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Abstract
Exploration geophysics, forecasting of geo-hazards and geodynamic
studies require the improvement of geophysical methods for subsurface imaging.
The better the physical properties of the geomaterials are constrained the higher is
the accuracy of the subsurface model. Physical properties of geomaterials are
correctly defined not only when elastic parameters are precisely evaluated, but
also when the correct rheological model is considered (e.g. frequency dependent
moduli). For instance, imaging of crustal domains is more accurate when
viscoelasticity is taken into account. This is especially true when the subsurface
domains are impregnated with liquids such as water, hydrocarbons or magma.
Attenuation and dynamic moduli are the parameters required to define
material viscoelasticity. Presently they are little investigated in the range of the
seismic frequencies. Viscoelasticity of few lithologies has been measured and
only at limited physical conditions. In addition, the role of fluids in enhancing
viscoelasticity is still poorly understood, and a unified theory explaining how
fluids interplay with seismic waves, generating attenuation, does not still exist.
The research presented in this thesis aims to improve our understanding of
physical properties of geomaterials. The thesis is divided into three parts with
specific goals.
The first goal of this research was to design, build and calibrate a new
experimental machine capable to measure seismic wave attenuation for frequency
ranging from 0.1 to 100 Hz: the “Broad Band Attenuation Vessel” (BBAV). This
instrument measures seismic wave attenuation in decimetric-sized samples at
confining pressures up to 25 MPa. In addition, the peculiarities of the BBAV had
allowed developing a methodology to measure fluid pressure transients as a
consequence of a variation of vertical stress in a partially saturated sample.

The BBAV was employed to achieve the second goal of the research
which was to identify and describe the mechanisms responsible for seismic wave
attenuation in partially saturated rocks. The target was assessed with the
production of two distinct datasets: i) seismic wave attenuation values in a typical
reservoir rock at different saturation conditions and confining pressures, and ii)
innovative measurements of pore pressure transients as a consequence of stress
variations. Numerical and analytical modeling of the laboratory data played a
dominant role in the appraisement of the goal, because they allowed comparing
the results with theories. The comparison indicates that wave-induced fluid flow
on the mesoscopic scale is the dominant mechanism creating attenuation in the
reported experiments. But they also indicate that the attenuation is dependent on
crack closure, which is closely related to the wave-induced fluid flow in the
microscopic scale.
The third goal of the research was to characterize the elastic properties of
compacted bentonite. This material is used to isolate waste repositories from the
environment. In the case of nuclear waste disposals it is crucial to provide
accurate physical properties of the compacted bentonite because, in that case,
remote sensing can monitor correctly the physical-chemical variations happening
in the sealing device. Thus, the variation of seismic velocities of compacted
bentonite was studied as a function of water content, temperature and confining
pressure. New experimental tools have been designed and built to fulfill the goal.
Empirical relations between elastic properties of compacted bentonite and
physical conditions have been established and justified with theories. High
temperature experiments indicate that dehydration regime might compromise the
sealing properties of bentonite.
The three goals of the research could be extended if methodology
improvements will be encountered. The present dissertation can help improving
geophysical technologies which are valid tools for exploration geophysics,
geodynamic studies, and forecasting of geo-hazards.

II

Riassunto
La geofisica di eplorazione, alcune previsioni di catastrofi naturali e gli
studi di geo-dinamica necessitano del miglioramento delle prospezioni geofisiche.
Più precisa è la definizione delle proprietà fisiche dei geo-materiali più accurato
sarà il modello del sottosuolo ottenuto. Le proprietà fisiche dei materiali non sono
definite correttamente solo quando i valori sono corretti, ma anche quando viene
considerato il modello reologico più fedele alla realtà (es. moduli elastici
dipendenti dalla frequenza). Per esempio, le prospezioni geofisiche risultano più
accurate quando si considera la visco-elasticità, in particolare quando il sottosuolo
risulta impregnato di fluidi come acqua, idrocarburi o magma.
Attenuazione e moduli elastici dinamici sono necessari per definire la
“visco-elasticità” di un materiale, e sono attualmente poco studiati nella banda
delle frequenze sismiche. Ad Oggi la visco-elasticità è stata investigata solo per
poche litologie e limitate condizioni sperimentali. Inoltre il ruolo dei fluidi
nell’aumento dell’attenuazione è ancora poco compresa e non esiste ancora una
teoria unificata che definisca come fluidi e onde sismiche interagiscano creando
attenuazione. La ricerca presentata in questa tesi mira a migliorare le conoscenze
sulle proprietà fisiche dei geo-materiali. La tesi è divisa in tre parti ognuna con
uno specifico obiettivo.
Il primo obiettivo della ricerca era la progettazione, la realizzazione e la
calibrazione di un nuovo strumento in grado di misurare attenuazione delle onde
sismiche nella banda di frequenze 0.1–100 Hz: il “Broad Band Attenuation
Vessel” (BBAV). Questo strumento misura l’attenuazione delle onde sismiche in
campioni decimetrici confinati fino a 25 MPa. In aggiunta le peculiarità del
BBAV hanno permesso lo sviluppo di una metodologia per misurare i transienti di
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pressione dei fluidi che impregnano il campione, quale consequenza di una
variazione dello stress verticale.
Il BBAV è stato utilizzato per raggiungere il secondo obiettivo della
ricerca che era l’identificazione e la descrizione dei meccanismi responsabili
dell’attenuazione delle onde sismiche in rocce parzialmente sature. Il fine è stato
raggiunto con la produzione di due distinte serie di dati: i) valori di attenuazione
delle onde sismiche per una tipica roccia serbatoio sottoposta a saturazione e
pressioni di confinamento variabili e ii) inedite misure di transienti di pressione
dei fluidi quale conseguenza di una variazione di stress. Un contributo
fondamentale, al raggiungimento dell’obiettivo, è stato apportato dalla
modellazione numerica e analitica dei dati di laboratorio. La modellazione ha
permesso di comparare i dati con la teoria. La comparazione indica come il flusso
di fluidi indotto dalle onde, alla scala mesoscopica, sia il meccanismo che genera
attenuazione negli esperimenti presentati. Inoltre l’attenuazione risulta dipendente
anche dalla chiusura delle cricche che è relazionata maggiormente al flusso di
fluidi indotto dalle onde, alla scala microscopica.
Il terzo obiettivo della ricerca era lo studio delle proprietà elastiche della
bentonite pressata. Questo materiale è utilizzato per isolare dall’ambiente i
depositi di rifiuti. Nel caso di rifiuti radioattivi è fondamentale disporre di valori
accurati delle proprietà elastiche perchè, in quel caso, le tecniche di rilevamento
remoto possono monitorare correttamente le variazioni fisico-chimiche che
avvengono nel dispositivo di isolamento. Perciò le variazioni di velocità sismiche
nella bentonite pressata sono state studiate in funzione del contenuto in acqua,
temperatura e pressione confinante. Nuove apparecchiature sperimentali sono
state progettate e realizzate per raggiungere l’obiettivo. Relazioni empiriche tra le
proprietà elastiche della bentonite pressata e le condizioni sperimentali sono state
scoperte e giustificate con la teoria. Esperimenti condotti ad alta temperatura
indicano che la deidratazione potrebbe compromettere le proprietà isolanti della
bentonite.
I tre obiettivi sono stati raggiunti e potranno essere estesi se le metodologie
verranno sviluppate ulteriormente. La presente ricerca potrà aiutare a migliorare le
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tecnologie geofisiche in quanto importanti strumenti per la geofisica esplorativa,
gli studi di geodinamica e alcune previsioni di catastrofi naturali.

V

1 Introduction
1.1 Preamble
The present dissertation is a collection of published and submitted
publications concerning elastic properties of geomaterials. The thesis treats: i)
measurements of seismic wave attenuation in the frequency range 0.1-100 Hz; ii)
measurements of wave-induced fluid pressure transients in partially saturated
Berea sandstone, and iii) measurements of seismic wavespeeds of compacted
Bentonite-water mixtures at ultrasonic frequencies. The present chapter introduces
to the motivation of the thesis and provides the rudiments to understand the
experimental methods and the results presented in the following chapters. Most of
the results given in this thesis have been achieved thanks to some experimental
machines and methods that have been designed and built at ETH as part of this
PhD thesis. In particular, the development of the Broad Band Attenuation Vessel
(BBAV), which is capable to measure seismic wave attenuation employing the
sub-resonance method on a 250 mm length 76 mm diameter sample, will be
described.

1.2 Motivation
Geo-scientists study the elastic (e.g. acoustic) properties of rocks and
minerals because these parameters can be measured remotely and give important
information about the composition or the physical-chemical state of the Earth’s
crust and mantle. For instance seismic wave reflection and refraction has been
used since the first half of the last century to estimate the thickness of sedimentary
layers (Ewing, 1948). More recently the increased requirement of geo-materials
1
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(i.e. oil, minerals, natural gas and water) boosted geophysical research to find new
and more efficient methods to image the Earth’s subsurface (Assembly of
Mathematical and Physical Sciences (U.S.), 1979; Nolet, 1987).
Nowadays imaging methods such as 2D or 3D seismic reflection or
crosshole tomography can image quite precisely the subsurface (Maurer and
Green, 1997; Kaiser et al., 2009; Marelli et al., 2012). If the geometry of the
investigated subsurface volume (ISV) is known one can also monitor the timeelapsed variation of the physical properties of the ISV (e.g. Arts et al., 2007).
Such measurements are meaningful to monitor hazardous subsurface portions like
i) seismogenic fault zones, ii) volcanic areas or iii) anthropogenic installations.
One important physical property that could be inferred from seismic imaging is
the presence and/or the saturation degree of a reservoir.

Figure 1.1. Example of a crosshole tomography from Marelli et al., 2012 (modified).
A) Seismic velocities and geometry of the investigated subsurface volume (ISV). A seismic
wave is generated at the cross locations (x=0 m), it propagates through the ISV, and it is
recorded at the circle locations (x=14 m). B) The analysis of the recorded traces leads to the
reconstruction of the geometry and the seismic properties of the ISV.

In any case, the more precise is the definition of the elastic properties of
the materials the more precise is the imaging. Therefore measuring elastic
parameters of materials is still required. Moreover it is crucial to study how much,
and why, these materials deviate from an ideal elastic behavior and what is the
influence of fluids, such as oil or water, on the elastic property variations. Elastic
properties and deviation from the elastic behavior of rocks are the main topics of
this dissertation, and since exploration geophysics utilizes mostly seismic waves
with frequencies between 1 and 1000 Hz the work focused mostly in this

2
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bandwidth, which is difficult to access in the laboratory (Peselnick and Liu,
1987).

1.3 Elastic vs anelastic
1.3.1 Elasticity
A material is defined “elastic” when it obeys the Hooke’s law (Lakes,
2009):

ε=

σ

(1.1)

M

where σ is the stress, M is the constant called modulus and ε is the strain. In fact
this definition describes only the linear elasticity and is valid for infinitesimal
strain not leading to material yielding. Non-linear elasticity considers, for
instance, strain dependent modulus. Linear elasticity is represented by a spring
which changes length proportionally and in the exact moment that the stress is
applied (Figure 1.2).

Figure 1.2. A) Stress applied on a spring. B) Strain across the spring calculated
applying the Hooke’s law (Equation 1.1). C) The stress–strain plot shows the loading and
unloading path. In the case of an elastic material, loading and unloading paths coincide and
there is not hysteresis.

The initial length is recovered instantaneously when the stress constraining
the spring is released (irrespective of time duration of loading) (Figure 1.2C). The

3
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energy required to deform the spring is regained completely when the system is
stress free. In this hysteresis cycle there is no loss of energy.
When an uniaxial stress is applied on the material this will cause an axial
strain ( ε ) defined as: ε = dl l , where dl is the variation in length and l is the
initial length of the sample. The modulus in this case is called Young’s modulus
(E).
In addition to axial strain (ε), a uniaxial stress applied on a material
laterally free to expand will generate also a lateral (or transverse) strain (εt). The
negative ratio of the lateral to axial strain is defined as Poisson’s ratio (ν).
When the stress applied is hydrostatic (P) the material will experience a
volumetric strain ( ε v ). The volumetric strain is defined as: ε v = −dV V , where dV
is the variation in volume and V is the initial volume of the sample. The modulus
relating P and ε v is called bulk modulus (K).
A shear stress ( τ ) oriented along x, coplanar and applied to a sample of
height y, will deform transversally the sample (Figure 1.3). The shear strain ( γ ) is
defined as: γ = dx y and the modulus that relates γ and τ is called shear modulus
(µ).

Figure 1.3. Shear strain (γ) and shear modulus (µ) definitions. Dashed line indicates
the initial shape of the sample.

Knowing two of the parameters here listed, one can calculate the other
elastic parameters, for instance: µ =

4

E
.
2(1 +ν )

Introduction

1.3.2 Wavespeed measurements
Elastic moduli (i.e. bulk modulus and shear modulus) of a material can be
estimated measuring the longitudinal and the transverse seismic wavespeed of a
material sample. With the pulse transmission method (Birch, 1960) the fly time
(∆t) of an elastic wave, propagating through a rock sample, is measured by means
of an oscilloscope. Typically, an emitter and a receiver of ultrasonic waves are
placed on the two extremities of a cylindrical sample. The emitter is able to
generate a vibration at a specific frequency (f) which propagates through the
sample. The term ultrasonic indicates that the vibration has frequency >20 kHz.
Knowing the sample length, one can calculate the seismic velocity. It is possible
to measure the longitudinal (or compression) wavespeed (Vp) and the transverse
(or shear) wavespeed (Vs) employing different kinds of emitters and receivers
(Gregory, 1967). Finally, one can calculate the shear modulus (µ) and the bulk
modulus (K) of the material as:
µ= ρ ⋅ Vs 2

(1.2)

4
K =ρ ⋅ Vp 2 − µ
3

(1.3)

where ρ is the density of the material under study (Mavko et al., 2009). As a first
approximation one can assume that the elastic parameters measured at f (i.e. the
frequency of the vibration) is valid for all the others frequencies. But this
assumption is valid only for perfect elastic materials (Nowick and Berry, 1972).
This issue will be discussed further in the present chapter.

1.3.3 Viscosity
Viscosity (η) quantifies the internal resistance to flow of a material (Lakes,
2009). When a material exhibits a constant viscosity it is called “Newtonian” and
the relation between the strain rate ( d ε dt ) and the stress ( σ ) becomes:

5
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dε σ
=
dt η

(1.3)

Newtonian materials are modeled with a dashpot (Lakes, 2009).

Figure 1.4. Behavior of a Newtonian viscous material modeled as a dashpot. A)
Stress applied on the dashpot. B) Strain and C) Stress-strain plot. The latter shows that
loading and unloading paths do not coincide.

Ideally, when the stress acting on the dashpot is released (irrespective of
time duration of loading) the dashpot will stop without recovering of its initial
length (Figure 1.4C). The mechanical energy required to deform the dashpot, from
initial to deformed length, is converted in heat during the deformation. In this
hysteresis cycle there is loss of mechanical energy.

1.3.4 Viscoelasticity
For typical temperature pressure conditions considered in geoscience
experiments show that the stress (σ) - strain (ԑ) relation of any material is not
elastic. In many cases and for small strains (typically less than 10-4) this relation
can be modeled with a combination of springs and dashpots (Nowick and Berry,
1972; Lakes, 2009). For example deformation of minerals for small strains is well
described by the Standard Anelastic Solid model (S.A.S., Nowick and Berry,
1972) or the Zener model (Zener, 1948). Standard Anelastic Solid model is
formed by i) a spring in series ii) with the parallel of a spring and a dashpot
(Figure 1.5).

6
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Figure 1.5. Behavior of a Standard Anelastic Solid model (S.A.S.). A) Stress applied.
B) Strain and C) Stress-strain plot.

From the stress – strain plot (Figure 1.5C) one can notice that when the
stress constraining the S.A.S. is released (irrespective of time duration of loading),
the initial length will be recovered but the loading and unloading paths differ. The
energy required to deform the S.A.S. is greater than the energy recovered when
the system is stress free (Lakes, 2009). In this hysteresis cycle there is loss of
energy.

1.3.5 Dispersion and attenuation
This paragraph is useful to i) justify some of the concepts that have been
already introduced, ii) shows how the frequency response of a viscoelastic modelmaterial is calculated and varies in the frequency domain. The frequency response
of a system defines the spectrum of the output in response to an input. The
frequency response is typically described by the magnitude and the phase diagram
(Lakes, 2009). The magnitude and the phase diagram define the variation in
amplitude and phase of the output compared to the input. For instance, a red glass
attenuates many of the frequencies of the visible light but it transmits the
frequencies around 450 THz (i.e. red). The magnitude of the frequency response
of a red glass has, therefore, a maximum around 450 THz. The output signal may
also have the same amplitude as the input but it could be delayed in time. In that
case, the phase of the system will have a maximum around the delay introduced
by the system.

7
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Figure 1.6. Standard Anelastic Solid model (S.A.S) mimics the uniaxial mechanical
behavior of a crystal (Nowick and Berry, 1972).

The standard anelastic solid model (S.A.S.) and crystals have similar
mechanical behaviors (Nowick and Berry, 1972). Therefore, the frequency
response of the S.A.S. is calculated. Considering the S.A.S shown in Figure 1.6
and equations 1.1 and 1.3 one can write:

ε1 (t ) =

σ (t )

(1.4)

K1

where ε1 is the strain across the spring with modulus K1, and:
d ε 2 σ (t ) K 2
=
−
ε (t )
dt
η2 η2 2

(1.5)

where ε 2 is the strain across the spring with modulus K2 and the dashpot with
viscosity η2. The derivative of Equation 1.4 results:
d ε 1 1 dσ
=
dt
K1 dt

(1.6)

The total strain ε (t ) and strain-rate d ε dt can be also written as:

ε=
(t ) ε1 (t ) + ε 2 (t )

(1.7)

d ε d ε1 d ε 2
=
+
dt
dt
dt

(1.8)

Rearranging Equations 1.4 – 1.8 the total strain-rate is:

8
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K2
dε  K + K2 
1 dσ
ε (t ) +
=  1
 σ (t ) −
dt  K1η2 
η2
K1 dt

(1.9)

To calculate the frequency response of the S.A.S. we apply the Laplace
transform to the equation 1.9. The Laplace transform (  ) of a generic time
dependent function u(t) is computed by:
 ( u=
(t ) ) U=
(s)

∞

− st
∫e u ( t ) dt

(1.10)

0

 du 
where s = iω , and ω = 2π f . Reminding that =
  s (U ( s ) − u (0) )
 dt 

equation 1.9 becomes:

 K + K2 
K2
s
s ( ε ( s )=
ε ( s ) + (σ ( s ) − σ ( 0 ) )
− ε ( 0))  1
σ ( s ) −
K1
η2
 K1η2 

(1.11)

Imposing the initial conditions as: ε ( 0 ) = 0 and σ ( 0 ) = 0 , equation 1.11
becomes:
 K + K2 
s+ 1

1
 η2 
ε (s) = σ (s)
K
K1
s+ 2

(1.12)

η2

Considering a sinusoidal stress σ ( t ) = A sin (ωt ) , its Laplace transform σ ( s ) is:

σ (s) =

Aω
s + ω2

(1.13)

2

From equations 1.12 one can calculate the modulus M as a function of s:
M (s) =

σ (s)
ε (s)

(1.14)
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The absolute value of M is called apparent modulus and it is formed by a
real M 1 (ω ) = Re ( M ( s ) ) and an imaginary part M 2 (ω ) = Im ( M ( s ) ) . The M2 to
M1 ratio is equal to the tangent of the angle of loss (φ ) . The angle of loss defines
the phase of the sinusoidal strain as the response to the sinusoidal stress applied
on the sample σ ( t ) = A sin (ωt ) (Lakes, 2009).
tan=
φ

M2 1
=
M1 Q

(1.15)

The quantity tan φ is also called attenuation. The quality factor Q is its
inverse. Attenuation describes also the loss of energy of a seismic wave
propagating into a material. Attenuation of the S.A.S. varies with ω and it is
maximal for ω0 (Figure 1.7):

ω0 =

K2

(1.16)

η2

M1 of S.A.S. increases with ω (Figure 1.7). Moduli measured at ω < ω0
will be lower than moduli measured at ω > ω0 (Figure 1.7). As a consequence of
equations 1.2 and 1.3 the wavespeeds measured at different frequencies (i.e. ω)
will vary. The variation of M1 or of the wavespeed as a function of ω is called
dispersion. If the dispersion of a linear viscoelastic system is characterized for all
frequencies, then 1/Q is known for all frequencies and vice-versa; this is called
Kramers-Kronig relation (Mavko et al., 2009).

Figure 1.7. Dispersion of M1, and attenuation (1/Q) for a S.A.S. model.
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The mechanical response of geomaterials can be described using arrays of
springs and dashpots more complicated than the S.A.S. In any case, the approach
to the problem and the final results will be similar to those presented here (Lakes,
2009).
Typical attenuation values of metals and rocks are below 0.001 and above
0.005, respectively (Barton, 2007). 1/Q can increase up to ~0.1 for saturated rocks
(Mavko et al., 2009). Therefore, to define attenuation of saturated rocks, and to
fulfill the goal of the thesis, was necessary to employ a machine able to measure
accurately 1/Q between ~0.005 and ~0.1.
Assuming a constant 1/Q over the entire bandwidth and employing the
nearly constant Q model (Liu et al., 1976) the modulus dispersion can be
estimated:

M(f)
=
M0


 f 
1
log   
1 +
 f0  
 πQ

2

(1.17)

Where M0 is the modulus measured at f0. From Figure 1.8 one can notice that for
high attenuating materials (1/Q > 0.025) the modulus calculated employing
ultrasonic wavespeed measurements (f ~ 100 kHz) could largely differ from the
modulus measured at low frequencies (f < 100 Hz).

Figure 1.8. Modulus dispersion calculated according to the nearly constant model
(Liu et al., 1976).
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1.3.6 Attenuation mechanisms
Attenuation arises from different mechanisms (Mavko et al., 2009). It is
common experience that the same earthquake is perceived stronger by the
observer who is close to the epicenter than by the observer who is away. This
simple but important fact is explained with different attenuation mechanisms
acting to reduce the energy carried by the seismic waves traveling in the Earth.
As a first distinction we can classify attenuation mechanisms as extrinsic
and intrinsic. In extrinsic attenuation the total energy of a seismic wave is
conserved but it is distributed. Consequently, the energy density decreases. This
happens mostly for three reasons:
1)

the energy of a spherical wave radiating from a point source is

propagating over an increasing sized spherical surface (geometrical spreading,
Aki and Richards, 2002);
2)

the energy of the seismic wave is scattered due to heterogeneity of

the medium (scattering, Mavko et al., 2009);
3)

the energy is distributed when the seismic waves travel with

different velocities between adjacent layers (leaky modes, e.g., Zanoth et al.,
2007).
In intrinsic attenuation the total energy carried by the seismic wave
decreases because it is converted mainly in heat during propagation. The physical
mechanisms responsible for this energy conversion are multiple and act at
different frequencies (Barton,2007; Mavko et al., 2009). For dry rocks, the most
important mechanisms are: matrix anelasticity (Nowick and Berry, 1972);
dissipation due to wave-induced friction between grain and/or crack boundaries
(Walsh, 1966); and thermo-elastic mechanisms (Kjartansson, 1980). In fluid
saturated rocks, the most important mechanisms are: Biot (1956); viscous shear
(Mavko et al., 2009; squirt flow (Mavko and Jizba, 1991); and patchy saturation
(White, 1975). The frequencies at which some of these mechanisms act are given
in Figure 1.9.
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Figure 1.9. Attenuation mechanisms from Mavko et al. (2009) modified.

To uncover the presence of fluids in rocks, patchy saturation and squirt
flow mechanisms are more relevant.

1.3.6.1 Attenuation mechanisms in partially saturated rocks:
patchy saturation and squirt flow
We consider a saturated rock that contains heterogeneities such as
difference in saturation phases or spatially variable permeability or compliance of
the solid frame. These heterogeneities are called patches. A seismic wave
travelling through the rock with a wavelength similar to the dimension of the
patches will create differences in fluid pressures between different patches.
Therefore, pressure gradients are generated and energy is lost in mobilizing the
fluid within the rock. This mechanism is called patchy saturation (White, 1975).
The characteristic frequency (fpatchy) is estimated by:
f patchy ≈

rock permeability ⋅ bulk modulus of the solid

(1.18)

π ( patchy size ) ⋅ viscosity of the fluid
2

and it defines where the attenuation is maximal. White (1975) calculated the
attenuation of unconsolidated sand saturated with water and air. The air pockets
were 8.3 cm diameter and the distance between them was 13.3 cm. Maximum
attenuation was 0.2 for frequencies around 50 Hz (Figure 1.10). The attenuation
curve can be fit with a standard anelastic solid model (S.A.S.).
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Figure 1.10. Attenuation due to patchy saturation in unconsolidated sand saturated
with water and air (blue circles, from White, 1975, modified). The red curve describes the
attenuation of a S.A.S.

