (Lissa et al., 2020). Another idea would be to create multiple synthetic un
dispersive glass samples, which are equally impermeable and have them all saw cut in the same
manner; after which different roughness’s could be applied. Each unique finish could be scanned
with known fracture geometries. Next the experimental results from the same test could be compared

to a numerical model with a better knowledge of fracture contact areas and roughness.

In this manuscript, the experimental results completed on carbonate samples corroborated
analytical and numerical results which have been available for years. This achievement helps us
truly understand the underlying physics behind FPD mechanisms related to heterogeneities, giving
confidence in what models to move forward with and great insight into how to interpret log well

measurements as well as seismic signals.
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RESUME

Quelle est la principale différence entre I'étude d'un échantillon de roche en laboratoire, a
I'échelle centimétrique, et I'étude d'un affleurement rocheux sur le terrain, a I'échelle
kilométrique ? Un affleurement rocheux peut inclure des hétérogénéités qui ne seront pas
présentes dans un échantillon de roche, comme des fractures, des paramétres
hétérogenes variables ou méme des couches rocheuses complétement différentes, pour
ne mentionner que quelques exemples. Dans quelle mesure les propriétés déterminées a
I'échelle centimétrique peuvent-elles étre utilisées pour trouver des propriétés a I'échelle
du terrain ? Pour aider a répondre a cette question, plusieurs tests de laboratoire sont
développés et réalisés pour mieux caractériser les fractures et les hétérogénéités

MOTS CLES

Physique et mécanique des roches, vitesse élastiques, carbonates, hétérogénéité

ABSTRACT

What is the main difference between studying a rock sample in the lab, at the centimeter
scale, and studying a rock outcrop in the field, at the kilometer scale? A rock outcrop can
include heterogeneities that will not be present in a rock sample, such as fractures, varying
heterogeneous parameters or even completely different rock layers, to name a few. How
than can properties determined at the centimeter scale be used to find properties at the
field scale? To help answer this question, multiple laboratory tests are developed and
performed to better characterize fractures and mesoscopic heterogeneities, which will allow
data extrapolated from the laboratory to be applied to field scale parameters.
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