For squirt-flow (Mavko and Jizba, 1991) we consider a rock containing
grains, pores and crack-like voids (Zimmerman, 1991). The seismic wave passage
deforms preferentially the compliant part of the rock, which is concentrated
mostly on the crack-like voids. If cracks and pores are saturated with one or more
fluids, the passage of the seismic wave will create an over-pressure in the cracklike voids. Such an over-pressure will induce a pore-pressure gradient that locally
displaces the pore fluid. Like for patchy saturation, the squirt flow subtracts
energy from the seismic wave by mobilizing the fluid, and stiffens the rock for
increasing frequencies. The characteristic frequency (fsquirt) is defined by:

f squirt

rock bulk modulus ⋅ ( aspect ratio of cracks )
≈
fluid viscosity

3

(1.19)

The aspect ratio of an oblate (e.g. ellipsoidal) crack-like void is defined as
the width-to-length ratio (i.e. minor to major axis ratio for an ellipsoid). Together
with the wave-induced fluid flow on the macro-scale (Pride et al., 2004), patchy
saturation and squirt flow define the wave-induced fluid flow mechanisms
occurring at different scales (micro-, macro- and meso-scale).

1.3.7 Measuring transient fluid pressures
Attenuation can arise from wave-induced fluid flow (White, 1975; Mavko
and Jizba, 1991; Pride et al., 2004). Whatever the scale at which one observes the
fluid flow mechanism, a pressure gradient is developed within the porous media.
Such a pressure gradient could be the cause of a predominant part of the observed
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attenuation. For instance Yin et al., (1992) found that dry Berea sandstone has 1/Q
around 0.01 for frequencies between 1 and 2 kHz, but the value of 1/Q increased
to about 0.04 as soon the rock was saturated with brine and up to almost 0.1 for
90% saturated cases. Yin et al., (1992) stated that part of the attenuation for
partially saturated cases was related to “induced liquid flow” (i.e. wave-induced
fluid flow). Quintal et al. (2011) estimated numerically the wave-induced fluid
pressure in a partially saturated media and the consequent attenuation (Figure
1.11) and found that attenuation related to wave-induced fluid flow was maximum
around 2 Hz and ~0.1.

Figure 1.11. A) Fluid pressure (p) at time= t1, t2, t3 as a function of a step of stress
applied on top of a partially saturated rock sample. B) Dispersion of longitudinal wavespeed
(Vp) and attenuation (1/Q) caused by wave-induced fluid flow displayed in panel A (Quintal
et al., 2011, modified).

Laboratory measurements and numerical results for saturated porous
media outline the importance of understanding the influence of a seismic wave on
the fluid pressure transient. Therefore, a new method to measure quick variations
of fluid pressure (i.e. as fast as 1 ms) occurring in a porous media was developed.
Sensors with dead volume and connected to the porous media with small
pipes are not ideal for this purpose because the distance and the high
compressibility of air could delay and attenuate the pressure signal. To roughly
estimate the effect of pipes connected to the porous media and the pressure
sensors, the propagation of a fluid pressure impulse into a water saturated media
and air was modeled with a 1D scheme and solved with a finite difference code.
15
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The problem was modeled combining the Darcy’s law with the compressibility of
the fluids assuming an incompressible solid frame (Mavko et al., 2009; Massey
and Ward-Smith, 2012). Darcy’s law states:
qf =

(1.20)

κ dPf
η f dx

Where qf is the flux of the fluid through the porous media with
permeability (κ), ηf is the fluid viscosity and

dPf
dx

is the fluid pressure gradient.

Considering the bulk modulus (Kf) of the fluid, one can calculate the
infinitesimal increase of fluid pressure (dPf) in a constant elementary volume (V)
when an infinitesimally small volume of fluid (dVf) is pressed into V:
dP =

K f dV f

(1.21)

V

Combining equations 1.20 and 1.21 one can write:
2
dP κ K f d Pf
=
dt
η f dx 2

(1.22)

Equation 1.22 gives the pore pressure evolution as a function of the fluid
pressure gradient, the permeability of the porous media and the bulk moduli of the
fluids. The fluid pressure impulse of 1 ms duration (black in Figure 1.12B)
propagates from X=0 to X=24 mm in a water saturated Berea sandstone and from
X=24 mm to X=50 mm in the air contained in the pipe and the dead volume of the
pressure sensor. The physical parameters employed in the model are listed in
Table 1.1 according to Mavko et al. (2009). The permeability κ p of the pipe with
radius r was estimated combining the Darcy’s law (Equation 1.20) and the HagenPouseille formula (Massey and Ward-Smith, 2012):
r2
κp =
8
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Figure 1.12. A) 1D model utilized to estimate the delay and attenuation of a pore
pressure impulse generated at X=0 (black on panel B) B) Measurements of the fluid pressure
transmitted through the media at 5 different points along X. The media is formed by 25 mm
of water impregnating a Berea sandstone sample and 25 mm of air.

Pressures have been measured at five distances from X=0 to X=50 mm.
Only the measurement taken at X=2 mm show a good agreement with the
impulse; all other measurements are delayed and attenuated up to 60%. From this
rough estimate, it is clear that the pore pressure sensors must be inserted in the
rock to obtain higher accuracy.
Table 1.1. Parameters employed in the numerical model shown in Figure 1.12.
Symbol
κ [m2]
κp [m2]
Kw [Pa]
Ka [Pa]
ηw [Pa s]
ηa [Pa s]

Value
0.2x10-12
2x10-8
2.2x109
1.5x105
1x10-3
20x10-6

Description
Berea sandstone permeability
Dead volume permeability
Water bulk modulus
Air bulk modulus
Water viscosity
Air viscosity

Therefore, five aligned holes, 42 mm apart each other, 5 mm diameter and
38 mm deep, were drilled on the side of a 250 mm in length and 76 mm in
diameter cylindrical sample. This design allows introducing five zero dead
volume pressure sensors within the rock sample. The sensors are 2 mm in
diameter and are positioned at the extremity of a sealed electric cable. They react
to the pressure variation in less than 50 µs (Figure 1.13).

17

Chapter 1

Figure 1.13. One of the pore pressure sensors employed to measure wave-induced
fluid pressure.

1.3.8 Sub-resonance and other methods to measure 1/Q
Summarizing: when we apply a sinusoidal stress σ (t ) to a material (e.g. a
rock), we will obtain a strain ε (t ) which is also sinusoidal but delayed in phase.
The phase angle φ allows calculating the seismic wave attenuation. In addition the
ratio between σ (t ) and ε (t ) gives an estimation of the absolute value of the
complex modulus.

Figure 1.14. Cartoon of the mechanical response of a rock modeled as a S.A.S. when
a sinusoidal stress (A) is applied on the rock. B) Delayed sinusoidal strain. C) Stress and
strain versus angle, the strain is delayed of the angle of loss ϕ. D) Stress - strain plot, like in
the case of Figure 1.5 the loading and unloading paths differ. The energy required to deform
the rock is greater than the energy recovered when the system is stress free (Lakes, 2009). In
this hysteresis cycle there is loss of energy.
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The sub-resonance method (McKavanagh and Stacey, 1974; O’Connell
and Budiansky, 1978) aims measuring the phase shift between the sinusoidal
stress and strain in order to calculate 1/Q. Since the stress imposed can vary from
fmin to fmax, this method is suitable to calculate the attenuation and complex
modulus in the bandwidth fmin-fmax. Typically the bandwidth for this method is
between the tele-seismic (~0.01 Hz) and the seismic frequencies (below ~1 kHz).
Moreover, the maximum frequency that can be investigated with the subresonance method is limited by the natural resonance frequency of the sample and
the attached inertia (Lakes, 2009). In fact there are other methods to measure
attenuation and complex modulus but none of these are suitable for seismic and
tele-seismic frequencies.
The resonance method allows measuring the attenuation in the bandwidth
102 - 105Hz for low attenuating materials. The sample vibrates as a consequence
of a controlled shock and the vibration decay is measured. The velocity of decay
of the vibrations allows calculating the attenuation. The drawback of the
resonance method is that the resonance frequency of a cylindrical specimen
depends on the elastic parameters and the geometry of the sample. As a
consequence, this method allows analyzing a very narrow frequency bandwidth
(Tittmann and Curnow, 1976; Lakes, 2009).
The ultrasonic wavespeed measurements (see par. 1.3.2) can provide
attenuation and complex modulus for frequencies above 104 Hz. Two seismic
traces collected for the sample under test and for a sample made of standard
material are compared as Fourier spectral ratio. The two specimens must have the
same size and the intrinsic attenuation of the standard material must be known
(Johnston and Toksöz, 1980). This method is impossible for frequencies <104 Hz
in decimetric-sized samples. In fact, to measure correctly the wavespeeds it is
necessary to propagate completely at least one seismic wave through the sample
(Royer and Dieulesaint, 2000). Thus, the sample should be 3 m long for
frequencies around 103 Hz and a longitudinal wavespeed of 3000 m/s. This is
inconvenient to handle in a laboratory and it becomes even more difficult for
lower frequencies.
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1.4 Development of the BBAV
To fulfill the aim of the project, it was necessary to build part of the
instrumentation. The Broad Band Attenuation Vessel (BBAV) was designed and
built during this research. The main application of the BBAV was measuring
seismic wave attenuation in the bandwidth 0.1 - 100 Hz in a 250 mm in length and
76 mm diameter sample. The vessel was designed to confine the sample up to a
pressure of 25 MPa.
In this paragraph the mechanical aspects for the design of the BBAV are
treated while the aspects related to the attenuation measurements, the signal
treatment and the calculation of the attenuation will be treated in the next
chapters.

Figure 1.15. A) ETH technician Robert Hoffman machining the vessel on the lathe.
B) BBAV just built and laboratory still empty (end of 2009).

The B.B:A.V has been designed and manufactured in the Earth Sciences
Department workshop of ETH with the collaboration of Robert Hofmann and
Reto Seifert. Two external hydraulic circuits equipped with a i) vacuum pump, ii)
two air driven pumps, and iii) eventually with an high precision syringe pump are
used to fully control pore- and confining-pressure. The apparatus has a
piezoelectric motor that generates the dynamic stress. The dynamic stress could be
used to measure the attenuation or to create a step that causes the sudden increase
of pore pressure measured by a series of highly sensitive pressure sensors inserted
within the rock sample. To the best of our knowledge, the BBAV utilizes the
biggest samples used for measuring attenuation at low frequencies (f<100 Hz).
This characteristic gives some advantages. First we can measure samples with
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bigger heterogeneities or structures such as vugs in carbonates. Second, we can
compare our results with similar results obtained for smaller samples and with
other machines to decipher scaling effects (e.g. Madonna and Tisato, 2012).
Finally it gives the opportunity to measure wave induced fluid pressure transient
as a proxy of squirt flow or patchy saturation mechanisms because the pore
pressure sensors inserted in the porous media are not invasive compared to the
sample size.

Figure 1.16. Sketch of the Broad Band Attenuation Vessel (BBAV). The apparatus
can measure seismic wave attenuation in the bandwidth 0.1 – 100 Hz confining the sample up
to 25 MPa. Thanks to the dimensions of the sample (76 mm in diameter and 250 mm in
length) a series of pressure sensors can be inserted in the sample to understand the role of
the pore-pressure in attenuation.

The design started with a general sizing of the parts as function of the rock
sample size, the room in the rig which hosts the vessel and the maximum
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confining pressure (i.e. 25 MPa). A non-welded tube for piping (E 355 +SR, EN
10305-1) was chosen as vessel (Figure 1.16). The thickness of the wall of the
vessel was calculated according to equation 1.24 and the standard EN 13480
(Kägi + Co. AG, 2009):

sv =

DP
20 TS S

(1.24)

Where sv is the thickness of the pipe wall in mm, D is the outer diameter of
the pipe in mm, P is the maximum pressure in bar, Ts is the tensile strength (500
MPa) of the material in N/mm2 and S is the safety factor.
The thickness t of the vessel enclosure and the base of the vessel (Figure
1.16) was estimated applying the equation 1.25 (Young and Budynas, 2002)
where P is the pressure applied on an outer edge fixed and supported flat plate
with a centered hole with radius r’; r is the outer diameter of the plate, k1 is a
tabulated coefficient chosen considering the ratio r , Ts is the tensile strength of
r'
the material and S is the safety factor.
t=

k1 Pr 2
Ts
S

(1.25)

Eight 20 mm diameter steel threaded rods (ASTM A193-B7 – M20) are
used to enclose the vessel (see Rod, Figure 1.16). Each rod ensures a rupture
strength >230 kN. When the pressure is maximum (i.e. 25 MPa) inside the vessel
the force applied on the vessel enclosure is about 540 kN and, as consequence
each rod has to sustain about 70 kN.
The subsequent designing stage was the creation of the 3D models and the
mechanical drawings of all the vessel parts using Catia ver.5.19. Static analysis of
the parts sized above confirmed the dimensioning.
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Figure 1.17. Finite elements analysis for the vessel (Catia V5). A) 3D model of the
vessel. B) 3D mesh of the modeled vessel. C) 3D mesh of the vessel showing the Von Mises
stress when a hydrostatic pressure of 35 MPa is applied inside the vessel. The maximum
stress is 138 MPa much lower than the tensile strength of the material which is 500 MPa.
Parameters: polygonal mesh (<10 mm), Young’s modulus: 205 GPa, Poisson’s ratio: 0.3.

Figure 1.18. A) Myself preparing the machine for a calibration test. B) Claudio
Madonna in the laboratory (end of 2012).

1.5 Research framework and related projects
This dissertation is part of a larger project supported by the Swiss
Commission for Technology and Innovation (CTI, contract 9577.1 PF-IW). The
CTI supports the transfer of knowledge and technology between higher education
institutions and industry in a targeted and results-oriented manner. In this case the
partners were the ETH Zurich and Spectraseis AG. The title of the project is
“Attenuation of seismic waves at low frequencies in reservoir rocks: An
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experimental study”. It supported two doctoral theses. The topic of the other thesis
involved the design and realization of a module to be used with a Paterson rig
(Paterson and Wong, 2005): the Seismic Wave Attenuation Module (SWAM,
Figure 1.19, PhD Thesis of Claudio Madonna (Diss. ETH N. 20709). The SWAM
can host a 25.4 mm in diameter, 60 mm in length sample which can be confined
up to 200 MPa (Appendix A). The concept of the SWAM (Madonna and Tisato,
2013) is identical to the instrument presented here (i.e. BBAV). Both projects
were conducted with reciprocal contribution for solving the technical and
scientific challenges encountered during the projects.

Figure 1.19. Seismic wave attenuation module (Madonna and Tisato, 2013).
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1.6 Elastic parameters in “real life”
Paragraph 1.2 gives the motivation to the thesis explaining that measuring
elastic and viscoelastic parameters of geomaterial is meaningful for geophysical
methods. In this paragraph more information in this sense is given, in particular
we place focus on the potentiality that seismic imaging has for exploration
geophysics and hazard monitoring.
To understand the potential of “seismic” tomography methods, one may
remember that this technique is also employed in other disciplines such as
medicine. For instance the medical ultrasonography employs ultrasonic waves to
image body interiors. The technique is extremely useful to monitor, for example,
the health of a fetus in a pregnant woman (Reissland et al., 2012).
In that case, the methodology is extremely powerful, accurate, quick and
cheap because science has spent massive effort in defining precisely the anatomy
and the elastic parameters of the human body, and also because the case is less
complicated than, for example, a kilometric sized geological structure located
thousand of meters below the surface. Precision reached in medical imaging is
encouragement for the geo-scientific community to improve geophysical imaging
of the Earth’s interior. This can be done, for instance, by improving the
knowledge of elastic parameters and including in the analyses the effects of
material anelasticity.

Figure 1.20. Elastic and viscoelastic parameters calculated for a vertical section of a
seismogenic zone in center of Italy by means of seismic tomography (Chiarabba et al., 2009).
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Seismic tomography has many applications. Exploration geophysics
benefits from better accuracy in localizing fluids in reservoirs. In hazardous
situations geophysical monitoring may be crucial in forecasting catastrophic
events, for instance monitoring the evolution of elastic and viscoelastic
parameters of active or quiescent volcanic structures. In seismogenic fault zones
monitoring of the elapsed time evolution and the elastic and viscoelastic
parameters could lead to a more precise comprehension of the seismogenic cycle
and to the definition of the state of stress governing the nucleation of dreadful
earthquakes (e.g. Chiarabba et al., 2009). Finally in geodynamic studies clarifying
crustal and mantle structures (Mavko, and Nur, 1975).

1.7 Table of the symbols
Symbol

Description

ε
σ
M
E
εt
ν
εv
P
K
γ
τ
µ
Vs
Vp
ρ
t
η
f
ω
ϕ
1/Q
Q
κ
α
Φ
q

Strain or axial strain
Stress [Pa]
Elastic modulus [Pa]
Young's modulus [Pa]
Transverse strain
Poisson's ratio
Volumetric strain
Pressure [Pa]
Bulk modulus [Pa]
Shear strain
Shear stress [Pa]
Shear modulus [Pa]
Transverse wavespeed [m/s]
Longitudinal wavespeed [m/s]
Density [kg/m3]
Time [s]
Viscosity [Pa s]
Frequency [Hz]
Angular frequency [rad/s]
Loss angle [rad]
Attenuation
Quality factor
Hydraulic permeability [m2]
Aspect ratio
Porosity
Hydraulic flux [m/s]

V
r

Volume [m3]
Radius [m]
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1.8 Thesis outline
After the general introduction given in this chapter the thesis is divided in
seven parts namely:
Chapter 2 gives a description of the BBAV, and reports preliminary
measurements of seismic wave attenuation obtained for dry and partially saturated
Berea sandstone.
Chapter 3 describes the methodology to measure fluid pressure transients
in saturated rocks, discusses the measurements and the numerical modeling of the
laboratory data, and indicates which attenuation mechanism causes the observed
frequency-dependent attenuation.
Chapter 4 reports the study about elastic parameters of compacted
bentonite, and discusses the results in relation to the monitoring and the sealing of
nuclear waste repositories.
Chapter 5 reports seismic wave attenuation and dynamic Young modulus
measurements at seismic and ultrasonic frequencies in partially saturated Berea
sandstone. Comparison with theoretical and analytical models indicates the
mechanism responsible of the observed frequency-dependent attenuation.
Chapter 6 discusses briefly the results, and suggests outlooks for further
studies, and improvements of the methodologies presented in the dissertation.
Chapter 7 gives the overall conclusions of the research.
Appendix A reports the development of the Seismic Wave Attenuation
Module (SWAM), and the preliminary results obtained with it.
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2.1 Abstract
Wave attenuation at low seismic frequencies (0.1–100 Hz) in the earth
crust has been explained by stress-induced fluid flow in partially saturated porous
media. We present the pressure vessel called Broad Band Attenuation Vessel
(BBAV) and two series of attenuation (QE−1) measurements conducted on Berea
sandstone. The BBAV employs the sub-resonance method to measure seismic
wave attenuation in the frequency range from 0.01 to 100 Hz, under confining
pressure up to 25 MPa and generating a bulk strain around 10−6 in a cylindrical
sample with maximum size of 76 mm in diameter and 250 mm in length. The
BBAV has been successfully designed, built and tested. The calibrations obtained
with aluminum (EN AW-6082) and Polymethyl-methacrylate (PMMA or
Plexiglas)
1.97×10

−13

agree

with

−9.87×10

−13

literature

values.

Two

20%

porosity

and

2

m permeability Berea sandstone samples were tested. The

stress conditions were: i) unconfined, ii) confined at 2 MPa and iii) confined at 15
MPa. Dry samples exhibited always attenuation around 0.01, while saturated
samples exhibited attenuation between 0.01 and 0.04. Attenuation values in ≥60%
water saturated samples were frequency-dependent only for confining pressures
≤2 MPa. One explanation to this observation, which requires more experiments to
be established, is that for confining pressures >10 MPa the microcracks in the
sample would be closed, impeding attenuation related to squirt flow.

2.2 Introduction
The reason why seismic waves lose energy, travelling through a material,
is only partially understood and is still under study. This effect is called seismic
wave attenuation, here quantified as Q−1, where Q stands for quality factor.
Typical Q values for seismic waves in some materials are reported in Table 2.1A
(Knopoff, 1965). When a seismic wave propagates, part of its elastic energy is
converted to heat. The physical mechanisms responsible for this energy
conversion are multiple and they act at different excitation frequencies (Barton,
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2007; Mavko et al., 1998). The most active mechanisms for dry rocks and
frequencies between 0.1 and 100 Hz are mostly related to matrix anelasticity,
dissipation due to wave-induced friction between grain and/or crack boundaries,
and thermoelastic mechanisms (Kjartansson, 1980; Nowick and Berry, 1972;
Walsh, 1966). In saturated rocks other mechanisms contribute to dissipate energy.
For typical rock permeability, pore aspect ratio and fluid viscosity, Biot (1956)
and viscous shear mechanisms act at frequencies >104 Hz (Mavko et al., 1998)
while squirt flow (Mavko and Jizba, 1991) and patchy saturation (White, 1975)
are responsible for attenuation at frequencies <104 Hz. The latter mechanism can
be more generally described as wave-induced fluid flow at the mesoscopic scale,
which is the scale greater than the pore size and smaller than the wavelength
(Müller et al., 2010; Pride et al, 2004). Meanwhile, squirt flow is related to waveinduced fluid flow at the pore scale. Both squirt flow and patchy saturation
generate attenuation related to the mobilization of fluid within the porous rock as
a function of saturation degree. Consequently, quality factor measurements can
provide valuable information about “energy absorption” of saturated rocks, and
field measurements of seismic wave attenuation, in the bandwidth 0.1–100 Hz,
can help understand the fluid saturation in crustal rocks (e.g., oil- or gas-saturated
reservoirs, Thakur and Rajput, 2010). For instance, Chapman et al. (2006) and
references therein, observed that hydrocarbon reservoirs frequently exhibit high
attenuation at frequencies lower than 100 Hz. Additionally, Korneev et al. (2004),
showed that high attenuation can be related to an increase in reflectivity of a
saturated porous layer. Numerical models (e.g. Quintal et al., 2011) and analytical
solutions (e.g. Gurevich and Lopatnikov, 1995) are available to calculate
attenuation caused by wave-induced fluid flow at the mesoscopic scale in porous
media. Laboratory measurements (e.g. Adam et al., 2009; Batzle et al., 2006;
Jackson and Paterson, 1987; McKavanagh and Stacey, 1974; Paffenholz and
Burkhardt, 1989; Peselnick and Liu, 1987; Spencer, 1981; Winkler and Nur,
1982) provide values for compressive and shear wave attenuation at low seismic
frequencies (i.e. frequencies between 0.1 and 300 Hz) for saturated rocks.
However, laboratory measurements and experiments are still essential because: i)
numerical models need to be calibrated, ii) there is still a considerable amount of
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lithologies and physical conditions for which experimental data do not exist, iii)
the attenuation mechanisms have not been fully identified and demonstrated for
real rocks yet. Additionally some of the contributions reported above have been
strongly discussed. For instance the data from Spencer (1981) have been later
reviewed by Dunn (1986) and partially associated to sample-boundary-condition
effects rather than entirely related to the intrinsic attenuation of the sample. Also
Moerig and Burkhardt (1989) and Paffenholz and Burkhardt (1989) state that the
attenuation observed in their experiments arises partially from sample-boundarycondition effects.
Table 2.1. A) Quality factor values for longitudinal or bending excitation of some
solid materials. After Barton (2007) and Knopoff (1965). B) Quality factor values for
aluminum and some Al–Mg–Si alloys.
A) Material
Q
Steel
5000
Copper
2140
Silica
1250
Glass
490
Diorite
125
Limestone 110
Lead
36
Sandstone 21
Shale
10
Celluloid
7

B) Material
Aluminum
EN AW-6082
EN AW-6082
Al-Mg-Si alloys
Al-Mg-Si alloys
EN AW-6082
EN AW-2024
EN AW-7075
EN AW-5056
EN AW-2017

Strain
10-4
~10-6 to ~10-4
10-4
~10-6
"
~10-6
"

F. (Hz)
1
1
3
0.001-10
<100
3000
>1000
"
20000
"

Q
~1000
~2000
~900
~500
~1000
~2000

Reference
Zener, 1948
Xie et al., 2001
Thomas et al., 2008
Carreño-Morelli et al. 1996
Birch, 1942; Williams, 1967
Xie et al., 1998

~200000 Duffy, 2002
"
"
~200000 Suzuki et al., 1978
"

"

The aims of this contribution are to describe a new apparatus and to
provide results from measurements of seismic wave attenuation in partially
saturated rocks, in the frequency range from 0.1 to 100 Hz. The new apparatus is
called Broad Band Attenuation Vessel (BBAV). To the best of our knowledge the
BBAV employs the biggest rock samples utilized so far for seismic wave
attenuation measurements at frequencies <100 Hz (maximum size: 76 mm in
diameter and 250 mm in length). For instance, Paffenholz and Burkhardt (1989)
employed 50 mm diameter and 150 mm length samples, Liu and Peselnick (1983)
used 38.1 mm diameter and 100 mm length samples, and Spencer (1981)
employed 38.1 mm diameter and 140 mm length samples. Due to the decimetric
size of the sample, the machine can perform another kind of experiment: a series
of zero-volume mini-pressure sensors (i.e. the sensitive part of the sensor is
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extremely close to the pores of the rock), can be inserted in the plug to investigate
the pore pressure evolution when the stress field changes. This test aims to
reproduce experiments numerically calculated by Quintal et al. (2011), calculating
the fluid flow at the mesoscopic scale on a rock column partially saturated with
liquid and gas. This is done in order to estimate the influence of attenuation due to
wave-induced fluid flow on the attenuation measured in our laboratory
experiments,

i.e.

when

all

possible

physical

mechanisms

take

place

simultaneously, and will be shown in a future publication.
In this paper, calibration curves and some results for attenuation in dry,
60% and 90% water saturated rocks are presented. The results are discussed and
interpreted in the light of known attenuation mechanisms for partially saturated
rocks.

2.3 Method
From a thermodynamic perspective, elasticity is a reversible process where
distortion of bonds is stored as elastic energy. The elastic energy stored can be
entirely re-used to restore the initial bonds stretching. Inelastic response (Lazan,
1968) is irreversible; once the bonds are deformed, part of the stored energy is
dissipated as heat (ΔE) (Cooper, 2002). Q−1 is directly related to the inelastic
behavior of the material. For frequencies ranging from 0.01 to 100 Hz and
decimetric samples, Q−1 can be measured by performing subresonance
experiments (McKavanagh and Stacey, 1974). The concept is to i) stress
cyclically the specimen, ii) measure the elastic energy dissipated by the sample
(ΔE), iii) measure the average stored energy in the specimen during a sinusoidal
cycle (Em), and iv) calculate Q−1 as (Nowick and Berry, 1972; O'Connell and
Budiansky, 1978):
Q −1 =

∆E
4π Em .

(2.1)

The strain generated by the propagation of a seismic wave is typically 10−6
(Karato and Spetzler, 1990). The energies involved in the calculation of Q−1 are
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obtained combining the measurements of the sinusoidal force applied on the
sample, and the shortening of the sample. For an elastic (i.e. non-attenuating or
“perfectly elastic”, Lazan, 1968) material, the plot of the typical stress versus
strain relation is a line with a positive slope (Figure 2.1A). The energy spent (Es)
to deform the specimen is represented by the area under the load path in the
stress–strain field. When the force decreases, the specimen recovers its initial
length following the load path in the stress–strain field. The area subtended by the
unloading path represents the recovered energy Er. Since ΔE=Es−Er=0 for this
case, attenuation is zero and quality factor is infinite. On the other hand, testing an
inelastic material (e.g. viscoelastic as in Figure 2.1B, Lazan, 1968) the load curve
subtends an area bigger than the area subtended by the unload curve. The lost
energy is represented by a finite area which is represented by the area enclosed in
the ellipse of Figure 2.1B. Thus, ΔE and the attenuation are greater than zero, and
the quality factor is finite.

Figure 2.1. Stress-strain characteristic of an elastic material (A) and stress-strain
characteristic of a viscoelastic material (B). Load paths are illustrated by blue squares and
unload paths by red triangles.

The stress–strain cycle (Figure 2.1B) provides information about a
complex elastic modulus (i.e. real and imaginary parts of the elastic modulus,
Bourbié et al., 1987). If the force is applied perpendicularly to the sample

35

Chapter 2

surfaces, one can measure the extensional stress and extensional strain, and
calculate the phase between them, which gives the attenuation related to the
Young's modulus. Instead, if the force is applied parallel to the sample surfaces,
one can measure the shear stress and the shear strain, and calculate the phase
between them, which gives the attenuation related to the shear modulus. For
instance, Paffenholz and Burkhardt (1989) built and performed experiments with
two different devices. The first device measured the complex Young's modulus by
stressing the sample vertically and measuring the strain in the same direction,
while the second one investigated the complex shear modulus by twisting the
specimen. Considering the tested material as a linear time invariant system, it has
been demonstrated that the attenuation can be also calculated as follows
(O'Connell and Budiansky, 1978):

Q −1 ≅ tan (φ )

(2.2)

where ϕ is the phase shift, which is the phase angle between the force applied on
the sample and the strain across the sample. Q−1 is also equal to the ratio between
the imaginary and real part of the elastic modulus. Here we measure the phase
shift to calculate the Q−1 related to the complex Young's modulus (QE−1). Detailed
mathematical descriptions of how Q−1 arises from the phase shift measurement
can be found in Lakes (2009), Lazan (1968), O'Connell and Budiansky (1978),
and Paffenholz and Burkhardt (1989).

2.3.1 The Broad Band Attenuation Vessel
The BBAV (Figure 2.2) was designed and built in the Rock Deformation
Laboratory at ETH Zurich to investigate seismic wave attenuation in the
frequency range from 0.1 to 100 Hz. The vessel can confine samples up to 25
MPa to simulate subsurface conditions. The confining medium is oil (Shell
Morlina 10) and the sample assembly is sealed with a fluorinated ethylene
propylene (FEP) shrink-tube. The parts sustaining the confining pressure are: the
i) vessel, ii) the vessel-enclosures and iii) the electric feedthroughs, which have
been dimensioned in first approximation using classic mechanical approaches
(Young and Budynas, 2002). The parts have been designed to obtain the 3D36
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models thanks to a “computer aided three-dimensional design software” (3DCAD, CATIA V5). We performed the generative structural analysis of the 3Dmodels by means of the finite-element-method (FEM) software included in the
3D-CAD (Koehldorfer, 2010). With this analysis we ensured that the BBAV was
able to sustain the stresses applied on it.
During the experiments, a uniaxial press (UP) holds the vessel and keeps a
constant static stress (σs) on top of the measuring column (Figure 2.2, except UP).
The magnitude of σs is normally 3.3 MPa but it can reach 10 MPa. The measuring
column is defined between the point of application of σs and the base of the
vessel. The vessel can hold a cylindrical sample with a maximum size of 76 mm
diameter and 250 mm length. Like indicated by many other authors (e.g.
Paffenholz and Burkhardt, 1989) the sample is carefully prepared to meet
accuracy requirements. The specimen is grinded and polished by means of a lathe
and a diamond disk to obtain an end-face parallelism tolerance lower than 10 μm.
A multi-layer piezo stack (Physik Instrumente — P-056.20P), enclosed in
a stainless steel chassis (motor), and placed on top of the sample generates a
sinusoidal stress with frequency range from 0 to 32 kHz. The motor is supplied by
a high voltage amplifier (HVA) which amplifies hundred times the input voltage
(Physik Instrumente — E-470). For the sake of simplicity, when we refer to the
motor supply, we always refer to the voltage provided to the HVA. The vertical
stress applied on the sample is measured by a 44.5 kN full scale load cell (Omega
Engineer — mod. LC204-10K). The load cell is placed between the motor and the
sample and it has been calibrated with a dynamometric ring. The load cell and the
dynamometric ring have been placed in series under the UP and the force was
raised by steps from 0 to 40 kN while the signal of the load cell and the force
indicated by the dynamometric ring were recorded. Such a procedure allows
producing the calibration curve meaningful to convert the voltage produced by the
load cell to the unit of force (i.e. Newton). The load cell signal can be considered
to vary linearly with the force with an error lower than 0.2% of the full scale.
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Figure 2.2. Scheme of the BBAV and principal characteristics. The symbol σs refers
to the static stress applied by the external press (not in the Figure). The motor generates a
sinusoidal differential vertical stress. A load cell measures the force and a cantilever (strain
sensor) measures the bulk strain across the sample. The electric signals are transmitted
through 4 high pressure, 8 pins connectors. *Schematic of a generic sensor (Wheatstone
bridge) and electronic circuit employed to amplify the signal. G stands for the pre-amplifier,
Δ stands for the offset regulator and f stands for the double pole low pass filter.

A strain-gauge cantilever, placed between the extremities of the sample,
measures the displacement of the top of the sample with respect to the bottom of
the sample. The strain gauge cantilever has been coarsely calibrated by means of a
0.001 mm precision comparator used as calibrating instrument (Sylvac — S_Dial
S234). The calibration has been finally refined by measuring the voltage produced
by the cantilever (Vc) while the EN AW-6082 sample was vertically stressed. The
force necessary to stress the sample was measured by means of the pre-calibrated
load cell and, knowing the i) Young's modulus of the material (i.e. 70×109 Pa,
Häuselmannmetall, 2002), ii) the length of the sample and iii) the cross section
area of the sample, it is possible to calculate the expected shortening of the sample
(Se). Once we knew Se and Vc we obtained the calibration necessary to calculate
the shortening in meters. Such a procedure shows that the strain gauge cantilever
is linear for a shortening of 1 μm with an error lower than 0.5%. From the strain
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gauge cantilever we calculate the bulk value of the vertical strain rather than to
measure the local strain with a single strain gauge placed directly on the sample.
We assume that the sensors and all the other machine parts, because they
are made with high quality factor materials (e.g. steel), have an attenuation which
is negligible with respect to the sample, therefore they do not affect the phase and
the amplitude of the stress applied on the sample. This was also assumed from
other authors (e.g. Peselnick and Liu, 1987).
The analog sensor signals are converted to digital by an analog to digital
converter (ADC, NI-PCI 6031E) and recorded in a personal computer (PC). The
ADC has a resolution of 16 bits and is mounted on a PCI slot of the PC. For 0.5
and 5 V full scale ranges, the accuracy of the ADC is 0.4 mV for each volt of the
full scale (0.4 mV/V), and the sensitivity is 0.03 mV for each volt of the full scale
(0.03 mV/V). Considering rock samples with Young modulus (E) between 1010
and 1011 Pa (Jaeger et al., 2007), the necessary force (Fs) to obtain a strain (ε)
equal to 10−6 is Fs=E A ε, where A is the cross section area of the sample
(A=45.4×10−4 m2). Fs ranges between 45.4 and 454 N. The load cell is 44.5 kN
full scale and it is supplied with 10 V. When the full scale force is applied on the
load cell the signal generated is 20 mV. If the minimum expected Fs (45.4 N) is
applied on top of the sample, the load cell signal is around 0.02 mV. Even at the
lowest ADC input range (0.1 V), the signal is lower than the ADC sensitivity. For
this reason the signal is amplified and filtered by a pre-amplifier circuit.
The pre-amplifiers are composed of three moduli: i) a high quality
adjustable instrumentation amplifier (Burr Brown — INA114) which increases
the amplitude of the signal by a few hundred times, ii) an adjustable summing
amplifier which adds a fix value of voltage in order to regulate the signal offset
(Analog Devices — OP297), and iii) a low pass filter (Analog Devices — OP297)
which erases part of the signal noise. The filter is a 10 kHz two poles Sallen–Key
low pass filter employed for decreasing the noise due to electromagnetic external
disturbances (Sallen and Key, 1955). Thanks to this conditioning circuit for
maximum force applicable on the load cell (44.5 kN), the signal transmitted to the
ADC is 8800 mV. For the minimum expected force (44.5 N) the signal is 8.8 mV.
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Setting the ADC to 2 V full scale, the signal becomes 440 times greater than the
ADC sensitivity and the accuracy error is lower than 10%.
The strain sensor (cantilever) has been chosen according to the typical
strain (ε) generated by a seismic wave (10−6), the sensitivity, and the accuracy of
the ADC. The sensor employed is a full bridge beam-load cell (LCL454 —
Omega Engineering). It is a beryllium copper plate: 6.4 mm width, 15 mm long,
0.28 mm thick, 454 g full scale and with a 2 mV sensitivity for each volt supply (2
mV/V). The sensor is supplied with 10 VDC. Consequently, the output signal at
full scale is 20 mV.
Employing the solution of deformation of a thin beam with one guided end
and one fixed end (Young and Budynas, 2002), we can predict the output signal as
function of the beam deformation (e.g. lowering of the guided end).When the
cantilever is at full scale (454 g), the lowering of the guided end is 0.78 mm and
the voltage output is 20 mV. Considering a strain across the sample of 10−6 the
lowering of the cantilever will be 250×10−6 mm, and, as a consequence, the output
voltage will be 6.4 μV, which is lower than the ADC sensitivity. Thus, the strain
signal is also amplified before being transmitted to the ADC. The amplification is
obtained by a circuit equivalent to the load cell circuit described above. Since
force and shortening are amplified with similar electronics circuits the difference
of phase-shift introduced in this stage is neglected. The signal, after preamplification, is about 4 mV for a sample shortening of 250×10−6 mm. Selecting 1
V ADC full scale the signal is 400 times greater than the ADC sensitivity (0.02
mV) and the accuracy error is below 10%.
Because the quality of the measurement is related to the quality of the
signals (Paffenholz and Burkhardt, 1989) some methods to improve the Signal to
Noise Ratio (SNR) are employed. First, the collected signal is the result of eight
traces averaged (i.e., stacking, Yilmaz, 2001). Then, the signal is cleaned by
subtracting the signal collected by a dummy sensor. The dummy sensor is a full
bridge strain gauge sensor, it is electrically similar to the load cell or the
cantilever and it is placed near these two sensors. It does not measure any physical
quantity but it collects the electromagnetic noise introduced in the electronic
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board and the transmission cables by noise sources (e.g., wi-fi antennas, high
voltage lines, 50 Hz disturbances from the 230 VAC supply net). For instance the
SNR of shortening signal is improved from five to 14 thanks to the subtraction of
the noise signal (Figure 2.3). The original signal of the shortening sensor is 5 mV
peak to peak (Figure 2.3A) and its frequency spectrum is composed by the strain
frequency imposed by the motor (e.g. ~5 Hz, Figure 2.3C) and some noise
frequencies. The spectra are obtained computing the fast Fourier transform (FFT)
of the time signals. The noise signal is typically composed by a series of spectral
lines that in the case of Figure 2.3C and D are comprised between 50 and 800 Hz.
The partially cleaned signal is obtained by subtraction of the noise spectra
magnitude from the original signal spectra magnitude (Figure 2.3E). The last step
to obtain an improved signal in time domain is to compute the inverse FFT (iFFT)
of the signal calculated in the last step (Figure 2.3F).

Figure 2.3. Digital data filtering. A: typical signal from the shortening sensor after
the stacking of 8 raw signals; signal to noise ratio (SNR) =5.3. B: signal from a dummy
sensor collecting the electromagnetic noise introduced by ambient noise sources. C and D:
magnitude of the Fourier transforms of A and B, respectively. E: magnitude difference
between D and C. F: inverse Fourier transform of E. G: signal E smoothed with a moving
average.
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This algorithm removes partially the noise without affecting the bandwidth
of the signal even when the noise is stationary. Only in case of non-stationary
noise, a similar result could be obtained with additional stacking. Stacking
increases the SNR of √n, (where n is the number of averaged traces, Yilmaz,
2001), as a consequence, to increase the SNR by three times it would be necessary
to acquire nine additionally cycles (i.e. increasing nine times the acquisition time).
The last step of data filtering consists in smoothing the data with a moving
average. This operation increases the SNR to >100. All the signals are treated
with the same algorithm and are sampled at the same sampling rate. The sampling
rate is typically between 330 and 1000 times the frequency of the stress imposed
by the motor.
A saturation circuit, connected with the apparatus, allows saturating the
sample with liquids. This system is mainly composed by a vacuum pump, a
vacuum chamber and a 0.1 mL division burette which contains the saturation
fluid. According to the porosity of the rock, we can calculate the saturation degree
by measuring the volume of fluid introduced in the specimen, which is read on the
burette graduation. To avoid that the fluid flows from the sample to the pipelines
during the measurements, two non-return valves are placed on top and bottom of
the sample holders.
A Matlab code controls the motor and collects the data following a predefined command list written in the experiment file (ef). The ef dictates the
conditions of the experiments such as the frequency range, the number of steps in
the frequency range, the number of repetitions, the saturating liquid, the saturation
degrees, the confining pressures, the force, and the strain amplitude across the
sample (ε0 is typically 1.2×10−6, but it can be less). The characteristics of the
sample such as name, code, diameter, length (L), permeability and porosity are
collected in the sample file (sf). Once the operator has i) selected the sf and the ef,
ii) saturated the sample, and iii) applied the normal stress on the sample (σs), the
acquisition procedure starts.
The first procedure step (auto-tuning) calculates the motor supply voltage
necessary to obtain a strain across the sample equal to ε0. The auto-tuning includes
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the following passages: the software drives the motor at 10 Hz with three different
voltages (V1=0.5 V, V2=1 V and V3=2 V), and measures the sample shortenings
(S1,2,3). According to S1,2,3 and the sample length (L) the code calculates the three
strains (ε1,2,3) related to V1, V2 and V3. Then the code calculates the coefficients
(c1,2,3) of the quadratic equation (solution) that interpolates the three points of
coordinates, (V1, ε1), (V2, ε2) and (V3, ε3). Finally, using the solution, the software
estimates the motor supply voltage (Vm) necessary to obtain ε0. From this instant,
data are acquired automatically (second step — acquisition), and the motor is
supplied with the sinusoidal voltage which has a peak-to-peak voltage equal to Vm
and the frequency defined in the ef.
The typical acquisition cycle records eight times 20 stress–strain
sinusoidal cycles and the average of these eight cycles is used as result (i.e.
stacking, Yilmaz, 2001). Furthermore (third step — filtering and Q calculation),
the code filters the data employing the methods described previously, and finally
it calculates the attenuation with three methods. i) With the first method
(sinusoidal fit) the two traces are normalized and interpolated with two sinusoidal
functions:

u (t ) sin ( 2π ft + ϕ )
=

(2.3)

where f is the signal frequency, and t is time. The phase shift is calculated as the
difference between the two values of φ obtained for stress and shortening,
respectively. ii) With the second method (method of the area) the dissipated
energy ΔE is calculated for each sinusoidal period, measuring the area enclosed in
the stress–strain cycle by means of numerical integration:

( Fn +1 + Fn )( sn +1 − sn )
2 Nc
n =1

N −1

ΔE = ∑

(2.4)

where N is the number of data points collected, F is the force, s is the shortening
and Nc is the number of cycles collected. The potential energy (Ee), which is
stored at each instant in the specimen, is equal to (Jaeger et al., 2007):
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Ee =

1
Fs
2

(2.5)

where F is the force necessary to maintain the sample shortened of s. The average
of the elastic energy stored in one sinusoidal cycle can be estimated via a
numerical integration:
N

Em = ∑
n =1

Fn sn
2N

(2.6)

and, according with Equation (2.1), one can calculate the attenuation. For
sinusoidal stresses and linear sample response (e.g. the sample is an linear time
invariant (LTI) system) the strain is sinusoidal and the two methods give the same
result with a difference of less than 5% when the phase shift is lower than 0.1 (Q
> 10) (Peselnick and Liu, 1987). In the case of a non-linear response, the second
method is more accurate because the result is not related to the shape of the strain.
iii) The third method (method of FFT), which is used as a benchmark for the first
method, calculates the phase shift as the difference between the FFT phase spectra
of the signals (Batzle et al., 2006).
In addition (fourth step — saving), the software stores the data in the PC
hard-drive and in two backup hard-drives. Then the code decrements the motor
supply frequency as established in the ef and it repeats the procedure from the
second step. Typically the frequency swap goes from 100 Hz to 0.1 Hz (but it is
also possible to 0.01 Hz). After the code has acquired the last frequency signals
(e.g. 0.1 Hz) it repeats the frequency swap for as many times as defined in the ef
(typically five times). Repetitions over the entire frequency range are performed
to evaluate the precision. Data points at the same frequency are grouped and
averaged and the standard deviation is calculated. The acquisition of one dataset
typically comprises 500 points logarithmically distributed between 0.1 and 100
Hz, and it requires approximately 38 hours.
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2.4 Results
Since the BBAV is a new device, calibrations are first presented as part of
the results. Then we report quality factor measurements for two Berea sandstone
samples which were saturated under different conditions. The data are presented
in Figure 2.4 and Figure 2.5 and they have been calculated with the method of
sinusoidal fit (see Section 2.1). We also evaluated the differences between the
three methods employed to calculate the quality factor (sinusoidal fit, method of
the area, and method of FFT). The results from these three methods were
essentially similar with some distinction for the method of the Area. The
correlation between the sinusoidal fit and the method of FFT is described by a
linear regression with slope equal to 0.99 and an intercept of 1×10−5, the
coefficient of determination (R2) is 0.9998 and the standard deviation is <7×10−4
Q−1. The standard deviation (Std) is calculated as:

Std
=

1
N

N

∑( y − x )
i =1

i

2

(2.7)

i

where N is the number of points, xi is the value calculated with the sinusoidal fit
and yi is the value of Q−1 calculated with the method under evaluation (i.e. the
method of FFT or the method of the Area). The method of the area results to be
less correlated with the sinusoidal fit: the linear regression has 0.98 slope and
5×10−5 intercept, the coefficient of determination (R2) is 0.9998 and the standard
deviation is <9×10−4 Q−1. The analysis is summarized in Figure 2.4C where three
dataset are reported (> 1200 phase shift measurements).
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Figure 2.4. Calibration results. (A) Results for EN AW-6082 and Plexiglas samples
at 0 and 10 MPa confining pressure. (B) Same results for EN AW-6082 at 0 MPa, but the yaxis between 0 and 5x10-3 rad. (C) Comparison of three methods utilized to calculate the Q.

2.4.1 Calibration
The calibration of the BBAV for the quality factor measurements was
done by testing materials with known elasticity. Aluminum and aluminum alloys
rheology has been studied since the beginning of the 20th century (e.g. Sezawa and
Kubo, 1932). Zener (1948) found that at room conditions and 1 Hz oscillating
stress, aluminum exhibits attenuation around 0.001, (i.e. Q≈1000). In our case the
sample was made with an aluminum–magnesium–silica alloy (Al–Mg–Si) called
EN AW-6082. The composition of EN AW-6082 is: Al >96%, Si 1%, Fe 0.5%,
Cu 0.1%, Mn 0.7%, Mg 1%, Cr 0.25%, Zn 0.2%, Ti 0.1% and others 0.1%
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(Häuselmannmetall, 2002). Chung (2001, 2010) and Xie et al. (1998) show that
6000 series aluminum alloys, such as EN AW-6082, can be ascribed as vibration
damping materials (i.e. alloys with the lowest Q among all the aluminum alloys).
Xie et al. (1998, 2001) and Thomas et al. (2008) indicate Q values between 900
and 2000 for EN AW-6082 at room temperature, frequency ranging from 1 Hz to
3 kHz and strain between 10−4 and 10−5. Others Al–Mg–Si alloys with the same
heating treatment of our sample (i.e. T6, annealing) show values of Q around 500
in the bandwidth 10−3−10 Hz, 300 K temperature and strain between 4.5×10−6 and
1.4×10−4 (Carreño-Morelli et al., 1996). Lazan (1968) points out that Q of Al–
Mg–Si alloys are strongly dependent by them composition, thermal treating and
test conditions, and together with Birch (1942) and Williams (1967) show that
Al–Mg–Si alloys exhibit Q around 1000 for room temperature and frequencies
lower than 100 Hz. For ultrasonic frequencies, which are much higher than those
investigated in this contribution, Nowick and Berry (1972) determine for
aluminum a value of Q between 5000 and 10000. Other kinds of aluminum alloys
(e.g. EN AW-5056) measured with a torsional mode mechanical resonator exhibit
Q > 200,000 at room temperature and frequencies > 1 kHz (Duffy, 2002; Suzuki
et al., 1978). Aluminum and some Al–Mg–Si alloys quality factors are
summarized in Table 2.1B.
Rocks have quality factors typically one or two orders of magnitude
smaller than EN AW-6082 (i.e. Q between 10 and 100 see Table 2.1A, e.g.
Barton, 2007; Knopoff, 1965; Paffenholz and Burkhardt, 1989). Thus, EN AW6082 was selected to check if the BBAV is suitable to measure a value of Q which
is similar to the typical maximum Q exhibited by rocks at shallow crustal
conditions (i.e. Q around 100). Measurements of EN AW-6082 attenuation were
performed at: i) room temperature and pressure, and at ii) room temperature and
10 MPa confining pressure (Figure 2.4A). For frequencies between 0.1 and 50 Hz
the results ranges between 500 and 2000, this is consistent with values given in
the literature. For frequencies >50 Hz, the phase shift yields more scattered values
with all points around 0.002 rad, indicating a Q around 500 (Figure 2.4B, Table
2.2). In any case we cannot consider this variation of Q as a frequency dependent
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attenuation because the variation is within the error of the measurements (Table
2.2).
Some authors report that fluid-saturated rocks can exhibit a low quality
factor (e.g., Q < 20), especially when wave-induced fluid flow acts as an
attenuation mechanism (Mavko et al., 1998; Quintal et al., 2009). To check if the
BBAV can accurately measure such low quality factors, a Polymethylmethacrylate (PMMA or Plexiglas) sample was tested. PMMA is a glassy
polymer that exhibits a frequency dependent Q between 11 and 17 for frequencies
between 0.1 to 100 Hz (Lakes, 2009). The value of Q for the PMMA is minimal at
1 Hz and 20 °C. This minimum is called β-peak in contrast with the α-peak which
occurs at 135 °C. PMMA attenuation values obtained with the BBAV, at 0 and 10
MPa confining pressures, are compatible with the results published by Lakes
(2009) (Figure 2.4A). The strain across the sample was always lower than 2×10−6.
The repeatability of measurements was computed as the median of the standard
deviations of five consecutive cycles from 0.1 to 100 Hz. The results from the
calibration show that the BBAV is reliable to accurately measure attenuation in
rocks.

2.4.2 Rock data
We measured the quality factor of two Berea sandstone samples (BS001
and BS002) at frequencies between 0.1 and 100 Hz (Figure 2.5). BS001 has
1.97×10−13−4.93×10−13 m2 permeability and 20% porosity while BS002 has
4.93×10−13−9.87×10−13 m2 permeability and 20% porosity. We collected data for
23 quality factor curves. Within all these curves we selected the eight more
representative. Together with the results obtained for sample BS001 (Figure 2.5A)
we also show a curve from Paffenholz and Burkhardt (1989) who measured
attenuation of a sample of Mittelraeth sandstone with permeability of 2.76×10−15
m2 and porosity of 7.5% (B85).
Porosities of BS001 and BS002 have been estimated measuring the
porosities of two sub-samples (25.4 mm diameter and ~60 mm length) extracted
from the same block of rock of BS001 and BS002 by means of a helium
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pycnometer. Water permeability has been also measured for the same subsamples, employing a falling head permeability test (Wilson et al., 2000). The
results are comparable with those declared by the sample provider (i.e.,
permeability and porosity of 3.45×10−13 m2 and 20%, respectively, for BS001, and
6.42×10−13 m2 and 20%, respectively, for BS002).
The Q measurements were conducted for dry, 60% and ~90% water
saturated samples. The sample BS001 was tested at room pressure. The sample
BS002 was measured at confining pressures (Pc) of 0, 2 and 15 MPa. The state of
stress was defined as: σ1=3.3 (MPa)+Pc and σ2=σ3=Pc, where σ1 is the vertical
stress. One can observe, in Figure 2.5A and B, that for dry conditions and the two
tested confining pressures (0 and 15 MPa), the quality factor is roughly between
100 and 150, approximately constant over the bandwidth 0.1–100 Hz. However,
the quality factor is frequency dependent when the samples are water saturated,
and the confining pressure is ≤2 MPa (Figure 2.5A and B). Contrary to that, when
the 60% water saturated sample was confined with 15 MPa (σ1=18.3 MPa,
σ2=σ3=15 MPa), the quality factor was again approximately constant over the
entire frequency range and around 150, i.e. similar to the results for dry samples
(Figure 2.5B). Some data related to these two samples are reported in the second
part of Table 2.2.
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Table 2.2. Summary of the results obtained. Φ stands for porosity, κ stands for
permeability, Pc stands for confining pressure. Repeatability column reports the median of
the standard deviation calculated over 5 consecutive measurements taken from 0.1to100 Hz.
The value of quality factor at 10 Hz is calculated considering the quadratic function
interpolates on the observed data. *After Lakes( 2009). **After Paffenholf and Burkhardt

Rock data

Calibrations

(1989).
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Sample
Aluminum
Aluminum
Plexiglas
Plexiglas
Plexiglas*
Sample
BS001
BS001
B85**
BS002
BS002
BS002
BS002
BS002
BS002

Pc
(MPa)
0
10
0
10
0
2
Pc
Φ κ (m )
Water
-13
(%) x10
(MPa) sat. %
20
3.45
0
0
20
3.45
0
90
7.5 0.027
0
96
20
6.42
0
0
20
6.42
15
0
20
6.42
0
60
20
6.42
2
60
20
6.42
15
60
20
6.42
0
90

Repeatability Q at 10
(+/- rad)
Hz
0.004
>1000
0.002
>600
<0.001
13.9
<0.001
14.3
11.8
Repeatability Q at 10
(rad)
Hz
<0.001
114
<0.001
49.2
160
<0.001
129.3
0.001
148.5
<0.002
65.1
<0.001
76.2
0.001
126.3

Fig.
4A,B
4A
4A
4A
4A
Fig.
5A
5A
5A
5B,C
5B
5B
5B,C
5B
5D
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Figure 2.5. Quality factor values for two samples of Berea sandstone. (A) Results
obtained for sample BS001 saturated with 0% and 90% water. The panel includes also a
result from Paffenholf and Burkhardt (1989). (B) Results obtained for sample BS002
saturated with 0% and 60% water, and at confining pressures of 0, 2 and 15 MPa. (C) Two
curves from Panel B with error bars indicating the repeatability error calculated as standard
deviation of five consecutive measurements for each data point between 0.1 and 100 Hz. The
data are interpolated with the response of a standard linear solid model (dashed gray lines,
Zener, 1948) plus a constant. The equations for those interpolation curves are displayed in
the legend. (D) Comparison between data obtained with sample BS002, with 90% water
saturation and at 0 MPa confining pressure and the attenuation caused by the open-pore
boundary condition (Dunn, 1986). The dot-dot -red curve is calculated as sum of the
attenuation caused by the open-pore boundary condition in BS002 and the attenuation of
BS002 measured for frequency equal 1 Hz e.g. Q-1 ~0.006.
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2.5 Discussion
Calibrations established the reliability of the BBAV to accurately measure
attenuation of rocks for frequencies ranging 0.1 to 100 Hz. Repeatability has been
evaluated for all the datasets and it can be considered ±10−3 rad (Table 2.2 and
Figure 2.5C). The accuracy of the BBAV could be estimated through comparison
with literature data, which has been done for the Plexiglas (Figure 2.4A). Our
results and the result from Lakes (2009) are in good agreement; the maximum
discrepancy is located at 5 Hz. For this frequency, Lakes (2009) reports a quality
factor of 11.4. Instead, we measured a quality factor of 13.3. This difference could
be related to: i) a different σs applied vertically on the sample, ii) the tests were
performed with different temperatures (i.e. our test was performed at 24 °C and
Lakes (2009) declares room temperature) or iii) to a different kind of PMMA
employed in the two experiments. For frequencies below 1 Hz the measured
values of the quality factor are similar. Unfortunately there is no other
instrumentation able to measure attenuation for rock samples as big as ours at
these conditions, and there are not data available for Berea sandstone partially
saturated and confined up to 15 MPa. The Berea sandstone Q values in the
literature are so limited that we found difficulties to evaluate accuracy for our
rock-data. Precision is lower for frequencies >50 Hz; this is especially true for
stiff materials like the EN AW-6082 (Figure 2.4 and Table 2.2), on the other hand
for EN AW-6082 we can state that the BBAV is not precise but the average of the
measurement is accurate because the measurements agree with the data from the
literature (see Section 3.1), this indicates that BBAV can measure precisely Q
which are lower than 330 (i.e. Φ > 0.003). The loss of precision in sub-resonance
measurements is commonly related to mechanical resonances of the machine
(Paffenholz and Burkhardt, 1989).
The measurements performed with dry Berea sandstone agree with rock
attenuation values found in the literature, for instance the Q value is ~150,
(Barton, 2007; Knopoff, 1965; Peselnick and Liu, 1987), we also found in
literature Q values for partially saturated Berea sandstone at 100 Hz which
substantially agree with our measurements (Yin et al., 1992). Yin et al. (1992)
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state that 50–70% brine saturated Berea sandstone (5.43×10−13 m2 permeability
and 23% porosity) has Q ~50, for similar conditions: sample BS002, 60% water
saturated, 100 Hz frequency and 0 MPa confining pressure we measured a Q ~35.
For the same dry sample our results are also in agreement with Yin et al. (1992);
we found Q around 130 while Yin et al. (1992) indicate Q around 125. In
Madonna and Tisato (2013) attenuation values (QE−1) for dry and water saturated
Berea sandstone are also presented, the frequency ranges between 0.1 and 100 Hz,
and the samples was 25.4 mm diameter and 60 mm length. The data presented
here are in agreement with the data presented in Madonna and Tisato (2013)
which they have not been obtained with the BBAV.
The non frequency-dependent attenuation observed for dry samples can be
considered the result of wave-induced friction between grain and/or crack
boundaries, and thermoelastic mechanisms (Kjartansson, 1980; Nowick and
Berry, 1972; Walsh, 1966). The tests performed with partially saturated Berea
sandstone suggest that attenuation is also driven by saturation and by the stress
field acting on the sample. Even if the primary goal of this contribution is to
present and describe the BBAV, we want to give a possible explanation to what
we experimentally observe when we are testing partially saturated specimens. The
frequency dependent attenuation observed in the case of a partially saturated
Berea sandstone unconfined or confined with a pressure of 2 MPa could be
explained as the combination of the attenuation measured at dry conditions and
the attenuation generated by patchy saturation and/or squirt flow (i.e.
superposition of the effects, Lazan, 1968).
Patchy saturation (White, 1975) attenuates seismic waves because part of
the seismic wave energy generates flow between the liquid saturated patches and
the gas-saturated patches. These patches have, commonly, centimetric or
decimetric dimensions. Mavko et al. (1998) reports an equation which describes
the characteristic frequency for patchy saturation (fpatchy):

f patchy ≈

κ Ks
π L2η

(2.8)
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where κ is the rock permeability, Ks the saturated rock modulus, L the
characteristic size of the patches of gas and η is the viscosity of the fluid. In our
case we can consider κ=5×10−13 (m2), Ks=8 (GPa) (Hart and Wang, 1995), η=10−3
(Pa s), and L ranging from 10−2 to 3×10−2 m. For our rock samples, the fpatchy
results between ~1.5 kHz and ~13 kHz. Even if fpatchy ranges out of our bandwidth
we cannot completely exclude the influence of patchy saturation for frequencies
around 100 Hz in our results. Probably to have fpatchy between 0.1 and 100 Hz we
should employ a fluid with much higher viscosity such as glycerin or some oils.
Glycerin has a viscosity thousand times higher than water, so the new frequency
range should be between 1.5 and 13 Hz.
Squirt flow (Mavko and Jizba, 1991) attenuates seismic waves because
part of the seismic energy produces the migration of liquid contained in small
cracks toward the rock pores (intergranular spaces) and viceversa. Squirt flow
occurs around the characteristic frequency fsquirt (Mavko et al., 1998):

f squirt ≈

K 0α 3
η

(2.9)

where K0 is the bulk modulus of the rock, α is the cracks aspect ratio and η is the
viscosity of the pore fluid. Considering η=10−3 (Pa s) (i.e. water), K0=7 (GPa)
(Hart andWang, 1995) and α comprises between 10−4 and 10−3 (Mavko et al.,
1998), fsquirt ranges between 7 and 7000 Hz. This frequency range is compatible
with our investigation frequency range. The change in confining pressure creates a
variation of K0 and α (Jaeger et al., 2007). With increasing the confining pressure
the K0 increases shifting fsquirt toward higher frequencies. On the other hand, the
increasing of confining pressure decreases α shifting fsquirt toward lower
frequencies. This happens as long as the cracks are not closed. When the
confining pressure was 15 MPa the stress condition was: σ1=18.3 MPa and
σ2=σ3=15 MPa. The 2D compressibility of ellipsoidal pores and cracks (Cpc) was
expressed by Jaeger et al. (2007) as:
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=
C pc

2 
1
α + 
Em 
α

(2.10)

where Em is the Young modulus of the intact rock and α the crack's aspect ratio.
The pressure of closure of cracks P is: P = 1/Cpc. Berea sandstone has typically
Em= 97 GPa. For instance, considering for Berea sandstone α≈2×10−4
(Zimmerman, 1991) P is 9.7 MPa. In our experiments we can consider that cracks
with α lower than 3×10−4 are closed when the specimen is confined with 15 MPa.
Moerig and Burkhardt (1989) and Paffenholz and Burkhardt (1989) report
also frequency dependent Q ranging between 150 and 25 for partially saturated
sandstones (Figure 2.5A and Table 2.2). These authors partially relate the
observed peak of attenuation to a non properly sealed sample. A non properly
sealed sample undergoes to a condition of free-flow boundary (open-pore
boundary condition for Yin et al., 1992 or unconfined cylinder for Dunn, 1986
and Gardner, 1962). In our experiments we employed samples sealed with plastic
shrink tube and confined under pressures of 2 or 15 MPa with oil. When sample
BS002 was confined at 2 MPa, the attenuation was similar to the one observed
when it was unconfined. Employing the analytical solution provided by Dunn
(1986) we also calculated the Attenuation related to the open-pore boundary
condition for sample BS002 (Figure 2.5D). The physical parameters employed
were: shear modulus G=6 GPa, K0=7 GPa, solid bulk modulus Ks=35 GPa, fluid
bulk modulus Kf=2.2 GPa, porosity Φ=0.2, sample radius r=38×10−3 m, fluid
viscosity η=10−3 Pa s and permeability κ=6.5×10−13 m2. The maximum of
attenuation (Q~20) caused by the open-pore boundary condition in sample BS002
occurs for frequencies >2000 Hz. For frequencies <100 Hz the phase shift
generated by this effect is <0.005 rad. This result shows that our data could be
only slightly affected by the boundary-condition artifact (10% in Q−1 value for
frequencies >50 Hz).
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2.6 Conclusions
The BBAV, designed to measure seismic wave attenuation between 0.1
and 100 Hz, has been built and tested. It is employed especially to study the
attenuation related to pore fluids in cylindrical samples with maximum
dimensions of 76 mm diameter and 250 mm length. Up to now the machine has
been calibrated with an aluminum alloy specimen (EN AW-6082) employed as
“elastic” end-member and with a Polymethyl-methacrylate sample (PMMA or
Plexiglas), employed as “inelastic” end-member. The results from the calibration
show that the BBAV is accurate enough to measure the quality factor ranging
between 330 and 10 for materials with Young's modulus roughly between 1 and
100 GPa and is suitable to measure attenuation in partially saturated rocks.
Two samples of Berea sandstone have been measured under different
confining stress and saturation conditions. The results suggest that the presence of
pore fluids cause attenuation at frequencies between 0.1 and 100 Hz when the
rock sample is unconfined or hydrostatically confined at 2 MPa but not when it is
confined at 15 MPa. We suggested that squirt flow is one of the possible
mechanisms acting to produce this effect. However, to identify accurately the
mechanisms involved in the energy dissipation during our measurements we need
to run more experiments in a more systematically manner, e.g. changing the
confining pressure with small increments.
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3.1 Abstract
A novel laboratory technique is proposed to investigate wave-induced
fluid flow on the mesoscopic scale as a mechanism for seismic attenuation in
partially saturated rocks. This technique combines measurements of seismic
attenuation in the frequency range from 1 to 100 Hz with measurements of
transient fluid pressure as a response of a step stress applied on top of the sample.
We used a Berea sandstone sample partially saturated with water. The laboratory
results suggest that wave-induced fluid flow on the mesoscopic scale is dominant
in partially saturated samples. A three-dimensional numerical model representing
the sample was used to verify the experimental results. Biot’s equations of
consolidation were solved with the finite-element method. Wave-induced fluid
flow on the mesoscopic scale was the only attenuation mechanism accounted for
in the numerical solution. The numerically calculated transient fluid pressure
reproduced the laboratory data. Moreover, the numerically calculated attenuation,
superposed to the frequency-independent matrix anelasticity, reproduced the
attenuation measured in the laboratory in the partially saturated sample. This
experimental – numerical fit demonstrates that wave-induced fluid flow on the
mesoscopic scale and matrix anelasticity are the dominant mechanisms for
seismic attenuation in partially saturated Berea sandstone.

3.2 Introduction
Seismic wave attenuation calculated from field data can be useful to
estimate fluid content and saturation in subsurface fluid-rock systems. These
fluid-rock systems can be hydrocarbon reservoirs, geologically sequestered
carbon dioxide reservoirs, nuclear waste repositories, or even subsurface domains
where partially molten rocks or rocks and fluids coexist (Mitchell and
Romanowicz, 1999).
Experimental studies show that rock samples saturated with fluids exhibit
higher and frequency-dependent attenuation than dry samples (Spencer, 1981;
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Paffenholz and Burkhardt, 1989; Batzle et al., 2006; Tisato and Madonna, 2012;
Madonna and Tisato, 2013). However, the physical mechanisms dominating
seismic attenuation in fluid-saturated rocks remain to be identified.
In this study, we performed laboratory experiments using the Broad Band
Attenuation Vessel (BBAV) designed to measure attenuation at seismic
frequencies (0.1-100 Hz, Tisato and Madonna, 2012). We also measured the
transient fluid pressure caused by a quick variation of the compressional stress
applied on top of the sample. The transient fluid pressure was measured at
different positions in the fluid-saturated rock sample. The pressure sensors were
introduced into the sample and recorded pressure variations in a fraction of a
millisecond. Measurements of transient fluid pressure are related to fluid flow on
the mesoscopic scale, which is a scale much larger than the pore size and much
smaller than seismic wavelengths. Our main objective was to verify whether
wave-induced flow of fluid on the mesoscopic scale may explain the high
amplitudes and the frequency dependence of the measured seismic attenuation.
For this purpose, we computed attenuation and fluid pressure associated to this
attenuation mechanism.
Wave-induced fluid flow on the mesoscopic scale is a physical mechanism
that may yield significant attenuation at seismic frequencies in partially saturated
porous media (Pride et al., 2004). The passing seismic wave induces fluid
pressure differences between regions of different compliances. The resulting
pressure gradients induce fluid to flow and, therefore, part of the energy involved
in the wave propagation is lost due to viscous dissipation. In partially saturated
rocks, regions having different compliances are due to heterogeneities in fluid
saturation, accompanied or not by heterogeneities in the solid frame. In White’s
model, a partially saturated rock is approximated by a medium having a
homogeneous solid frame and mesocopic-scale heterogeneities fully saturated
with one fluid and the background fully saturated with another fluid, the so-called
patchy saturation (White, 1975).
Dutta and Odé (1979a and 1979b) showed that patchy saturation could be
simulated using Biot’s equations of wave propagation in poroelastic media (Biot,
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1962)

with

spatially

varying

petrophysical

parameters.

Methodologies

computationally efficient in calculating attenuation due to wave-induced fluid
flow on the mesoscopic scale have been recently proposed (Masson and Pride,
2007; Rubino et al., 2009; Wenzlau et al., 2010; Quintal et al., 2011). These
methods are based on quasi-static tests performed on poroelastic models. Quintal
et al. (2011) proposed to solve Biot’s equations (Biot, 1941) for consolidation of
poroelastic media for such tests, rather than Biot’s equations (Biot, 1962) of wave
propagation, as previously done. We followed this methodology to compute
attenuation due to wave-induced fluid flow on the mesoscopic scale in threedimensional (3D) numerical models.
We first summarize the techniques employed for laboratory measurements
and for numerical modeling. Then, we present laboratory measurements of
attenuation and transient fluid pressure in Berea sandstone in four saturation
conditions (dry, 62.4%, 86.6%, and 97.1% water). Measurements for dry
conditions are useful to estimate the matrix anelasticity. Finally, we present
numerical results for attenuation and fluid pressure for a model representing the
sample saturated with 97.1% water, and compare with laboratory measurements.
Combining measurements of attenuation and fluid pressure, and using
numerical modeling to assist in the data interpretation, allowed concluding that
the amplitude and frequency dependence of seismic attenuation in partially
saturated Berea sandstone can be explained by wave-induced fluid flow on the
mesoscopic scale if the matrix anelasticity is taken into account.
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3.3 Materials and methods
3.3.1 Laboratory measurements
a) Sample description and saturation
The cylindrical rock sample is 7.6 cm in diameter and 25.0 cm in length.
Its petrophysical properties are listed in Table 3.1. We use the same BS001 Berea
sandstone sample employed by Tisato and Madonna (2012). Madonna et al.,
(2012) showed that this rock can be considered homogeneous and isotropic.
Table 3.1. Physical properties of the solid frame of the rock sample (e.g. Wang,
2000).
Rock sample
Density of the grains (kg/m3)

Berea sandstone
2650

Bulk modulus of the grains (GPa)

36

Porosity (%)

20

Permeability (mD)

300

Bulk modulus of the dry frame (GPa)

7

Shear modulus of the dry frame (GPa)

4.8

The cylindrical sample is placed vertically in the BBAV (Figure 3.1).
Water saturation is increased from about 0% to almost 100% by injecting water at
the bottom using a pump connected to the pore fluid circuit. Saturation is
calculated according to the rock porosity and the volume of water injected into the
sample. This volume is estimated using graduated burettes connected to the pump.
The sample is left at rest for few hours between the saturation procedure and the
measurements. Both the attenuation and fluid pressure tests were conducted under
undrained conditions (valves of the pore fluid circuit were closed). A detailed
description of sample sealing is given in Appendix 3.A.
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Figure 3.1. Sketch of the BBAV (Tisato and Madonna, 2012). Transient fluid
pressure (P1, P2, P3, P4, and P5) is measured at five points vertically distributed along the
sample. The inset shows how the pore pressure sensors are placed in the sample.
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b) Attenuation measurements
We measured seismic attenuation in a partially saturated rock sample for
frequencies ranging from 1 to 100 Hz. The BBAV was calibrated according to
Tisato and Madonna (2012), and it employs the sub-resonance method
(McKavanagh and Stacey, 1974). A sinusoidal compressive normal stress is
applied vertically on top of the sample and the resulting sinusoidal vertical strain
is measured. Subsequently, the phase shift ϕ between the applied stress and the
resulting stain is calculated (Nowick and Berry, 1972). The attenuation (Q-1) can
be calculated as:

Q −1 = tan(ϕ ) ,

(3.1)

where Q is the quality factor. Attenuation is in extensional mode and is related to
the complex Young’s modulus (E) as:
Q −1 =

Im( E )
Re( E )

(3.2)

(e.g. Carcione, 2007), where Im and Re denote the imaginary and real parts,
respectively. Using the data for applied stress and resulting strain, we can
calculate the real part of the Young’s modulus:
Re( E ) =

σ max
cos (ϕ ) ,
ε max

(3.3)

where σ max and ε max are the maximal amplitudes of the sinusoidal vertical stress
and strain, respectively (Lakes, 2009).
c) Fluid pressure measurements
The BBAV was also used to measure transient fluid pressure in the
partially saturated sample. The transient fluid pressure was caused by a quick
variation of the compressional stress applied on top of the sample, which was an
approximate step function. Five pressure sensors, vertically spaced about 4.2 cm,
were laterally introduced into the sample (Figure 3.1). Each sensor was introduced
through a horizontal hole drilled to the symmetry axis of the cylindrical sample.
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We used an inflatable latex pipe between the sensor cable and the inner wall of the
holes to seal them and avoid introducing a significant amount of artificial
porosity. More detailed technical information about the sensors, their placement,
and sealing are given in Appendix 3.B.
d) Experimental conditions
A confining pressure, Pc , was applied on the sample during both
attenuation and fluid pressure experiments. A compressive normal stress
consisting of a constant static part, σ s and a transient part, σ t , was applied on top
of the sample. The static stress σ s was applied to keep the top and bottom
surfaces of the sample adherent to the sample holders. The transient stress σ t
behaves as sinus function in the attenuation experiments and as an approximate
step function in the fluid pressure experiments. In the latter, σ t was applied in less
than 10 ms using a piezoelectric motor to generate a quick variation of vertical
stress (Figure 3.1). Transient σ t caused a transient vertical strain ε t and a
transient fluid pressure, Pf. The state of stress on the sample can be summarized as

σ=
Pc , where σ 1 , σ 2 , and σ 3 are the
follow: σ 1 = Pc + σ s + σ t and σ=
2
3
principal stresses, with σ 1 vertical. The magnitudes or limits of the parameters
used for this work are given in Table 3.2.
We measured attenuation and fluid pressure in the Berea sandstone sample
at room temperature and approximately room pressure ( Pc in Table 3.2).
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Table 3.2. Strain and stress conditions for the attenuation and fluid pressure
experiments.
Experiment

Attenuation

Fluid pressure

Pc (MPa)

0.25

0.25

σ s (MPa)

1.1

1.1

σ t (MPa)

up to 0.012

up to 0.12

within [1, 2]×10-6

within [1, 2]×10-5

at least 0.1

at least 0.1

ε1
Pf (MPa)

3.3.2 Numerical modeling
The numerical methodology proposed by Quintal et al. (2011) was used to
compute attenuation due to wave-induced fluid flow on the mesoscopic scale.
Quasi-static creep tests were performed on poroelastic models by solving Biot’s
equations for the consolidation of poroelastic media (Biot, 1941). These equations
were used in the displacement-pressure formulation and solved with the finiteelement method (Zienkiewicz et al., 1999). An undrained boundary condition is
mathematically fulfilled (natural boundary condition), which is possible due to the
displacement-pressure formulation (e.g. equation B7 in Quintal et al., 2011). The
algorithm was validated through comparison of numerical results with analytical
solutions. In order to solve our problem for a 3D model, we used the finiteelement commercial software COMSOL Multiphysics. We employed an
unstructured mesh composed of tetrahedral elements.
To compare numerical results with laboratory data, we performed
simulations on a cylindrical numerical model representing an idealized version of
the rock sample. The applied boundary conditions were:
1) An approximate step stress (as function of time) applied on top of the
cylinder.
2) A fixed bottom, i.e. no displacement in the z (vertical) direction.
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3) The sides are also fixed, i.e. there is no displacement in the x and y
directions.
Time-dependent normal total stress and strain in the z direction, σ zz and

ε zz , respectively, were obtained from the numerical experiment. Subsequently a
first-order time derivative was applied resulting in the rates σ zz and εzz . The
stress and strain rates were then converted into the frequency domain by using a
fast Fourier transform, resulting in σˆ zz and εˆzz . The complex and frequencydependent P-wave modulus was calculated as:
H (ω ) =

σˆ zz
,
εˆzz

(3.4)

where ω is the angular frequency (= 2πf). The complex and frequency-dependent
Young’s modulus is calculated as:

E (ω ) =

µ (3H − 4µ )
,
H −µ

(3.5)

where H was obtained with equation 3.4, and μ is the shear modulus of the
saturated medium. The attenuation in extensional model can then be calculated
using equation 3.2.
Since Berea sandstone has a homogeneous solid frame at mesoscopic
scales (Madonna et al., 2012), only heterogeneities in fluid saturation were
implemented in the numerical model. According to Gassmann’s equations, when
the solid frame is homogeneous the shear modulus of the saturated medium (used
in equation 3.5) is equal to the shear modulus of the dry frame (Gassmann, 1951;
Berryman, 1999). The properties used for the solid frame and for the fluids, water
and air, are listed in Table 3.1 and 3.3. These properties are given for the
conditions at which the laboratory experiments were performed.
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Table 3.3. Physical properties of the fluids.

Fluid

Water

Air

Density of the fluid (kg/m3)

1000

1

Viscosity of the fluid (Pa∙s)

0.001

2×10-5

2.2

10-4

Bulk modulus of the fluid (GPa)

3.4 Results
3.4.1 Laboratory experiments
The saturation degrees in the Berea sandstone sample were dry (i.e. 0%),
62.4% (±1.8%), 86.9% (±2.4%), and 97.1% (±2.7%) water. Attenuation
measurements in extensional mode for these four saturation degrees are shown in
Figure 3.2.
For the dry sample, Q-1 is approximately constant, while Re(E) increases
from about 11.6 to 12 GPa in the bandwidth 1-100 Hz. These results are in
agreement with the nearly constant Q-1 model (Liu et al., 1976) that predicts a
constant Q-1 and a linear increase of Re(E) in the logarithmic frequency scale.
Measurements for Q-1 and Re(E) for the partially saturated samples (with 62.4%,
86.6%, and 97.1% water) are also shown in Figure 3.2. In these cases, Q-1 exhibits
a frequency-dependent behavior, in contrast to Q-1 for the dry sample.
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Figure 3.2. Laboratory measurements of the real part of Young modulus Re(E) and
the related attenuation (1/Q) for a dry, a 62.4%, 86.6% and 97.1% water saturated.

Transient fluid pressure, caused by a step stress applied on top of the
sample, was also measured for these four saturation degrees (Figure 3.3). In
general, we observe that the higher the water saturation, the greater the fluid
pressure. The fluid pressure for the dry sample is constant and approximately
zero. For the partially saturated samples, the fluid pressure varies significantly
with time and, immediately after the quick variation of stress (t → 0), it is higher
at the bottom of the sample. This suggests that water saturation is also higher at
the bottom of the sample, which was expected because this is where water was
injected. The difference in fluid pressure between two neighbor sensors (Figure
3.4) induces a fluid flow from the zone of higher pressure towards the zone of
lower pressure. As fluid flows (t → 2s), the fluid pressure tends to equilibrium.
We observed higher attenuation for higher pressure difference (Figure 3.2). This
suggests that wave-induced fluid flow on the mesoscopic scale is a significant
attenuation mechanism taking place in the sample saturated with 86.6% or 97.1%
water.
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Figure 3.3. Laboratory measurements of fluid pressure along the sample (positions
indicated in Figure 3.1) and the respective step forces that were applied on top of the sample.
The data shown are for Berea sandstone in four conditions: dry (green curves repeated in all
the plots), 62.4%, 86.6%, and 97.1% water (blue curves in the columns on the left, middle,
and right). The signal looks noisier in the plots on the left because of the different scales of
the y-axes.

Figure 3.4. Pressure differences between neighbour sensors (Figure 3.1) along the
sample in four saturation conditions: dry, 62.4%, 86.6%, and 97.1% water. For convenience,
in the three lower plots, the maxima of the curves for 97.1% water saturation are out of the
plot limits but their values are indicated as ‘max’.
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3.4.2 Numerical experiments
The numerical model was scaled to have the same shape, dimensions, and
physical properties as the sample used in the laboratory. The objective was to
compare numerical results and laboratory data for the case in which the rock
sample contains 97.1% water. For this purpose, we need a fluid distribution within
the model that corresponds to the experimental case. The fluid pressure values,
measured by the five sensors immediately after application of the step stress (t →
0), were used to obtain the fluid distribution. At t → 0, sample domains saturated
with the “incompressible” and viscous fluid (water) experienced a higher fluid
pressure than air-saturated domains. This is because water has no time to migrate
towards portions at lower fluid pressure (Mavko et al., 2009). A linear
relationship between measured fluid pressure at t → 0 and water saturation
(Figure 3.5b) is defined in a way that the total water saturation in the model is
about the same as in the laboratory (97.1%). Following this linear relationship, we
inserted air-saturated cubic patches in a fully-water saturated background to create
models such as that in Figure 3.5c. Number and size of patches were increased
toward the top of the model. The cubic shape was chosen because it is solved
numerically using a small number of tetrahedral elements. We compared transient
fluid pressure resulting from diverse models with the laboratory measurements.
The model that resulted in the best agreement (Figure 3.6) is the one shown in
Figure 3.5c. 120 cubic patches with sides from 2.5 to 10 mm were used yielding
total water saturation of approximately 98%. From the same simulation as for
transient fluid pressure, we recorded the resulting time-dependent normal total
stress and strain in the z direction and computed attenuation (Figure 3.7).
The computed attenuation is only due to wave-induced fluid flow on the
mesoscopic scale. However, we observed non-negligible frequency-independent
attenuation for the laboratory data of the dry sample. Such attenuation is
associated with the solid frame and assumed to take place also in the
measurements for the fluid-saturated sample (Johnston et al., 1979). To interpret
laboratory data in a fluid-saturated sample, Johnston et al. (1979) assumed that
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fluid-related attenuation (1/QFluid) and frame-related attenuation (1/QFrame) are
independent and that the total attenuation could therefore be calculated as:
1
1
1
=
+
QTotal QFluid QFrame

(3.6)

We followed this assumption. The numerically calculated attenuation is
taken as the value for 1/QFluid and the mean value of attenuation measured in the
laboratory on the dry sample for 1/QFrame. The sum (1/QTotal) was compared to the
laboratory measurements of attenuation in the fluid-saturated sample (Figure 3.7).
It reproduced well the laboratory measurements.
Reproducing numerically the transient fluid pressure measured in the
laboratory indicates that energy loss due to fluid flow on the mesoscopic scale
was similar in both numerical and laboratory experiments. Such attenuation due to
fluid flow on the mesoscopic scale, added to frame-related attenuation, was
enough to reproduce attenuation measured in the laboratory. These results allow
inferring that wave-induced fluid flow on the mesoscopic scale and matrix
anelasticity are the dominant mechanisms for seismic attenuation in partially
saturated sandstone.
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Figure 3.5. (a) Values of fluid pressure measured in the laboratory at a time very
close to zero (from curves in Figure 3.3) at the five locations in the sample. (b) Water
saturation calculated as a linear function of the fluid pressure values showed in (a). (c)
Numerical model having a background fully saturated with water and cubic patches fully
saturated with air, resulting in an overall saturation of 98% water.
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Figure 3.6. Laboratory measurements of fluid pressure (from Figure 3.3) and
numerical results for the model shown in Figure 3.5c. The step force that was applied on top
of the numerical model is shown on the top plot.

Figure 3.7. Laboratory measurements of attenuation for the sample in dry condition
and saturated with 97.1% water (from Figure 3.1), denoted ‘Lab(dry)’ and ‘Lab(97.1%)’.
Numerical results for attenuation due to wave-induced fluid flow using the numerical model
shown in Figure 3.5c, denoted ‘Num(97.1%)’. The curve denoted ‘Num(97.1%) and
Lab(dry)’ results from summing the numerically calculated attenuation to the mean value of
attenuation measured in the dry sample.
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3.5 Discussion
While approximately constant attenuation in dry rocks can be mainly
attributed to friction between grains and/or crack boundaries (Walsh, 1966;
Nowick and Berry, 1972; Johnston et al., 1979), frequency-dependent attenuation
is mainly due to fluid flow in the saturated case (White, 1975; Mavko and Jizba,
1991; Pride et al., 2004). Therefore, we employed two phenomenological models,
the Nearly Constant (NC) model (Liu et al., 1976) and the Standard Linear Solid
(SLS) model (Carcione, 2007) to fit the laboratory data (Figure 3.2). The data
(Re(E) and Q-1) for the dry sample were successfully fit using only the NC model
while the data for the saturated sample were fit using an arithmetic superposition
of these two models (Appendix 3.C).
Johnston et al. (1979) assumed that the frequency-independent and
frequency-dependent attenuation mechanisms were independent and that those
taking place in dry rocks also take place in saturated rocks. Measurements on dry
and partially saturated rocks suggested that the frequency-independent component
was due to matrix anelasticity and the frequency-dependent component was
related to the fluid saturation. Matrix anelasticity includes the intrinsic (1)
attenuation of matrix minerals and (2) aggregate minerals, in addition to (3)
frictional dissipation due to relative motions at the grain boundaries and across
crack surfaces (Walsh, 1966; Johnston et al., 1979). The intrinsic attenuation of
minerals is generally small (Q-1 < 0.001, Nowick and Berry, 1972), while in the
whole rock attenuation is normally much higher (Q-1 ∼ 0.01, Barton, 2007). In our
dry sample, Q-1 is about 0.015 at room conditions (Figure 3.2). According to
Walsh (1966), friction is probably the major factor under these conditions.
Residual water (at least a mono-molecular layer) remains in grain boundaries and
thin cracks and lubricates their surfaces. This favors sliding motions to take place
even for low strains of the order 10-6, as in our laboratory experiments.
Attenuation is much lower in water absent rock (e.g. Tittmann et al., 1975)
because sliding is more difficult (Johnston et al., 1979). Another case in which
attenuation due to friction becomes negligible is when the rock is subjected to
confining pressures high enough to close all cracks (Walsh, 1966).
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Our interpretation for the frequency-dependent fluid-related attenuation is
different than that of Johnston et al. (1979) because we study attenuation in a
frequency range where a different mechanism dominates. Johnston et al. (1979)
concluded that Biot-type fluid flow mechanism (Biot, 1962), although not
necessarily dominating, plays an important role in the overall attenuation.
However, at seismic frequencies, attenuation due to this mechanism is negligible
for usual properties of fluid-saturated rocks (Bourbié et al., 1982). We showed
that the frequency-dependent component of our laboratory data can be explained
with wave-induced fluid flow on the mesoscopic scale. If this mechanism,
together with matrix anelasticity, is responsible for high values of attenuation (Q-1
~ 0.06) at seismic frequencies, its occurrence in subsurface porous rocks partially
saturated with hydrocarbons (or other fluids) should be further investigated (e.g.
Quintal, 2012; Quintal et al., 2012; Rubino and Holliger, 2012).

Figure 3.8. Laboratory measurements of fluid pressure in the five locations indicated
in Figure 3.1, at different times, versus vertical strain. The sample was saturated with 97.1%
water.
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The measurements for attenuation and fluid pressure (Figure 3.2 and 3.3)
were performed at different strains (Table 3.2). Thus, we performed an additional
series of measurements to check how this difference influences results. We
measured transient fluid pressure at several strains for the sample saturated with
97.1% water (Figure 3.8). The fluid pressure increased linearly with strain at the
same rate for different times. This indicates that the fluid flow pattern must be the
independent of strain and, therefore, fluid-related attenuation.
We roughly estimate the fluid pressure resulting from the vertical strain to
understand the stress-strain condition that the saturating fluids undergo in the
laboratory experiments. According to the definition of compressibility (Jaeger et
al., 2007), fluid pressure is given by:

Pf =

(3.7)

K fl ε v

φ ,

where φ is porosity (20%, Table 3.1), Kfl is the bulk modulus of the effective
single-phase fluid, εv is the total sample volumetric strain caused by the step
stress,

εv = 1−

(3.8)

1

(1 + εν ) (1 − ε ) ,
2

ε is the vertical strain (ε = 2×10-5, Table 3.2), and ν is the Poisson’s ratio (Mavko
et al., 2009). We consider a Poisson’s ratio ranging between 0.15 and 0.3
(Zimmerman, 1991). The upper and lower limits of pressure that the fluids might
experience are defined by using the Voigt (isostrain) and Reuss (isostress)
averaging rules, respectively, for Kfl in equation 3.7:
(3.9)

n

K fl [Voigt ] = ∑ Si K i
i =1

1
K fl [Reuss]

n

=∑
i =1

Si
Ki ,

,
(3.10)
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(Mavko et al., 2009), where Si is the saturation of the ith phase and Ki is the bulk
modulus of the ith phase (Table 3.3). We compare the theoretical limits with
intervals of fluid pressure observed in our data (Figure 3.9).
These intervals are defined by the minimum and maximum values of fluid
pressure for 62.4%, 86.6%, and 97.1% water saturation degrees. These minimum
and maximum values are picked at times t ~ 2 s and t ~ 0, respectively. We
observe that the intervals are located between the two limits, but much closer to
the Reuss lower bound. Voigt and Reuss limits are associated with the high- and
low-frequency limits, respectively, of the attenuation mechanism accounted for in
our numerical results. This confirms our numerical results, since the laboratory
data corresponds to the low-frequency side of the attenuation peak in the
numerical curve (Figure 3.7).

Figure 3.9. Interval (minimum to maximum) fluid pressure measured at times t → 0
s and t = 2 s (shown as red and blue bars), compared with the predicted fluid pressure (black
curves), as a consequence of a vertical strain of 2×10-5, according to the two bounds (Voigt
and the Reuss) for the effective bulk modulus of the fluid. The double lines for each bound
are confidence lines calculated considering a variation of the Poisson’s ratio between 0.15
and 0.3.
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3.6 Conclusions
We performed laboratory measurements of seismic attenuation and
transient fluid pressure in a partially saturated Berea sandstone sample.
Combining these measurements is a new methodology to investigate fluid-related
attenuation in rocks. The laboratory results suggested that wave-induced fluid
flow on the mesoscopic scale is one of the dominant mechanisms responsible for
attenuation in partially saturated sandstone.
Numerical modeling was done to assist in the interpretation of laboratory
data. We used a poroelastic model that represented the 97.1% water-saturated
sample used in the laboratory. Transient fluid pressure computed in this model
was equivalent to that measured in the laboratory and was associated with fluid
flow on the mesoscopic scale. The numerical results for attenuation, uniquely due
to fluid flow, added to a frequency-independent attenuation due to the solid frame,
reproduced well the laboratory data. This confirms that wave-induced fluid flow
on the mesoscopic scale is the dominant mechanism for the frequency-dependent
component of seismic attenuation in partially saturated sandstone.

3.7 Appendix 3.A: Sample sealing
Before placing the sample in the BBAV, an aluminum foil was glued onto
the curved surface of the sample. The sample is isolated from the confining
medium (air) by means of a Fluorinated Ethylene Propylene (FEP) shrink-tube
(jacket). Glued aluminum foil and the jacket did not increase the stiffness of the
sample and avoided that a free-flow boundary was applied to the specimen. In
fact, this multi layer seal impedes that the saturating fluid escapes radially from
the sample while it is vertically stressed (Gardner, 1962; Dunn, 1986; Yin et al.,
1992).
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3.8 Appendix 3.B: Fluid pressure sensors
To introduce the sensors in the sample, we drilled on the side of the
specimen five holes, 3.8 cm long and 4.2 cm vertically apart from each other
(Figure 3.1). The diameter of these holes was 0.5 cm in the first 3.5 cm and 0.3
cm in the last 0.3 cm. Free space between the rigid body of the sensor and the
inner wall of the placing hole was reduced by inserting the sensor in a 0.5 by 0.3
cm diameter latex pipe (Figure 3.1). Free space causes artificial porosity which
would change significantly the properties of our rock sample and could host air
during the experiments. Because air is much more compressible than liquids
(Table 3.3), its presence around the sensors would bias the signal measured. A
clip, made of brass, was applied near to the sensor-end on the latex pipe to seal the
sensor from the inner wall of the latex pipe. The extremity of the latex pipe on the
side of the external surface of the sample was then not sealed and hydraulically
connected to the confining fluid. In this condition the confining medium would
invade the sample flowing between the external wall of the latex pipe and the
internal wall of the hole making impossible the measurements. Thus, a brass cone
was pushed against the inner wall of the latex pipe and a plastic ring glued on the
sample jacket (Figure 3.1). As soon the confining pressure is increased, the latex
pipe inflates and adheres to the inner wall of the placing hole reducing the free
space.
The fluid pressure sensors (3L_10L_g-1, Keller AG) are 3 mm diameter
located on the extremity of a sealed electric cable. They were differential sensors
with 200 kPa full-scale. Their sensitive element laid on the sample axis, i.e. on the
end of each placing hole. We utilized “zero volume pressure sensors” because
they do not have internal dead volume and they allow measuring the pore pressure
variation in less than 50 µs. The acquisition rate was 4 kHz allowing the
recognition of a variation of fluid pressure as fast as 0.5 ms.
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3.9 Appendix 3.C: Fitting data for Q-1 and Re(E)
Because the data for Q-1 of the dry sample are frequency independent
(Figure 3.2), they can be approximated with a Nearly Constant (NC) Q model.
First we use ω0 = 2π rad / s (f0 = 1 Hz) to interpolate the measured Re( E ) for the
dry sample with the following regression formula:
=
Re( ENC ) a log10 (ω ) + Re( Eω0 )

,

(3.C1)

where a is the best-fit parameter, ω0 is the reference angular frequency, and
Re( Eω0 ) is the real part of the Young’s modulus at ω 0. The NC model allows
−1
calculating QNC
as a function of Re( ENC ) as:

 Re ( E )

π

Q NC
=
− 1
 Re Eω
 log (ω ω0 )
0


−1

(3.C2)

( )

−1
which fits well our data, with a standard deviation between QNC
and the measured
−1
Q-1 for the dry sample of 0.0023. The interpolation Re( ENC ) and QNC
are shown

in Figure 3.2 together with the measurements for the dry sample.
The attenuation measurements for 62.4%, 86.6% and 97.1% water
saturation (Figure 3.2) are frequency dependent, so they cannot be simply fit with
−1
a NC model. However, as a first step, we calculate Re( ENC ) and QNC
using the
−1
NC model (equations 3.C1 and 3.C2). In this case, QNC
gives the minimum value

of our measured frequency-dependent Q-1. Further, the frequency-dependent
dispersion, Re(∆ESLS ) , was fitted with a Standard Linear Solid (SLS) model as:

 1 + iωt0

=
∆ESLS Eω0 
− 1
 1 + iωtd


(3.C3)

where and t0 and td are the best-fit parameters which define the relaxation times of
the SLS model (Carcione, 2007; Mavko et al., 2009).
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The real part of Young’s modulus Re( Efit ) was computed as the sum of the

Re( ENC ) and the dispersion caused by the SLS Re(∆ESLS ) :
Re( E=
Re( ENC ) + Re(∆ESLS ) .
fit )

(3.C4)

According to the Kramers-Kronig relation (e.g. Lakes, 2009), the
attenuation generated by the SLS model characterized by the relaxation times t0
and td is calculated with:
−1
QSLS
=

ω (t0 − td )
1 + ω 2 t0 t d

(3.C5)

(Carcione, 2007). Finally, the total attenuation that fits our frequency-dependent
−1
data ( Qtotal
) can be calculated according to Johnston et al. (1979):

−1
−1
−1
Q=
QNC
+ QSLS
total
.

(3.C6)

This estimate fits well our data, with standard deviations between the
−1
measured Q-1 and Qtotal
, for 62.4%, 86.6%, and 97.1% water saturation, of 0.0018,

0.0015, and 0.0021, respectively. Such good fits to the measured Q-1, calculated as
functions of Re(E), show that our datasets for Re( E ) and Q-1 obey the causality
principle on which the Kramers-Kronig relations is based.
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4.1 Abstract
Bentonite is a material commonly included in the design of the sealing
liners of radioactive waste repositories. Understanding the evolution of its elastic
properties during the repository lifetime could provide a powerful aid to the
development of non-intrusive monitoring techniques based on tomographic
methods. In this contribution we present the results of a series of laboratory
experiments aimed at measuring the elastic properties of a compacted bentonite at
different water contents, temperatures, and hydrostatic confining pressures similar
to those expected in a realistic radioactive waste repository. We prepared four sets
of samples at different water contents (10, 20, 35 and 52%), we measured that VP
and Vs (and the derived bulk and shear moduli) i) increase significantly (up to
60%) with increasing water content, ii) decrease up to 15% with increasing
temperature in the range 30 to 80°C, and iii) increase significantly with confining
pressure following different paths highly dependent on the water content (with
drier samples showing stronger dependence on confining pressure). Further, we
provide empirical relations between ultrasonic velocities and temperature, and
ultrasonic velocities and pressure. We also measured the effects of dehydration at
temperatures up to 160°C, which led to the structural failure of samples.
Finally, we modeled our results according to two widespread effective
elastic media models, Hashin–Shtrikman bounds and modified-Voigt-average,
achieving only partial success in describing our results. In the light of these
results, the increase of seismic wavespeeds as function of increasing confining
pressure is interpreted as an effect of the pore collapse.

4.2 Introduction
Compacted clays are used as insulating barriers in geotechnical and geoenvironmental applications (Koch, 2002). For example, highly compacted
bentonite (or montmorillonite) is utilized for sealing underground repositories of
high level radioactive waste. Bentonite is typically incorporated into multi-level
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engineered barriers, because it provides an impermeable seal between the waste
packages and the surrounding host rock as it becomes progressively water
saturated (Alonso et al, 2008; Wersin et al., 2003; Garcia-Gutierrez et al., 2001;
Lloret et al., 2003; Fernandez et al., 2004). In addition, its exceptional swelling
and self-sealing properties are advantageous for the repository assembly phase
(Villar et al., 2005a; Villar et al., 2005b; Alonso et al., 2008).
In close proximity to the radioactive waste canisters, it is expected that
temperature, pressure and water content will increase significantly over several
decades after waste ditching (up to 80° C, 5 MPa, e.g., Alonso et al. (2008) and
Villar et al. (2005b)). The compacted bentonite is consequently expected to
undergo a physical-chemical evolution that is crucial for its effectiveness as an
engineered barrier. Anomalous repository conditions may even cause excessive
heating outside the nominal operating range, thereby possibly leading to bentonite
dehydration (Ferrage et al., 2007). Changes in water content, swelling pressure
and temperature may have a profound influence on the elastic properties of the
bentonite: its longitudinal and transverse wave velocities (VP and Vs), density (ρ),
and attenuation (1/Q). If this sensitivity to elastic properties is measurable,
seismic imaging will be an useful technique for non-intrusive monitoring of the
barrier (e.g., Manukyan et al., 2011; Marelli et al., 2010).
We have therefore conducted a series of laboratory experiments to
determine the elastic property variations of compacted bentonite under varying
environmental conditions based on those expected in a radioactive waste
repository. Our measurements include: i) mineralogical characterization of the
studied compacted bentonite, before and after dehydration; ii) thermogravimetry
to assess the initial water content and to identify dehydration effects; iii)
longitudinal (VP) and transverse (Vs) ultrasonic velocities as a function of
temperature during dehydration; iv) undrained compaction tests under hydrostatic
confining pressure, to estimate linear and volumetric strain meaningful for the
subsequent experiments; v) ultrasonic velocities as a function of confining
pressure, at different water contents. We present the results of these measurements
and discuss implications for seismic monitoring.
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4.3 Materials and methods
The material employed in this study is a compacted mixture of bentonite
and minor sandy size filler constituents provided by the Swiss National
Cooperative for the Disposal of Radioactive Waste (NAGRA) (Montmorillonite
>95 volume %). It is the same type of material as that described by Lloret et al.
(2003). This material is supplied in the form of bricks with an average density of
1.66 g/cm3, and a nominal water content by mass (Wc) of 13% (D18 Committee,
2010). Wc is defined as:
WC =

MW
MS

(4.1)

where MW is the mass of water and Ms is the mass of the solid.

4.3.1 Sample mineralogy and thermogravimetric analysis
The sample mineralogy was determined by standard crystallographic Xray diffraction analyses (XRD) on a commercial diffractometer. Dehydration
characteristics of our material, as well as its initial Wc, were studied by means of
thermogravimetric analysis (TG), following a standard procedure. Specific
information about these two analyses is given in Appendix 4.A.

4.3.2 Sample preparation for compaction and ultrasonic
wave velocity measurements
Four levels of Wc were chosen for the measurements: ~10%, ~20%, ~35%
and ~52%. The fragility of the bricks makes it impossible to directly extract
cylindrical samples, therefore, to produce our samples, we had to employ the cold
press procedure detailed in Appendix 4.B. The uniaxial stress (σc) applied on the
sample was <4 MPa. Geometrical dimensions, weight, and air volume fraction
(ΦA) of each sample were measured with a 0.010 mm precision digital caliper, a
0.1 mg precision scale, and a helium pycnometer (micromeritics AccuPyc 1330),
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respectively. The calculated initial density and air volume fraction are listed in
Table 4.2. We prepared two types of cylindrical samples according to the size of
sample holders of the employed apparatuses. Type A samples had a diameter of
20.8mm, and a length of 15 to 20mm; these samples were used to measure VP and
Vs at room pressure and variable temperature. Type B samples had a diameter of
23.75mm, and a length of 20mm; these samples were used both in compressibility
and ultrasonic velocity measurements under variable confining pressure. Sample
assemblies were sealed at the extremities with aluminum caps and hightemperature tape (inset A, Figure 4.1). For type A samples a hollow aluminum cap
was used providing an air duct to the pressure sensor mounted on a suitable
diameter adapter (bright yellow in Figure 4.1).
Samples were saturated with fresh water because in all repository designs,
saturation of the sealing liners is a direct consequence of groundwater infiltration
(Degueldre et al. 1989). Water hardness and pH were 16.1° f and 7.3,
respectively. According to Briggs (1977) the water can be classified as hard;
detailed chemical analysis is reported in Table 4.1.
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Table 4.1. Chemical composition of the water employed to saturate the compacted
bentonite samples (provided by Zurich municipality: http://www.stadt-zuerich.ch/).
Element

Concentration
(mg/L)

HCO3SO42ClNO3Ca2+
Mg2+
Na+
K+
SiO2

177
14.8
7
4.1
52.6
7.3
5.9
1.2
3.8
Parameters

pH
Conductivity
at 20° C
Hardness

7.93
μS/cm

299

°f

16.1

It has been established that mixing fresh water with montmorillonite can
create a clay suspension enhancing clay flocculation (Vanorio et al., 2003).
Flocculation is a concern because it increases the quantity of air trapped in the
clay flakes, possibly influencing the results. However, in our case, the amount of
water used was much lower than that needed to create a suspension. We verified
this assumption by comparing porosities and wavespeeds measured at room
conditions directly on the original brick and on 10% Wc samples prepared with
our methods, finding no significant differences.

4.3.3 Velocity measurements under variable temperature
Pulse transmission ultrasonic velocity measurements (Birch, 1960) at
variable temperature were performed in an ultrasonic facility designed and built in
our laboratory (Figure 4.1).
This facility allows the recording of ultrasonic signals transmitted through
the sample at programmable temperatures (T) while monitoring the sample length
(L).The apparatus was designed to mimic the range of conditions expected in a
radioactive waste repository throughout its lifetime, based on the results of the
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FEBEX experiment (Villar et al., 2005; Alonso et al., 2008), as well as to simulate
conditions outside of the nominal operating range (e.g. significant overheating).

Figure 4.1. a) Sketch of the ETH Ultrasonic Facility. Ultrasonic signal, sample
shortening, temperature (T) and air pressure in the sealed sample (PM) are collected. Data
acquisition is fully automated through dedicated software. b) Details of the sealed sample
assembly. TC: K- type thermocouple, Al: aluminum. c) Tool employed to measure linear
compaction of compacted bentonite.
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The assembly allows for direct measurements of the time-of-flight
between the piezoelectric source and receiver (1 MHz resonant frequency)
ensuring stable temperature. The full automation of the measurements allowed
guaranteeing high measurement redundancy and, therefore, a relatively low
measurement error on the samples. The ETH Ultrasonic Facility enables constant
monitoring of the air pressure within the sample assembly (PM), providing
qualitative information about sample dehydration during high temperature runs,
since vapor release was expected to increase pressure in the sample assembly.
Following the literature, we assumed that vapor formation and migration occur
also in real sealing liners (Villar et al., 2005b; Alonso et al., 2008; Schäfer et al.,
2008; Senger et al., 2008; Shimura et al., 2008). A detailed description of the ETH
ultrasonic facility as well as of the data acquisition procedure is given in
Appendix 4.C. With this setup we ran 2 sets of measurements: “non-destructive”,
measurements with temperatures ≤80°C, not causing significant sample
dehydration, and “destructive”, high temperature ≤160°C tests, characterized by
major sample dehydration and irreversible changes. Both, non-destructive (T ≤80°
C) and destructive (T >100° C) measurements were ran on type A samples
divided in four batches characterized by Wc of ~10, ~20, ~35 and ~52 %.
For the non-destructive measurements, each batch included at least 2
samples. Each sample was tested in two sets of measurements which consisted of
four linear sweeps at temperatures from 30° C to 80° C and back to 30° C in 10°
C steps. For each temperature step we collected 5 ultrasonic signals at 2 minute
intervals. This redundancy allowed for the collection of a statistically significant
number of independently picked travel-times, minimizing the random picking
error in data by averaging all the measurements. It also yielded meaningful error
bars based on standard error propagation for travel-time picking errors, sample
length errors and calibration errors. The runtime for each set of measurements was
approximately 18 hours. Signals and ultrasonic velocities remained similar after
each temperature cycle, confirming the reversible nature of temperature effects
over this temperature range (i.e., “static” regime).
The destructive measurements were conducted by repeating the
temperature cycles only once or twice because the specimen changed dramatically

93

Chapter 4

its elastic properties during a single cycle and became strongly deformed and
loose at the end of the cycle. Sample temperature was increased in linear sweep
cycles between 60° C and the maximum temperature, and back to 60° C. For
every second cycle, the maximum temperature was raised by 20° C, from 100° C
(first two cycles) to 160° C (last two cycles). The runtime for this measurement
sequences was approximately 11 hours.

4.3.4 Linear compaction and velocity measurements under
variable confining pressure
Linear compaction and ultrasonic wavespeeds were measured on type B
samples divided into four batches characterized by water contents Wc of ~10, ~20,
~35 and ~52 %. Samples were subjected to hydrostatic confining pressure which
ranged between 1 and 100 MPa, and undrained conditions. We employed the
“Paterson physical module” installed in the high pressure-temperature test
apparatus “Paterson Rig nr. 9” (Ferri et al., 2007; Paterson and Wong, 2005). The
Paterson physical module does not allow for the measurement of sample
compaction during velocity measurements, and bentonite is expected to undergo
significant compaction when subjected to confining pressure. Therefore, we
performed undrained compaction tests employing another oil-medium high
pressure test apparatus for physical rock properties equipped with a dedicated
device that we designed and built (Figure 4.1c). The linear compaction curves
were used as a parameter in the analysis of the ultrasonic velocity measurements
under variable confining pressure and to calculate density evolution with
confining pressure. The pre- and post-experimental sample density, air volume
fraction and the total shortenings are listed in Table 4.2.
The Paterson physical module, albeit similar to the ETH ultrasonic facility,
does not allow for fully automated operation. The redundancy of the
measurements in pressure, therefore, was much smaller than in the temperature
measurements, thus increasing the measurement uncertainty. Each batch consisted
of 2 or more samples, and velocities were measured at 13 increasing confining
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pressures. Detailed description of the test and apparatuses employed are reported
in appendix 4.D.

4.3.5 Calibration and phase identification
Ultrasonic wavespeed measurements were corrected for the delays
introduced by all the possible setup elements. The correction values were
measured over the full temperature and pressure range using a standard calibration
procedure (Prelicz, 2005). The material employed was stainless steel (AISI304).
The calculated velocities matched those given in the literature (Gerlich and Hart,
1984).
Both our setup length-to-diameter ratios were greater than five, thus bar
wave identification and exclusion was a primary concern during calibration
(Birch, 1960). In fact, the signal-to-noise ratio was high enough to clearly
recognize longitudinal waves. Also using a similar setup Ferri et al. (2007) found
that for a frequency of 0.1 MHz the first arrival was always a longitudinal wave.
In the case of transverse waves, we observed that they likely interfered with the
bar waves. Their amplitude, however, was in most cases significantly higher than
that of bar waves, thus allowing for robust identification and calibration. After
calibration, velocities measured on 10% WC samples with both devices were
compatible with velocities measured directly from the compacted bentonite brick
at room temperature and pressure (VP = 1056±60 m/s and VS = 587±16 m/s).

4.4 Results
A data set of approximately 3000 VP and 3000 Vs measurements at variable
temperatures and pressures, as well as repeated compaction tests, along with
mineralogical and dehydration tests were acquired. This high redundancy enabled
us to reduce the overall stochastic error on the measurements, as well as to give
meaningful estimates on their uncertainties.
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Table 4.2. Initial (ρi and Φi) and final (ρf and Φf) densities and porosities of the four
water content sample batches, before and after 100 MPa compressibility tests. Relative
sample shortenings (inclusive of the elastic recovery) are also reported.

After testing at 100 MPa

Before testing
ρi
Wc
ΦA-i
3
[%] [g/cm ] [%]
~10%
~20%
~35%
~52%

1.62
1.61
1.73
1.63

ρf
V w/V i
[%] [g/cm3]

35
23
10
10

15
27
45
56

2.05
1.9
1.81
1.71

ΦA-f
[%]
17
9
7
6

V w/V f Shortening
[%]
[%]
19
32
47
59

7.8
5.2
2
1.5

4.4.1 Sample mineralogy (XRD)
XRD analyses confirmed that the only sample minerals above the ~2
volume

%

(i.e.

minimum

XRD

sensitivity)

are

montmorillonite

((Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·xH2O), quartz (SiO2) and albite (NaAlSi3O8)
(Figure 4.2a) (Anthony et al., 1990). After destructive measurements (T >100° C)
sample mineralogy remained unchanged, demonstrating that the samples did not
undergo chemical reactions throughout the ultrasonic measurements (e.g., no illite
formation (Al,Mg,Fe)2(Si,Al)4O10(OH)2,(H2O), (Meunier, 2005)).

4.4.2 Dehydration measurements
The thermogravimetric analysis indicates ~12% weight loss at ~240° C
demonstrating that the initial water content specified by the provider was accurate
(Figure 4.2b). The TG curve and its time-derivative (DTG) were also in
agreement with the literature (Earnest, 1991). DTG indicates that the dehydration
rate is maximal at ~132° C (i.e. 1.16% weight loss per min). This analysis defines
two regimes: i) “static” (T ≤80° C): samples are expected to undergo very little
dehydration during measurements (i.e. 2% maximum), and possibly reversible
changes, and ii) “dehydrating” (T>100° C): the samples suffer major dehydration
and possibly non-reversible structural changes.
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Figure 4.2. a. X-Ray Diffraction (XRD) spectra from the test samples before (blue)
and after (red) high temperature measurements (3h at 160° C). Peak distribution for
montmorillonite, quartz and albite are plotted for comparison. b. Thermogravimetry (TG)
and Differential-Thermogravimetry (DTG) results for the starting material. The initial Wc
was determined to be approximately 12%. The maximum dehydration is marked in the DTG
curve at approximately 132° C.

4.4.3 Velocity versus temperature
The two dehydration regimes identified with DTG analysis are also
influenced by the pressure that builds up in the sealed sample assembly during
dehydration. For temperatures ≤80° C the maximum pressure measured was
around 10 kPa and the sealing was still intact. However, for higher temperatures
(destructive measurements) and for pressures around 40 kPa the seals started to
leak, letting steam escape. This leak produced significant dehydration and thermal
instability in the sample, most likely because of the simultaneous presence of two
water phases (i.e. liquid and vapor). On the basis of these considerations and the
TG analysis, we collected two series of measurements at room pressure with the
ETH Ultrasonic Facility: in the temperature range from 30 to 80° C, and from 60
to 160° C.
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4.4.3.1 Static regime temperature measurements: 30° C to 80° C
The longitudinal (VP) and transverse (Vs) wave ultrasonic velocities
measured at low to intermediate temperatures consistently increase with
increasing water content (Figure 4.3a and b). In addition, the velocity trend is
approximately linear with temperature for all the Wc levels. The best-fit linear
regressions through the measured velocities for each Wc are shown as dashed lines
in Figure 4.3a and b (see also Table 4.3).
Table 4.3. Linear fit parameters extracted from the velocity curves in Figure 4.3a
and b.

Wc [%]

VP0
[m/s]

dVP/dT
[m/s °C-1]

VS0
[m/s]

dVS/dT
[m/s °C-1]

~10%
~20%
~35%
~52%

1169
1374
1354
1588

-2.3
-4.7
-1.5
-1.6

598
689
703
740

-1.0
-1.8
-0.75
-0.64

Velocities decrease by ~100 m/s for VP, and ~50 m/s for Vs over the 30-80°
C range. A notable exception is the sample at ~20% Wc, which shows a velocity
decrease approximately twice as large as the others (Table 4.3). We observed this
effect in all the measurements conducted on ~20% Wc samples (2 independently
prepared samples, 2 independent sets of measurements per sample), and in all of
the 4 temperature sweeps for each measurement. VP to Vs ratios are constant at
around 1.9, within the error bars for all the samples at low and intermediate Wc
(~10 to ~35%), but the highest Wc sample (~52%), shows a significantly higher
ratio (~2.13) (Figure 4.3c). This is likely due to the fact that ~52% Wc is very
close to the plastic limit of montmorillonite, which results in a decreased shear
modulus, and thus in a larger decrease in Vs than in VP. Such VP to Vs ratios are in
agreement with the literature (Vanorio et al., 2003). A summary of the dynamic
elastic moduli calculated from the velocity data (Figure 4.3) and density values is
given in Table 4.4c and d.
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Figure 4.3. a. VP, b. Vs and c. VP/Vs ratios measured as a function of temperature. In
each panel, different symbols define the Wc for each batch of samples, as specified by the
legends on the right. The dashed lines represent the best linear fits through the data.

4.4.3.2 Dehydration regime: >100° C measurements
Samples were heated up to 160° C to simulate the effects of extreme
repository conditions leading to dehydration on the elastic parameters of
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compacted bentonite Figure 4.4 a shows a typical measurement cycle. Four repeat
heating/cooling stages can be identified in the figure, namely:
1) from 60° C (A) to 100° C (B);
2) from 60° C (C) to 120° C (D);
3) from 60° C (E) to 140° C (F);
4) from 60° C (G) to 160° C (H);
where the uppercase letters in parentheses (A - H) specify the times at which the
sample reached significant temperature set-points. This lettering will be used
throughout this section as well as in Figure 4.4b. Ultrasonic waveforms for
velocity determinations were automatically collected during each cycle.
Evolution of the sample pressure (PM), temperature (T) and relative length
(L) are also shown in Figure 4.4a for a test conducted on a ~52% Wc sample.
Between times C and D (T → 120° C and PM = 43 kPa), a steep pressure rise was
observed, followed by a slow decrease until the end of the experiment. This
variation was accompanied by a significant loss in temperature stability, as
highlighted by a noisy temperature signal around time D. DTG analysis suggests
that the pressure built up was consequence of the vapor accumulated in the sealed
sample chamber (see Figure 4.2b), while the sample was very quickly
dehydrating, losing most of its free water. The high dehydration rate resulted in
the sudden collapse of the sample which compromised also the structural
integrity, as evidenced by the axial shortening.
Simple semi-quantitative considerations on the involved volumes of lost
water can help estimate the loss of cohesion due to fast dehydration. Following
Equation 4.1, we have:
VW
=

M W WC
MS
=
=

ρW

ρW

WC
ρ WC
= V
ρW (1 + WC )
ρW (1 + WC )
M

(4.2)

where M, V and ρ are the sample mass, volume and density, respectively, and MW,
VW and ρW are the water weight, volume and density, respectively.
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Figure 4.4. a. Temperature (T, continuous line), sample Measured Pressure (PM,
dashed line) and Relative sample length (Resell., dotted line) during a high temperature run
on a ~52% Wc sample. PM represents the air pressure within the sample assembly (yellow
detector in Figure 4.1). The gray-shading defines two temperature regimes, below and above
100°. Uppercase letters on the plots highlight key T steps of the experiment, i.e. the first
temperature ramp-up to a new maximum temperature. b. Evolution of VP for a set of
samples through several of the critical times highlighted in panel a., identified by the same
lettering. Color-coding is used to distinguish samples with different initial water contents by
mass (see legend for details). The gray shading defines the two temperature regimes as in
panel a. The sudden rise in pressure (panel a) between times C and D, followed by a gradual
decrease, occurs simultaneously with the major sample shortening event. This indicates
structural failure of the sample, which that may explain the decrease of velocity in panel b.
from 1300 m/s to 800 m/s.
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Considering ρ = 1.66 g/cm3 and ρW = 1 g/cm3, the loss of all the water in
the 52% Wc sample might cause a decrease of ~60% in volume, i.e. ~20%
contraction in length assuming isotropic linear shrinking. This estimate matches
the measured shortening (dotted line in Figure 4.4a): between point time B
(T=100° C) and H (end of the test) the sample shortens by ~17% of the sample
length (Figure 4.4a). The early ~30% shortening of the sample can be related
instead to an initial redistribution of the very ductile slurry inside the shrink tube.
At ~80° C the shrink tube became less stiff, allowing part of the slurry to flow out
of the plug.
The measured velocities reveal the effects of both dehydration and loss of
cohesion (Figure 4.4b). Shear wave travel-times proved to be too difficult to pick
because of weak signals, especially above 100° C. Therefore only longitudinal
velocities could be analyzed. Figure 4.4b represents their evolution throughout the
heating phases. The velocity of the ~10% Wc sample decreased by approximately
150 m/s between 60 (A) and 160° C(H), with a similar trend to that measured for
the non-destructive tests. In particular, it shows a velocity drop of approximately
150 m/s between 60 and 160° C (Figure 4.4b). Pressure diagrams for this sample
did not indicate the sharp peak between times C and D (Figure 4.4a). The ~20%
Wc sample shows similar behavior, but only after the first cycle at 100° C (B – H).
Apparently, initial dehydration reduced the sample Wc, thus bringing it to a similar
state as the ~10% Wc sample.
The ~35% and the ~52% Wc samples exhibit different behavior. Between
times A and B they both show a significant velocity decrease, in particular
between 80° C and 100° C. This is likely due to a first dehydration phase.
Between times B and C, velocity remained consistently lower than between times
A and B (not shown in order to reduce figure clutter), for both samples. Between
times C and D, a second major decrease in velocity occurred (as low as 700 m/s),
which went even below those measured for the drier samples. This was confirmed
in both the medium-to-high water content samples. Finally, between times E and
H, no significant variation in velocity was measured, suggesting a new steady
state was reached.
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After the experiments, visual inspection of the samples helped identify the
cause of the very low velocities (Figure 4.5). The ~10% Wc sample (Figure 4.5a
and b) underwent no major change in texture or cohesion. It exhibits slight
barreling (white arrows in Figure 4.5b) due to the stress applied axially to the
sample, combined with the loss of stiffness of the external jacket at high
temperature. By comparison, the ~52% sample (Figure 4.5c and d) underwent
major changes: material extrusion and dehydration caused the sample to collapse
to less than half its original length (e in the inset of Figure 4.5d). In addition,
extensive mud-cracking is present, likely caused by desiccation (f in the inset of
Figure 4.5d) (Nichols, 1999). Desiccation cracks were possibly the conduits
through which steam escaped. This significant loss of cohesion could explain the
low velocities (Figure 4.4b), even if the final material was mineralogically
equivalent to the original material (Figure 4.2a), the loss of structural integrity has
profoundly altered its elastic properties. Dehydration-induced damage was
observed also in other hydrated materials leading to similar decrease of
longitudinal wavespeed (~50%) (Brantut et al., 2012).

Figure 4.5. Photographs of ~10%, (a and c) and ~52% (b. and d) Wc samples before
and after 160° C measurements in Figure 4.4. White arrows in (b) highlight barreling and
slight sample extrusion due to material flow at high temperature. The inset in panel (d)
highlights major bentonite extrusions (e), and significant mud-cracking (f). Mud-cracking
could be the principal cause of the unusually low velocities measured in Figure 4.6 (700 m/s
between times E and H).
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4.4.4 Compaction measurements
Measured longitudinal strains as a function of confining pressure are
shown in Figure 4.6. Each curve, corresponding to different water content,
exhibits a monotonic increase in strain with pressure. Porosities measurements
indicate that the higher the water content the lower the air volume fraction (Table
4.2, Figure 4.6). Such a relation justifies the fact that the compaction of the four
tested samples decrease with increasing water content (i.e. higher air volume
fraction implies higher compressibility).
The ~10% sample shortening did not reach a plateau in the 1-100 MPa
range, suggesting that higher pressures are needed to completely close the pores.
The ~35% and ~52% samples reached a shortening plateau at pressures between
15 and 20 MPa, suggesting that a large fraction of the pores was already closed at
the beginning of the compaction tests. The ~20% Wc sample exhibited anomalous
behavior (Figure 4.3a and b). An initial steep rise in strain similar to that of the
~10% Wc sample is followed by a linear plateau at ~20 - 25 MPa, similar to the
higher water content samples (Figure 4.6). The initial air volume fraction of the
~20% Wc samples was between that of the 10 and 35% samples, but after the
compaction, air volume fraction reached a very low value, similar to that of higher
Wc samples (Table 4.2).

Figure 4.6. Longitudinal strain versus confining pressure measurement for 20 mm
long and 25.4 mm diameter samples. The percentage figure identifying each curve is the
approximate Wc. The continuous lines represent the best-fitting double exponential
interpolant functions used throughout the study to correct for sample strain during pulse
transmission velocity measurements (see Figure 4.7).
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The density was calculated for each confining pressure (Table 4.4c) based
on the linear compaction curves (Figure 4.6).Assuming radial strain equal to the
measured

axial

strain(isotropic

compression),

the

final densities

were

overestimated by up to 8%. This was likely due to the effects of sample barreling:
radial strain close to the top and bottom caps was smaller than in zones over the
central part of the sample (Paterson and Wong, 2005). We therefore adopted an
empirical linear correction to the final density aimed at minimizing the density
discrepancy after compression and elastic recovery of the sample, described by:

ρ =ρi − ( ρi − ρc )k

(4.3)

where ρ is the corrected density, ρi is the initial density (Table 4.2), ρc is the
uncorrected density calculated from the compaction curves (Figure 4.6), and k is
an empirical correction factor. As a first approximation one can calculate k as:

k=

ρ f − ρi
ρend − ρi

(4.4)

where ρf is density measured after the compaction test (Table 4.2) and ρend is ρc for
the maximum confining pressure.
Sample volumes and their air volume fraction before and after the
compaction tests compared well with the corresponding quantities measured on
the samples used in the Paterson rig, before and after velocity determination.

4.4.5 Velocity versus pressure
Longitudinal and transverse wavespeeds, and their ratio, as a function of
pressure are shown by Figure 4.7. Water content clearly affects the pressure
dependence of velocities. Best fitting empirical curves are superimposed on the
experimental data in Figure 4.7a and b (Eberhart-Phillips, 1989). Due to the
relatively high stochastic errors, insets in each of the panels in Figure 4.7 show the
velocity-pressure trends in the 1-20 MPa range, but without error bars. The fit
quality is excellent for most of the Wc above and below 20%, and acceptable for
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~20%. Densities and dynamic elastic moduli estimated from the measured
velocities are given in Table 4.4d and e.
The tests conducted indicate consistent trends between elastic properties
and water content, Wc~20% excepted (Figure 4.3 and 4.6). In fact, for confining
pressures <10 MPa higher water content is associated with higher ultrasonic
velocities, whereas the opposite trend is observed for confining pressures >20
MPa. An intermediate transition region exists where the two regimes overlap.
This behavior is most probably related to the effects of water content on the
structure of bentonite. Higher water content and lower air volume fraction, at low
pressure, contributes positively to the overall stiffness of the clay, increasing the
ultrasonic wave velocities. At higher confining pressures pores collapse, and the
material tends to have the stiffness of an effective medium composed of clay and
water only. Therefore at high confining pressure when the air volume fraction is
reduced, the higher the water content the lower the velocities. In fact, ~10% Wc
sample show a velocity increase with pressure steeper than ~35% and ~52% Wc
samples. The only exception to this gradual behavior appears to be at ~20% Wc,
where velocities were systematically the highest, suggesting, once again, that the
~20% Wc compacted bentonite has a different behavior than it does at other water
contents.
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Figure 4.7. a. VP, b. Vs and c. VP/Vs ratios measured as a function of confining
pressure with the Paterson physical module. The dashed lines in a. and b. represent
empirical fits based on Eberhart-Phillips (1989). In each panel, the inset is a close up of the 1
to 20 MPa data without error bars.
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Table 4.4. Densities and elastic moduli of compacted bentonite for temperatures
between 30 and 80° C and confining pressures between 1 and 100 MPa

A) Bulk modulus [GPa] (room pressure)
Water
content
[%]
10
20
35
52

30
1.96
2.54
2.76
3.88

40
1.86
2.35
2.83
3.89

Temperature [ºC]
50
60
1.78
1.71
2.12
1.99
2.76
2.69
3.61
3.57

70
1.63
1.80
2.61
3.58

80
1.57
1.72
2.46
3.53

70
0.45
0.53
0.72
0.80

80
0.44
0.48
0.69
0.78

B) Shear modulus [GPa] (room pressure)
Water
content
[%]
10
20
35
52

30
0.53
0.65
0.77
0.85

40
0.50
0.64
0.76
0.85

Temperature [ºC]
50
60
0.47
0.45
0.59
0.54
0.73
0.69
0.81
0.78

C) Density ρ [g/cm3] (T = 20 ° C)
Water
content
[%]
10
20
35
52

0
1.62
1.61
1.73
1.63

1
1.63
1.64
1.73
1.63

2
1.64
1.68
1.74
1.64

3
1.66
1.71
1.74
1.64

4
1.67
1.74
1.74
1.64

Confining Pressure [Mpa]
5
6
8
10
1.68 1.69 1.72 1.74
1.76 1.78 1.81 1.82
1.75 1.75 1.75 1.76
1.65 1.65 1.65 1.65

15
1.78
1.85
1.76
1.66

20
1.83
1.86
1.77
1.67

40
1.94
1.87
1.79
1.68

60
1.99
1.88
1.80
1.69

100
2.05
1.90
1.81
1.71

15
6.81
8.86
7.64
6.97

20
7.45
10.61
8.13
6.51

40
10.52
11.72
7.74
5.82

60
13.04
12.71
8.38
6.01

100
17.16
13.96
8.52
6.29

15
1.96
2.54
2.84
1.98

20
2.47
3.20
2.97
2.06

40
3.34
4.19
3.01
2.11

60
4.08
4.30
2.97
2.14

100
5.48
4.85
3.25
2.11

D) Bulk modulus [GPa] (T = 20° C)
Water
content
[%]
10
20
35
52

1
1.80
2.71
3.77
4.28

2
1.90
2.63
3.66
4.59

3
2.62
2.88
4.05
4.91

Confining Pressure [Mpa]
4
5
6
8
10
3.02 3.54 3.85 4.42 4.82
2.88 3.36 4.27 4.84 6.22
4.21 4.84 5.23 5.72 6.35
5.39 5.43 5.60 6.03 6.56

E) Shear modulus [GPa] (T = 20° C)
Water
content
[%]
10
20
35
52
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1
0.52
0.66
0.85
0.91

2
0.62
0.72
0.98
1.10

3
0.79
0.82
1.15
1.11

Confining Pressure [Mpa]
4
5
6
8
10
0.96 1.02 1.24 1.32 1.50
0.92 1.20 1.43 1.68 2.07
1.27 1.44 1.62 1.87 2.31
1.21 1.37 1.41 1.52 1.63
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4.5 Discussion
4.5.1 Effect of pressure on the elastic properties
Our measurements of density, air volume fraction and elastic properties as
a function of confining pressure suggest that wavespeeds increase due to pore
space collapse (Vanorio et al. 2003). Assuming that the compressibility of water
and montmorillonite is negligible compared to that of air (1/Ka), we estimated the
increase in pore pressure (dPp ) as a function of the air volume fraction decrease
 dVΦ  by directly applying the bulk modulus (incompressibility) definition:

VΦ 


dPp = K a
to

the

volume

estimations

(VΦ)

dVΦ

we

(4.5)

VΦ
derived

from

linear

strain

measurements(Figure 4.6, Jaeger et al., 2007). Our estimation yielded a pore
pressure <2% of the confining pressure <100 MPa. Air underwent such a small
increase of pressure that its bulk modulus (Ka=0.15 MPa) was considered constant
for this pressure range (Vasserman et al., 1971). Such a low figure is a direct
consequence of the initial and final air volume fraction of the samples, and
demonstrates that the air volume in the pores was compressed only by an order of
magnitude under maximum compaction, not enough to generate significant pore
pressure. Therefore, we can consider confining pressure as a proxy to effective
pressure.
The analyzed material is essentially composed of montmorillonite, water
and air. The effective elastic medium as a function of the volume fraction was
estimated using the Hashin–Shtrikman bounds, (Hashin and Shtrikman, 1963) and
the modified Voigt average (MVA) (Nur et al., 1991). Following Vanorio et al.
(2003) we imposed a critical air volume fraction equal to 0.4 to calculate the
MVA.
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With decreasing air volume fraction the volumes of montmorillonite and
water were considered constant whereas the air volume decreasing with pore
space collapse. For undrained conditions and decreasing air volume, an increase
in air pressure was considered negligible compared to the confining pressure
(Equation 4.5). The bulk modulus for montmorillonite, water and air were 36
GPa, 2.2 GPa and 0.15 MPa, respectively (Katahara et al., 1996; Wang et al.,
2001; Mavko et al., 2009). The shear modulus for montmorillonite was 12 GPa
(Katahara et al., 1996; Wang et al., 2001). The measurements are compared with
the upper (HS+) and the lower (HS-) Hashin–Shtrikman bounds, and the MVA
(Figure 4.8 and 4.9). According to Nur et al. (1998) HS- represents better fluidsustained materials (i.e. suspensions) while HS+ represents better frame-supported
materials. The latter best describes the condition of our samples.
The HS+ bounds approximate the maximum moduli estimated with the
measurements and it well approximate the decrease of moduli as a function of the
water content. However, only a few measurements agree with their respective
MVA and HS+ bounds, suggesting that the evolution of both air volume fraction
and moduli need more elaborate theories to be properly described. The calculated
Hashin–Shtrikman bounds enable the estimation of the elastic parameter for
saturated montmorillonite when air volume is zero. For water contents ranging
from 10 - 52% the bulk and shear moduli vary from 20 to 8 and from 8 to 3 GPa,
respectively (Figure 4.8 and Figure 4.9).
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Figure 4.8. Bulk modulus measurements compared with the upper (HS+) and the
lower (HS-) Hashin-Shtrikman bounds and the Modified Voigt Average (MVA) (Hashin and
Shtrikman, 1963; Nur et al., 1991). Circles represent the measurements. Light to dark gray
indicate low to high confining pressures.

Figure 4.9. Shear modulus measurements compared with the upper (HS+) and the
lower (HS-) Hashin-Shtrikman bounds and the Modified Voigt Average (MVA) (Hashin and
Shtrikman, 1963; Nur et al., 1991). Circles represent the measurements. Light to dark gray
indicate low to high confining pressures.
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4.5.2 Effects of temperature on the elastic properties
Increasing temperature leads to a decrease in elastic parameters for all
analyzed samples. Reduction of the elastic moduli in compacted bentonite is
expected for three reasons. First, the intrinsic decrease of elastic parameters
relates to the temperature increase valid for any material (Wang et al., 2010).
Quantitative relations are well known for water (i.e. 0.1 GPa for the temperature
interval 30°C - 80°C, (Fine and Millero, 1973)), but no published studies exist for
montmorillonite. However, a 0.1 GPa reduction in water moduli causes a decrease
in bentonite moduli much lower than that observed. Second, our TG analysis
reveals a 2% decrease in mass between 30 and 80°C in the original 13% Wc
samples. Such a loss of mass is related to water evaporation. Pore pressure
measurements reveal that steam formation occurred also during our experiments
(PM~10kPa). Therefore, generation of small vapor bubbles into the samples results
in an increment in air volume fraction, assuming the elastic properties of steam
similar to those of air. For instance, considering 1.5% of the mass of water to have
evaporated, the increase in air volume fraction would be ~2%. Such a variation,
when applied to the HS+ and the MVA bounds, leads to a decrease in bulk
modulus which ranges in the same order of magnitude as that observed for the
10% Wc sample (Table 4.4).
Third, clays have a complex electrochemical structure. Temperature can
strongly affect the electro-chemical bonds between the water molecules and the TO-T sheets of clay (Meunier, 2005). Such a variation could generate a change in
the basal layer spacing which in turn leads to a variation in elastic parameters
(Ebrahimi and Whittle, 2012). The last two hypotheses are supported by the fact
that dehydrated material shows reduced temperature-dependent velocity (Figure
4.4b E - H).

4.5.3 Considerations on upscaling and attenuation
It has been established that clay content in rocks strongly affects
attenuation (1/Q) of seismic waves (Barton, 2007). Astbury and Moore (1970)
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indicate a quality factor Qs~5 for torsional deformation of bentonite, and Karakurt
(2005) obtained a similar value for longitudinal deformation (Qp).
We measured the wavespeeds at an ultrasonic frequency of ~0.1 MHz,
whereas in a realistic repository monitoring seismic frequencies between 1 and 10
kHz would be employed (Marelli et al., 2010; Manukyan et al., 2012). Due to the
velocity dispersion we expect a quite large mismatch between velocities measured
at ultrasonic and seismic frequency. We can estimate such a discrepancy by
assuming a constant Q in the 103 – 105Hz range (Liu et al., 1976):

 f 
V( f )
1
log  
= 1+
V0
π Q  f0 

(4.6)

where f0 is the frequency at which V0 is measured (i.e. in our case f0=105 Hz). As
an example, for Q = 5 and a frequency of 1 kHz the velocities provided by
Equation 4.6 would need to be reduced by approximately 30%.We do not expect,
however, that the relative temperature-pressure relations would be significantly
affected by upscaling.

4.5.4 Effects of water content on the elastic properties of
compacted bentonite
The effect of water content on both the temperature and pressure
dependence of the ultrasonic wavespeed is not linear. In particular, an anomalous
behavior was emphasized for the ~20% Wc samples. From the mechanical point of
view, bentonite at this water content underwent much higher strain at low pressure
than with other water contents. At higher pressure, it reached a plateau equivalent
to that of high water content samples. We speculate that this is due to the complex
pore space and water distribution of montmorillonite. Water in compacted
bentonite is mostly chemically bounded for hydration of the exchangeable cations
in the narrow intra-aggregate spaces (Pusch and Yong, 2006). In fact, how water
in uptaken into the bentonite structure is the result of osmotic and matrix suction
(Krahn and Fredlund, 1972), and it has been demonstrated that it decreases with
increasing temperature (Lee et al., 2011). Pore space is normally divided into
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smaller pores, with high suction, located in aggregates (intra-aggregates), and
larger pores, with low suction, between aggregates (inter-aggregates, see also
electron scanning microscopy (SEM) photomicrographs in Romero et al. (2011)).
Musso et al. (2003), for a similar material, measured bimodal pore distributions
peaked at ~15 nm and ~18 µm. Lloret et al. (2003) also reported that heavily
compacted bentonite has a bimodal pore size distribution (peaked at ~10 nm and
~40 µm) and that compaction tends to close large inter-aggregate pores before the
intra-aggregate pores, and that the latter saturate at approximately 25% Wc. It is
likely that the ~20% Wc measurements record the effects of intra-aggregate pore
saturation combined with very low inter-aggregate water content. This would
explain the peculiar compaction path shown in Figure 4.6. At confining pressures
<20 MPa, the empty inter-aggregate pores may be closed, showing compaction
characteristics similar to low water content. At higher pressure, the fully saturated
aggregates have much lower compressibility. Highly saturated aggregates would
be stiffer than unsaturated ones.
We consistently found the VP to Vs ratios to be approximately constant
(within experimental errors) for all water contents. Only the ~52% Wc sample
showed a slightly higher ratio than drier cases (Figure 4.3c and 4.7c). This is
likely due to the fact that ~52% Wc is very close to the plastic limit of
montmorillonite, which results in a decreased shear modulus and thus in a larger
decrease in Vs than for VP. Similar values for montomorillonite and VP to Vs ratios
have been found by Vanorio et al. (2003).
Finally, we can only speculate about why the ~20% Wc samples show a
larger temperature dependence for VP and Vs than the other water contents (Figure
4.3; Table 4.3). Temperature seems to have a strong effect on the intra-aggregate
suction (Lloret et al., 2003). If this is true, then we can imagine that at high
temperatures the water redistributes itself from intra-aggregate to inter-aggregate
pores, showing velocities similar to those of ~10% Wc samples. A further
argument in favor of this interpretation refers to Figure 4.4b. After the water
saturated samples were completely dehydrated, no clear temperature trend could
be identified (points E to H for the saturated samples, black lines in Figure 4.4b).
This suggests that temperature in the 30-160° C range has an effect on the water
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distribution within the sample pore spaces, rather than on the properties of the
bentonite solid phase.

4.5.5 High temperature behavior
Significant dehydration occurs in bentonite above 100° C (Figure 4.2b).
This must be taken into consideration when utilizing bentonite as an engineered
barrier encasing materials with large heating capacity (e.g. radioactive waste
canisters). We observed that as long as Wc≤ ~20%, dehydration occurs without
loss of sample integrity (Figure 4.5b). At higher water contents, pervasive
cracking could cause the engineered barriers to break (Figure 4.5d). In addition,
significant pressure build-up due to evaporation was recorded with our equipment.
Designs for highly isolating barriers in high temperature environments (as
expected in high level radioactive waste repositories) should take into account
mud-cracking, evaporation and pressure build-up. Mud-cracking would also
provide paths for fluids to flow through the barrier. For non-intrusive sonic- to
ultrasonic monitoring applications (e.g., Marelli et al., 2010; Manukyan, 2011),
the large drop in velocity below 1 km/s for VP (Figure 4.4b) would be reliable
diagnostic indicator of high temperature buildup within the barriers.

4.6 Conclusions
We demonstrated that the elastic properties of bentonite liners may change
significantly throughout the lifetime of a radioactive waste repository, as a result
of the evolving environmental conditions. Water content in particular had a major
impact on the behavior of the elastic properties of the measured samples
throughout all the experiments, both in terms of initial velocities at room
conditions and in terms of their evolution with confining pressure. Time-lapse
geophysical methods sensitive to seismic velocities, would therefore be good
candidates for the task of non-intrusive monitoring of the repository liners.
At temperature > 100°C, water-saturated bentonite structures may collapse
because of fast dehydration. This collapse was clearly recorded in our velocity
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measurements, once again confirming the suitability of elastic properties
measurements as a proxy to the structural and physical conditions of a bentonite
engineered barrier. We also observed a non-linear behavior of the elastic
properties of bentonite for a water content of 20%. This is interpreted in terms of
double porosity structure which was previously described by in the available
literature for the same material.
Although we were able to consistently reproduce some general trends in
our data with elastic effective media models, significant discrepancies indicate
that such models likely oversimplify the complexity of the actual clay physics
involved.

4.7 Appendix 4.A: XRD and TG apparatus
For X-ray diffraction analyses (XRD) small sample quantities were ground
to ultrafine powder (typically 2 µm grain size) in an agate mortar. The powder
was then pressed in a plastic sample holder. The apparatus employed to record
XRD patterns is a Bruker, AXS D8 Advance, equipped with a Lynx-eyesuperspeed detector using Cu K radiation, antiscattering slit of 20 mm, and
enabled with sample rotation. The diffraction patterns were recorded for 2θ angles
from 5° to 85° in steps of 0.05°, at 2 s counting time per step.
Thermogravimetric analysis (TG) was performed on 210 mg of pulverized
bentonite taken from an original brick, and by means of a Netzsch STA 409 C/CD
thermo-balance. A linear 10° C/min heating program from 18° C to 1500° C was
applied. The sample was placed in an alumina crucible of known mass. A
reference alumina crucible with 50 mg alumina powder was measured
simultaneously to ascertain the sample holder correction values. The precision of
the mass balance system is 2 μg. The measurements were performed in an inert
Argon-gas (Ar) atmosphere to avoid reactions between samples and air, and vapor
accumulation in the sample chamber. Data were collected using proprietary
Proteus software.
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4.8 Appendix 4.B: cold press procedure
We produced the required specimens with the same density (∼1.66 g/cm3)
as the original brick by means of a cold press procedure. The samples were
prepared by first scratching the brick with a chisel to obtain ~70 g of sandy
powder. The powder was then homogenized by steering and separating one
quarter of the total amount (e.g. Gill, 1997). The desired Wc was obtained by
mixing the powder with the amount of water necessary to reach Wc equal to 52%
(close to the bentonite plastic limit, e.g., Lloret et al. (2003)). The resulting
homogeneous slurry was then placed in an oven at 100° until evaporation reached
the desired Wc.
Samples were placed into a sample assembly consisting of a Fluorinated
Ethylene Propylene (FEP) shrink tube sealed at one end by an aluminum cap. The
samples were compacted to the density 1.67±0.06 g/cm3 by applying to the
bentonite mixture a uniaxial stress <4 MPa (σc). Sample barreling during
compaction was avoided by confining the sample in a 2 mm wall-thickness copper
pipe. The sample assembly was finally sealed with the top aluminum cap and
high-temperature tape (inset A, Figure 4.1).

4.9 Appendix 4.C: ETH ultrasonic facility
The ETH Ultrasonic Facility is here described (Figure 4.1). The sample
assembly and the ultrasonic transducers were vertically aligned and held in place
by an external steel frame. Type A samples were enclosed between two hollow 40
mm long alumina spacers with inner and outer diameters of 2 and 22 mm,
respectively. Air-tight sealing was ensured by an additional FEP shrink tube
encapsulating the spacers, the sample assembly and the pressure sensor adapter.
A hollow aluminum adapter on top of the measuring column allowed a Ktype thermocouple (TC) to reach the top sample aluminum cap through the upper
alumina spacer. The TC signal controlled a proportional derivative integrative
controller (P.I.D.) driving a MOSFET amplifier, and the single winding furnace
(24 V, 100 W). This feedback system allowed maintaining constant sample
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temperatures ranging from 30 to 200° C. The P.I.D. parameters, the signal of the
sensor gauge measuring the assembly length, and the pressure signal relayed by a
multimeter were transmitted to the PC via three RS-232 connections.
A couple of 1 MHz resonant frequency piezoelectric transducers acting as
receiver and source were placed at the top and bottom of the measurement
column, respectively. Both longitudinal (Vp) and transverse (Vs) transducers were
employed.
A 300 V amplitude, 10 μs duration, and 10 μs period sinusoidal signal (i.e.
1 cycle at 0.1 MHz), was repeated each 13 ms and provided to the source
transducer by the pulser board (Matec TB1000). Due to the high attenuation
properties of montmorillonite (Barton, 2007), powering the source with frequency
higher than 0.25 MHz resulted in unacceptably low signal-to-noise ratio.
Ultrasonic signals were acquired with a digital oscilloscope (Le Croy waveace
214). Signal-to-noise-ratio was increased acquiring 256 stacked signals. The
trigger was provided by the pulser board, and the oscilloscope was connected to
the acquisition PC via a LAN.
Appropriate coupling between the transducers, the sample and all the other
components was ensured by a vertical stress (σs) provided by a spring compressed
by a load screw (Figure 4.1), and greasing all the interfaces with coupling gel. σs
ranged between 1 and 2.4 MPa (σc>σs) creating a differential stress in the sample
which could induce anisotropic ultrasonic wave propagations (i.e. ultrasonic
waves travel faster along the vertical direction). Original brick wavespeeds (i.e. Vp
and Vs of 13% Wc raw material), measured at room conditions, were similar to
those measured for 10% Wc samples. Therefore σs does not measurably affect
ultrasonic velocities.
Data acquisition was driven by a software written in MATLAB to i) control
the oscilloscope and the furnace, ii) monitor all the diagnostic sensors and iii)
operate in automated batch mode without the need of an operator. The batch
operation allows specifying an arbitrary and redundant number of temperature
setpoints, the number of repeat measurements for each temperature, and the
interval between measurements. For each temperature setpoint (TS), the
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proportional-integral-derivative controller (P.I.D.) was programmed to reach the
desired temperature, and the ultrasonic signal was acquired as soon as a userdefined stability criterion was satisfied. We found that an appropriate stability
criterion was to require the current sample temperature and the average
temperature in the last two minutes to be within 0.5° C and 1° C from TS
respectively.

4.10 Appendix 4.D: compaction apparatus
Compaction tests were run in undrained conditions employing an oilmedium test apparatus for physical rock properties. Axial shortening during the
compaction was measure by means of a 10 µm precision digital-caliper. Two 25.4
mm diameter, 30 mm length stainless steel cylinders were fixed on each jaw of
the caliper in order to match the cylindrical shape of the samples. The sample was
placed between the cylinders end-faces, and isolated from the confining medium
because together the cylinders were surrounded by a Fluorinated Ethylene
Propylene (FEP) shrink tube. Sealing of the shrink tube was ensured by tightening
a 1 mm diameter iron wire at its extremities. Since one of the cylinders was
mounted on the sliding jaw of the caliper, the sample was free to shorten. Both the
length measured by the caliper and the confining pressure were measured and
transmitted through an RS-232 connection to an acquisition PC. A MATLAB
program was used to record the measurements at ∼3 s intervals. Multiple pressure
cycles from 1 to 100 MPa and back were performed on each sample to estimate
the plastic and elastic deformations. The latter was estimated after the first
pressure ramp-down.
Ultrasonic wavespeeds of bentonite samples subjected to hydrostatic
confining pressures were measured with transducers and source signal similar to
those of the ETH ultrasonic facility (Figure 4.1). The ultrasonic waves were
recorded with a digital oscilloscope (Le Croy LT372) connected to a PC through a
LAN.
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5.1 Abstract
The accurate definition of elastic and viscoelastic parameters of
geomaterials is important to improve geophysical methods for subsurface
imaging. Such a technology is particularly useful for hydrocarbon or water
exploration, monitoring of hazardous crustal domains, and geodynamic studies.
Seismic wave attenuation in the bandwidth 1 – 100 Hz is one of the most
important parameter for exploration geophysics, and it is challenging to be studied
in the laboratory.
This contribution provides a series of measurements of seismic wave
attenuation and dynamic Young modulus for dry and partially saturated Berea
sandstone in the bandwidth 1-100 Hz at confining pressure ranging from 0 to 20
MPa. We found a systematic relation between the saturation of the sample and the
frequency-dependent attenuation. We also identified the relation between
attenuation and dynamic Young modulus to confining pressure.
Data are compared with phenomenological and theoretical models for
squirt flow and patchy saturation which reveal that the dominant mechanism
generating frequency-dependent attenuation in our experiments is patchy
saturation.

5.2 Introduction
Seismic wave attenuation (1/Q) can help understanding the physicalchemical state of Earth’s interior (Gueguen et al., 1989; Mitchell and
Romanowicz, 1999). For instance subsurface imaging, based on seismic
tomography, could be more accurate if viscoelastic parameters are taken into
account. In the case of exploration geophysics and seismic frequencies,
attenuation can provide information about the saturation of oil, gas or water in
reservoirs rocks (e.g. Chapman et al., 2006; Thakur and Rajput, 2010).
Attenuation defines how a material dissipates the elastic energy carried by a
propagating seismic wave. Geo-materials dissipate elastic energy as a
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consequence of different mechanisms acting at different frequencies (Mavko et
al., 2009). In most of the case dry rocks exhibit attenuation (1/Q) <0.02 (Barton,
2007), whereas liquid saturated rocks exhibit higher 1/Q (Yin et al., 1992;
Paffenholz and Burkhard, 1989; Batzle et al., 2006; Adam et al., 2009; Tisato and
Madonna, 2012; Madonna and Tisato, 2013). Tisato and Madonna (2012) and Yin
et al. (1992) reported that attenuation at frequencies around 100 Hz, for i) dry and
ii) partially saturated Berea sandstone was 0.01, and 0.04 respectively.
Furthermore, attenuation of dry rocks in the bandwidth 1-100 Hz is frequencyindependent while for wet rocks it is often frequency-dependent (Spencer, 1981;
Winkler and Nur, 1982; Peselnick and Liu, 1987; Paffenholz and Burkhardt,
1989; Batzle et al., 2006; Adam et al., 2009; Tisato and Madonna, 2012; and
Madonna and Tisato, 2013). Frequency-dependent attenuation for partially
saturated rocks could be explained with wave-induced fluid flow (WIFF) theories
(White, 1975; Mavko and Jizba, 1991; Pride et al., 2004). WIFF theories quantify
the attenuation due to fluid movement caused by the propagating seismic wave in
the micro- (squirt flow, Mavko and Jizba, 1991), meso- (patchy saturation, White,
1975), and macro-scale (Pride et al., 2004). WIFF has been modeled analytically
and numerically by several authors (e.g. Gurevich and Lopatnikov,1995; Müller et
al., 2010; Gurevich et al., 2010; Quintal et al., 2011). Models calibrated with
laboratory experiments are more accurate (e.g., Madonna et al., 2012). Laboratory
studies may also help understanding attenuation mechanisms, and how these
mechanisms interplay generating attenuation in partially saturated rocks. Many
authors has attempted formulating a unified theory describing these mechanisms
(e.g. Dvorkin and Nur, 1993; Jakobsen and Chapman, 2009). We believe that
laboratory measurements can provide a significant contribution to the attempt, but
the few lithologies and physical conditions investigated to date are insufficient to
achieve the goal. The complexity in measuring attenuation at seismic frequencies
results in the deficiency of experimental studied over the last 50 years (e.g.,
Spencer, 1981; Peselnick and Liu, 1987; Paffenholz and Burkhardt, 1989; Tisato
and Madonna, 2012; Madonna and Tisato, 2013). In addition several studies
report attenuation measurements which are not fully explained by theories (e.g.,
Paffenholz and Burkhardt, 1989). For instance, Tisato and Madonna (2012)
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reported that frequency dependent attenuation in partially saturated Berea
sandstone vanished for effective pressure >14 MPa.
We describe a series of seismic wave attenuation measurements in
extensional mode as function of frequency (1-100 Hz) and confining pressure (0 –
20 MPa) for two partially saturated Berea sandstone specimens. Samples were
saturated with water-air and glycerin – water – air mixtures. The chosen saturation
levels mimic the conditions of partially saturated hydrocarbon reservoirs.
Longitudinal and transverse ultrasonic wavespeeds in the partially saturated and
dry samples were measured in function of confining pressure (Pc). Such
measurements were useful to interpret the “low” frequency data.
Phenomenological models fit the dataset confirming the relation of
causality between modulus and attenuation in our measurements. Further,
theoretical models describing squirt flow and patchy saturation mechanisms
demonstrate that patchy saturation theory is more reliable in describing the
frequency-dependent attenuation measured.

5.3 Material and methods
5.3.1 Samples and measurements
Physical properties of three Berea sandstone samples have been
investigated. We measured seismic wave attenuation in extensional mode (1/QE,
here on for the sake of simplicity 1/Q) of the samples BS2 and BS3 in the
bandwidth 1-100 Hz for dry and partially saturated conditions. Confining pressure
was ranging between 2 and 20 MPa, and ultrasonic longitudinal wavespeed was
measured for sample BS3 at frequency (f) ~0.1 MHz.
Sample BS5s, was smaller than BS2 and BS3, and used to gather the
longitudinal and transverse ultrasonic wavespeeds (f ~ 1 MHz) of dry Berea
sandstone for confining pressure ranging from 1 to 40 MPa. Longitudinal and
transverse ultrasonic velocities complemented the attenuation measurements
because the three samples were similar and originated from the same block of
rock. All the tests have been conducted at room temperature. With “dry condition”
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we mean equilibrated with the room atmosphere at room pressure and
temperature. The density (ρ) of the dry samples was 2110±31 kg/m3, measured
with a 0.01 mm resolution caliper and a 0.1 g resolution scale. Porosity of sample
BS5s was measured using a helium pycnometer (AccuPyc 1330, Micromeritics).
Sample BS2 was saturated with air and water, while BS3 was saturated
with air and a glycerin – water mixture. The glycerin – water mixture (GWmix)
contains 55 volume % of glycerin and 45 volume % of distilled water. Viscosity
(ηf) and density (ρf) of GWmix were measured at room temperature employing a
falling ball viscometer, a 0.1 mg precision scale and a 0.1 ml precision vial.
Viscosity of GWmix is 11±0.25 mPas and its density is 1.12±0.02 g/cm3.
Characteristics of the samples, the fluids and the test performed are summarized
in Table 5.1.
Table 5.1. Properties of samples and measurements.
Properties
Sample

Length Diameter
[mm]
[m]

Φ

Saturated with

Measurements
κ x 10
[m2]

12

1/Q E at V p at
1-100 Hz MHz

BS2

250

75.1

20.5±0.5

0.75

X

BS3

250

75.1

20.5±0.5

1

X

BS5s

59.03

25.64

20.5±0.5

0.75

V s at
MHz

Air
X

X
X

X
X

Water GWmix
X
X

X

5.3.2 Experimental methods
Seismic wave attenuation in extensional mode and in the bandwidth 1-100
Hz was measured employing the Broad Band Attenuation Vessel (BBAV, (Tisato
and Madonna, 2012)). The BBAV applies the sub-resonance method
(McKavanagh and Stacey, 1974). Attenuation is given by:

1/ Q = tan(φ )

(5.1)

where φ is the phase shift between the stress applied on the sample and the strain
measured across the whole sample, and Q is the quality factor. The stress to strain
ratio gives the complex Young modulus (Ez), so that 1/Q is:
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1Q=

Im( Ez )
Re( Ez )

(5.2)

The real part of Ez (Re(Ez) or simply E) is given by:
Re ( Ez =
) E=

σ pp
cos (φ )
ε pp

(5.3)

where σpp and ԑpp are the peak to peak values of the sinusoidal stress and strain
respectively (Lakes, 2009). For all the measurements the strain generated across
the sample was around 1.2x10-6 which is similar to the strain caused by the
propagation of a seismic wave (Karato and Spetzler, 1990).
An aluminum foil was glued onto the curved surface of each sample that
was sealed with a Fluorinated Ethylene Propylene (FEP) shrink-tube (jacket). The
whole was confined up to 24 MPa in oil (Morlina 10). Combining the aluminum
foil with the jacket does not affect the stiffness of the sample, avoiding that a freeflow boundary is applied to the sample. In fact, this multi layer seal impedes that
the saturating fluid escapes radially from the sample while it is vertically stressed
(Gardner, 1962; Dunn, 1986; Yin et al., 1992).
The stress on the specimen can be summarized as: σ1=Pc+ 2.8 MPa
andσ2= σ3=Pc where σ1 is the vertical stress and Pc is the confining pressure. The
vertical stress (σ1) was intentionally kept 2.8 MPa higher than the confining
pressure to ensure good coupling between the horizontal faces of the assembly.
This device and the polishing of the specimen end-faces were accomplished with
a parallelism tolerance <10 μm to meet the required experimental accuracy
(Paffenholz and Burkhardt, 1989).
Ultrasonic wavespeeds of the dry BS5s sample were measured employing
a hydrostatic pressure vessel, confining pressure between 0 and 100 MPa, and the
pulse transmission method (Birch, 1960).
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Figure 5.1. Overview of the broad band attenuation vessel (BBAV). A) Sample
holder. B) Paste of the aluminum foil on a Berea sandstone sample. The glue employed was
“tesa Spray glue EXTRA STRONG”. C) Measuring column of the BBAV. The vessel is
normally placed around the measuring column, here not shown.

5.3.3 Calibration
Calibration of the BBAV is reported in Tisato and Madonna (2012). New
calibration curves are added in this contribution for aluminum alloy (EN AW6082) and confining pressures of 2, 4, and 24MPa. For aluminum alloy and
frequency ranging 1 – 100 Hz we measured frequency-independent Q >600, and E
ranging between 71 and 72 GPa, the results are in agreement with the literature
(Figure

5.2,

(Zener,

1948;

Lazan,

1968;

Häuselmannmetall,

2002)).

Measurements are less precise for frequencies around 20 Hz and confining
pressure of 24 MPa (i.e. we measured a negative phase shift). This is related to
instrumental resonance (Tisato and Madonna, 2012). Since this effect is very
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limited in frequency bandwidth, amplitude, and at confining pressures >8MPa we
assumed that this lack of precision does not affect our final results. Calibration
confirms that the BBAV can accurately measure 1/Q > 0.003 which is lower than
the typical value for rocks (∼0.01, (Barton, 2007)). Ultrasonic wavespeed
measurements were calibrated measuring the system delay introduced by the
elements of the apparatus (Prelicz, 2005; Ferri et al., 2007).

Figure 5.2. A) Attenuation and B) Young modulus measured with the BBAV for EN
AW6082 (aluminum alloy) at confining pressure (Pc) equal to 2 and 24 MPa.

5.3.4 Phenomenological and theoretical models
In this section we briefly describe the four models utilized to characterize
our results. In particular, two phenomenological models were utilized to verify the
accuracy of the results, and two theoretical models were employed to understand
the mechanism responsible for the observed frequency dependent attenuation.

5.3.4.1 The phenomenological nearly constant Q model
Frequency-independent attenuation measurements were compared with the
nearly constant Q model (NCM) (Liu et al., 1976). The NCM allows calculating
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the attenuation (1/QNCM) as a function of frequency and the measured modulus
(E):
 E( f ) 
1
π
=
− 1

QNCM log ( f f 0 ) 
E0


(5.4)

where f 0 is the reference frequency (i.e. 1 Hz) and E0 is the Young modulus
measured at f = f 0 . The NCM predicts linear increase of E in the logarithmic
frequency scale. Therefore the measured Young modulus has been interpolated as
follow:
=
ENCM a log10 ( f ) + E0

(5.5)

where a is the best-fit parameter to be found, and estimates the increase of Young
modulus for each decade of frequency.

5.3.4.2 The phenomenological standard linear solid model
Frequency-dependent attenuation measurements were fitted with the sum
of two phenomenological models: i) the standard linear solid model (SLS)
(Carcione, 2007) and ii) the NCM. The modulus dispersion (∆Esls) caused by a
SLS model is given by:

 1 + ift0

ESLS E0 
∆=
− 1
 1 + iftd


(5.6)

where t0 and td are the best-fit parameters to be found. They define the relaxation
times of the SLS model. For the Kramers-Kronig relation t0 and td allow
calculating the attenuation caused by the SLS model (Carcione, 2007):
1/ QSLS =
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5.3.4.3 Squirt flow and patchy saturation
Fits of frequency-dependent attenuation measurements were compared
with the squirt flow model proposed by Gurevich et al. (2010) and the patchy
saturation model developed by White (1975). The latter includes also the
correction proposed by Dutta and Odé (1979).
The frequency at which the squirt flow and the patchy saturation are
dominant are defined by f squirt and f patchy , respectively. In fact, the characteristic
frequency for squirt flow is given by:
f squirt ≈ α 3

K0

(5.8)

ηf

where K0 is the bulk modulus of the rock, α is the cracks aspect ratio and ηf is
the viscosity of the fluid saturating the rock (Jones, 1986). The crack aspect ratio
is defined as the width-to-height ratio of a prolate crack-like void.
The characteristic frequency for patchy saturation mechanism is given by:

f patchy ≈

κ Ks
π L2ηf

(5.9)

where κ is the rock permeability, Ks the saturated rock modulus, and L is the
characteristic size of the patches (White, 1975).
From the performed measurements, and according to the literature, we can
consider Ks and K0 ranging between 6 and 12 GPa, ηf ranging between 10-3 and
10-2, L between 0.01 and 0.1 m and α comprised between 10-4 and 10-3
(Zimmerman, 1991; Yin et al., 1992; Mavko et al., 2009). For these values fsquirt
ranges between 1 Hz and 12 kHz and fpatchy ranges between 15 Hz and 42 kHz.
Both ranges overlap the bandwidth of investigation (1-100 Hz), therefore both
attenuation mechanisms can be considered to be active in our experiments.
The squirt flow model (Gurevich et al., 2010) allows calculating the
complex E and 1/Q knowing some petro-physical parameters of the partially
saturated rock and saturating fluid: i) the bulk and shear moduli of the dry rock
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(Kdry and µdry), ii) the effective pressure at which the cracks are considered closed
(Ph), iii) the rock bulk modulus at effective pressure equal to Ph (Kh), iv) the bulk
and shear modulus of the mineral making up the rock (Kg and µg), v) the crack
porosity (Φc), vi) the crack aspect ratio (α), vii) the viscosity of the fluid ( ηf ), and
vii) the fluid bulk modulus (Kf).
Besides the squirt flow parameters, and with the exception of Φc and α, the
complex E and 1/Q, calculated for the patchy saturation model (White, 1975;
Dutta and Odé, 1979) requires knowing: i) the rock porosity (Φ), ii) the rock
permeability (κ), iii) the gas and liquid phase density, bulk modulus, and viscosity
(ρa, ρl, Ka, Kl, ηa and ηl, with subscripts “a” and “l” for gas and liquid phase
respectively). Finally, the saturation in liquid phase (i.e. SW or SGW see Table 5.2)
and the radius of the spherical patch (rp) must be known. The patch defines the
rock domain impregnated with a fluid different from the fluid impregnating the
surrounding domain.
Table 5.2. Summary of attenuation and Young modulus measurements for
frequency between 1 and 100 Hz. SW and SGW stand for saturation in water and GWmix
respectively.

Sample
BS3
BS2
BS3
BS3
BS3

Saturation
Dry
S W=60%
S G W=53.5%
S G W=80.2%
S G W=86.4%

P c < 14 MPa
E [GPa]
Q
89 - 170
16 - 24
12 - 140
12 - 21
16 - 110
15 - 24
10 - 85
14 - 23
13 - 100
15 - 25

P c > 14 Mpa
E [GPa]
Q
250
26
140
25
130
25
120
25.5
150
26.5

5.4 Results
In this contribution we report the measurements for seven cases:
case i)

sample BS2 saturated with 60% water (SW=60%);

case ii)

sample BS3 when dry;

case iii)

sample BS3 saturated with 53.5±1.6% GWmix (SGW=53.5%);

case iv)

sample BS3 saturated with 80.2±2.3% GWmix (SGW=80.2%);
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case v)

sample BS3 saturated with 86.4±2.5% GWmix (SGW= 86.4%);

case vi)

sample BS3 saturated with 35.6±1.1% GWmix (SGW= 35.6%);

case vii)

sample BS3 saturated with 71.6±2.1% GWmix (SGW= 71.6%);

the remaining pore volume was saturated in air (Sa%=100 - SGW or Sa%=100 - SW).
Attenuation of dry sample (case ii) was frequency-independent and ~0.01,
while the Young modulus (E) was increasing as a function of frequency.
Increasing E and constant 1/Q are consistent with the nearly constant Q model
(NCM), thus the measurements were interpolated with the NCM (Liu et al., 1976,
Figure 5.3 and 5.4).

Figure 5.3. Measurements for dry Berea sandstone. A) Dynamic Young modulus and
B) attenuation in the bandwidth 1-100 Hz. Results are interpolated with the nearly constant
Q model (Liu et al., 1976).

For each confining pressure (Pc) of case ii E and Q were averaged over the
entire bandwidth showing that the higher the Pc, the higher the averaged values.
As a general trend, Q increases from ~90 to ~250 and E increases from~17 to ~26
GPa while confining pressure increases from 2 to 20 MPa (Figure 5.3).
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Figure 5.4. Close up of Figure 5.3 for Pc = 6 MPa. Fit is performed with the nearly
constant Q model of Liu et al. (1976).

Measurements conducted on wet samples were divided in two groups:
measurements at i) low (<14 MPa) and ii) high (≥14 MPa) confining pressure.
Measurements at low confining pressure are frequency-dependent (Figure 5.5,
5.6, 5.7 and 5.8). Q of the water saturated sample (BS2) decreases from 100 to 12
with increasing frequency (case i, SW = 60%, Figure 5.5). The increase in Pc from
0 to 10 MPa is concomitant with the increase of 1/Q, especially for frequencies
around 100 Hz (Figure 5.5). On the contrary the increase of Pc from 10 to 14 MPa
is concomitant with the decrease of 1/Q, especially for frequencies around 100
Hz.
Similarly, measurements conducted on the samples saturated with GWmix
(BS3) are frequency-dependent, and 1/Q varies according to the confining
pressure (cases iii, iv and v). 1/Q for case iii (SGW = 53.5%) is statistically lower
than the 1/Q measured for cases iv and v (SGW = 80.2% and 86.4%, see Figure 5.6,
5.7 and 5.8). Indicating that the higher the saturation, the higher the attenuation.
High confining pressure measurements are nearly frequency independent,
with attenuation values similar to those measured for the dry sample (case ii).
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Figure 5.5. Measurements for Berea sandstone saturated with water and air
(SW=60%). A) Dynamic Young modulus and B) attenuation in the bandwidth 1-100 Hz.
Results are interpolated with the nearly constant Q model of Liu et al. (1976) and the
standard linear solid model (Carcione, 2007).
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Figure 5.6. Measurements for Berea sandstone saturated with GWmix and air
(SGW=53.5%). A) Dynamic Young modulus and B) attenuation in the bandwidth 1-100 Hz.
Results are interpolated with the nearly constant Q model of Liu et al. (1976) and the
standard linear solid model (Carcione, 2007).
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Figure 5.7. Measurements for Berea sandstone saturated with GWmix and
air(SGW=80.2%). A) Dynamic Young modulus and B) attenuation in the bandwidth 1-100 Hz.
Results are interpolated with the nearly constant Q model of Liu et al. (1976) and the
standard linear solid model (Carcione, 2007).
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Figure 5.8. Measurements for Berea sandstone saturated with GWmix and air
(SGW=86.4%). A) Dynamic Young modulus and B) attenuation in the bandwidth 1-100 Hz.
Results are interpolated with the nearly constant Q model of Liu et al. (1976) and the
standard linear solid model (Carcione, 2007).

Figure 5.9. Close up of Figure 5.7. Fits for sample BS3 saturated with 80.2% of
GWmix and air and confined at 4 MPa. A) First step of the fitting with the nearly constant Q
model of Liu et al. (1976). B) Second step of the fitting with the standard linear solid model
(Carcione, 2007).
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Assuming combined attenuation mechanism generating the overall 1/Q
(i.e. superposition principle, (Johnston et al., 1979)), we adopted an interpolation
strategy to fit our results. Measured E for wet samples increased approximately
linearly for frequencies <20 Hz (Figure 5.5, 5.6, 5.7 and 5.8). Thus, E
measurements for frequencies between 1 and ~20 Hz have been interpolated with
the ENCM (Equation 5.5), and the 1/QNCM has been calculated employing Equation
5.4, and substituting E with ENCM (see section 2.4.1). 1/QNCM estimates the
minimum value of 1/Q (Figure 5.9A).
The difference between the measured 1/Q and the 1/QNCM has been
interpolated employing the SLS (1/QSLS, Equation 5.7). The previous steps
provided the E0, t0 and td which allowed calculating ΔESLS (Equation 5.8, see
section 2.4.2). Finally, the sum of 1/QNCM and 1/QSLS was compared with the
measured 1/Q, while the sum of ENCM and ΔESLS was compared with the measured
E (Figure 5.9B).
For each curve reported in Figure 5.5B, 5.6B, 5.7B and 5.8B we calculated
the largest and the smallest attenuation (Max(1/Q) and Min(1/Q)). We also
calculated the averaged value of E for each curve reported in Figure 5.5A, 5.6A,
5.7A and 5.8A. Max(1/Q), Min(1/Q) and averaged value of E are reported in
Figure 5.10 and Table 5.2.

Figure 5.10. Minimum (Min(1/Q)) and maximum (Max(1/Q)) of 1/Q in the
bandwidth 1-100 Hz measured for samples BS2 and BS3. Averages of the Young modulus
(E) measured in the bandwidth 1-100 Hz. Pc stands for confining pressure.
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Longitudinal (Vp) and transverse (Vs) ultrasonic wavespeeds of dry BS5s
increase non-linearly for confining pressures <20 MPa. Similar results were
obtained for longitudinal ultrasonic wavespeeds measured for dry and partially
saturated BS3 (Figure 5.11). Saturated BS3 exhibits higher velocities than dry
BS3. The measured ultrasonic wavespeeds (V) have been interpolated with:
V = A + B ⋅ Pc − C ⋅ e( − D⋅Pc )

(5.10)

where A, B, C and D are the best-fit parameters to be found (Table 5.3) (EberhartPhillips et al. 1989).

Figure 5.11. Longitudinal (Vp) and transversal (Vs) wavespeeds measured for
samples BS5s and BS3 at various confining pressures (Pc) and saturations (SW or SGW).
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Table 5.3. Best fit parameters to calculate seismic velocities of dry Berea sandstone
at varying confining pressure according to Equation 5.10 in text.

VP

VS

A [m/s]
-1
B [m/s Pa ]

3601
2413
-6
-6
4.2x10 0.86x10

C [m/s]
-1
D [Pa ]

1192
533
-6
-6
0.16x10 0.08x10

5.5 Discussion
5.5.1 Frequency-independent results
Attenuation measurements are frequency-independent in two cases: i) dry
Berea sandstone at any confining pressure, and ii) saturated Berea sandstone at
confining pressure ≥14 MPa. These measurements are validated by the good fit
with the nearly constant Q model (Figure 5.3 and 5.4). Frequency-independent Q
is consistent with seismic wave attenuation due to friction (Walsh, 1966) but not
with the thermoelastic relaxation mechanisms and the matrix viscoelasticity
(Nowick and Berry, 1972; Kjartansson, 1980). Furthermore, Q, E and ultrasonic
velocities increase with confining pressure. E and ultrasonic velocities increase as
a consequence of cracks closure (Zimmerman, 1991), which causes also the
increase of grains adherence, and thus might lower the friction-related attenuation
(Walsh, 1966).

5.5.2 Frequency-dependent results
Attenuation measurements are frequency-dependent for wet Berea
sandstone and confining pressure <14 MPa. These measurements are validated by
the good fit with the sum of the nearly constant Q model (NCM) and the standard
solid model (SLS) (Figure 5.5, 5.6, 5.7 and 5.8). The fit indicates also that the
measured E and Q obey to the Kramers-Kronig relation (Lakes, 2009), and that
the measured total attenuation is the sum of at least one frequency independent
and one frequency-dependent mechanism. We assume that seismic wave
attenuation due to friction, which is responsible for frequency-independent
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attenuation, is active also for wet samples (Johnston et al., 1979). However, the
frequency-dependent attenuation could be explained with patchy saturation and
squirt-flow mechanism (White, 1975; Mavko and Jizba, 1991).

5.5.3 Interpretation of the observed frequency-dependent
attenuation
In the next paragraph some theoretical models will be employed to justify
the observations. The petro-physical parameters employed in the modeling and
their values are listed in Table 5.3, 5.4 and 5.5.
Table 5.4. Petro-physical parameters employed for modeling.

Parameter
Kg
µg
Eg
Φ
ρr
Ka
ρa
ηa
KW
ρW
ηW
KG
K GW
ρ GW
η GW

Value
36
44

quartz bulk modulus [GPa]
quartz shear modulus [GPa]

93
0.205
2110

quartz Young's modulus [GPa]
porosity
density of dry rock [kg/m3]

0.15
1.25
0.02
2.2
1000
0.001
4.5
3.5
1121
0.011

bulk modulus of air [MPa]
3
density of air [kg/m ]
viscosity of air [mPa s]
bulk modulus of water [GPa]
3
density of water [kg/m ]
viscosity of water [Pa s]
bulk modulus of glycerin [GPa]
bulk modulus of Gwmix [GPa]
3
density of Gwmix [kg/m ]
viscosity of Gwmix [Pa s]

5.5.3.1 Open boundary conditions
Attenuation measurements in saturated samples could be biased if an openpore boundary condition is applied on the sample (Gardner, 1962; Dunn, 1986).
We therefore had to check that this phenomenon did not affect our results.
We employed the analytical solution provided by Dunn (1986), to
calculate the attenuation related to the open-pore boundary condition for a sample
of Berea sandstone saturated with water. As input parameters we utilized the E
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measured for the sample BS2, and we considered a Poisson ratio (ν) ranging
between 0.1 and 0.3 (Zimmerman, 1991). We also used: matrix bulk modulus
(Kg), rock density (ρr) and the BS2 permeability (κ) (Table 5.1 and 5.4).
Attenuation is, in that case, always <0.006 over the whole bandwidth 1100 Hz (Figure 5.12). In addition, open-pore boundary effect is more dominant
for fully saturated conditions (Dunn, 1986). For these reasons and because the
sample was sealed to limit this phenomenon, we assumed that our measurements
were not biased by this effect.

Figure 5.12. Comparison between attenuation in sample BS2, 60% water saturated
and Pc = 0 MPa (circles), and the attenuation caused by open-pore boundary conditions at
different confining pressures calculated according to Dunn (1986).

5.5.3.2 Theoretical modeling of data
Values of attenuation for saturated Berea sandstone are related to i) the
presence of a liquid phase within the pores and to ii) the stress condition. The two
possible mechanisms generating frequency-dependent attenuation, patchy
saturation and squirt flow, are modeled according to White (1975), Dutta and Odé
(1979), and Gurevich et al. (2010).
a) Evidence for patchy saturation

143

Chapter 5

Patchy saturation stiffens the saturated rock when excitation frequencies
are ˃˃fpatchy (Equation 5.9), while for frequencies <<fpatchy the rock stiffness is not
affected. The two frequency limits (>>fpatchy and <<fpatchy) are also called
“unrelaxed” and “relaxed” limits, respectively.
Gassmann’s equation allows estimating the bulk modulus of a saturated
rock (Ksat), knowing the bulk modulus of the most abundant mineral making up
the rock (Kg), the bulk modulus of the dry rock (Kdry), the bulk modulus of the
fluid (Kf), and the rock porosity (Φ):

K=
K dry +
sat

(1 − K dry / K g ) 2

(5.11)

Φ / K f + (1 − Φ ) / K g − K dry / K g 2

(Gassmann, 1951). Equation 5.11 assumes that the rock shear modulus does not
change with saturation ( µdry = µsat ).
Depending on the stress-strain condition the minimum and the maximum
bulk modulus that a composite fluid can assume (Kf) is dictated by the Reuss and
the Voigt average, respectively. In the case of GWmix-saturated samples the
Reuss average is given by:

(1 − SGW )
S
1
= GW +
K f-Reuss K GW
Ka ,

(5.12)

and the Voigt average is given by:
K=
SGW K GW + (1 − SGW ) K a
f-Voigt

(5.13)

where SGW and KGW are the saturation and the bulk modulus of GWmix, and Ka the
air bulk modulus (Mavko et al., 2009). The bulk modulus of GWmix was
previously calculated as the Voigt average of the glycerin – water mixture
=
( KGW 0.55K G + 0.45K W ) . Substituting in Equation 5.11, Kf with Kf-Reuss and KfVoigt

we obtained the so-called Reuss and Voigt bounds. The Reuss and the Voigt

bounds estimate the bulk modulus of the saturated rock (Ksat) for the “relaxed”
and the “unrelaxed” limit respectively. We calculated Ksat for the “relaxed” and

144

Attenuation in partially saturated Berea sandstone

the “unrelaxed” limit as a function of GWmix saturation and for confining
pressures equal to 2, 6, 10 and 14 MPa (Figure 5.13).

Figure 5.13. Young modulus measured at low frequencies (1-10 Hz, ELF) and at
ultrasonic frequencies (0.1 MHz, EHF) compared with the relaxed and the unrelaxed effective
elastic media. Unrelaxed effective media is a proxy for patchy saturation effect (Mavko et al.,
2009).

Bulk and shear moduli for the dry rock (Kdry and µdry) were estimated
employing the longitudinal (Vp) and the transverse (Vs) ultrasonic wavespeeds
measured on the sample BS5s (Equation 5.10, Table 5.3). The general equations
estimating K and µ from Vp and Vs are:
4
K Vp 2 ρ r − µ
=
3 ,
µ = VS2 ρ r

(5.14)

(5.15)

where ρr is the rock density. These estimates consider the modulus dispersion to
be negligible between the ultrasonic and the seismic frequencies. In fact,
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considering a constant 1/Q equal to 0.01 and Equation 5.4 (NCM) the variation of
elastic modulus from 102 to 105 Hz would be <5%. Young modulus of the
saturated rock (Esat) was calculated as:
Esat =

9 K sat µdry

(5.16)

3K sat + µdry

(Mavko et al., 2009).
Our dataset is composed of elastic parameters measured at seismic
frequencies (theoretically closer to the “relaxed” limit) and at ultrasonic
frequencies (theoretically closer to the “unrelaxed” limit). In particular we have: E
measured with the sub-resonance method (average of E between 1 and 10 Hz,
ELF), and E calculated with the ultrasonic wavespeeds (EHF, Equation 5.14, 5.15
and 5.16). ELF and EHF follow the “relaxed” and the “unrelaxed” limit,
respectively (Figure 5.13), are very similar for dry Berea sandstone; and their
dispersion decreases with increasing confining pressure (i.e. the distance between
EHF and ELF decreases for increasing Pc). These results suggest that 1/Q for dry
Berea sandstone in the bandwidth 10 ∼ 105 Hz is low because ELF is ≈ EHF.
Contrary to the predictions, the fact that EHF is not >ELF could be related to the
estimate of the shear modulus which was measured on BS5s rather than on BS3.
However, considering constant 1/Q ~0.01 the dispersion between 10 Hz and 105
Hz should be ~7%, comparable to the error bars (Liu et al., 1976; Mavko et al.,
2009).
Results for saturated conditions suggest that a wave induced fluid flow
mechanism is more active for low confining pressures because lower the
confining pressure, higher the dispersion of E. Gassmann (1951) do not predict
the decrease of E between dry and 35.3% GWmix saturated sample. This is
common in sandstones and, according to the literature, it is related to the softening
of the cement or the swelling of the clay minerals in grain boundaries (Cadoret,
1993).
b) Evidence for squirt flow
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Squirt flow could explain the observed variation of frequency-dependent
attenuation with Pc, which acts on the rock lowering the cracks aspect ratio
(α) and increasing the rock moduli (Zimmerman, 1991). These variations lead to a
shift in fsquirt which for a specific frequency, leads to a variation of the attenuation
value (Equation 5.8).
The compressibility (1/Pcc) of a tubular crack of elliptical cross-section
under conditions of plane-stress is given by:

1
2 
1
=
α + 
Pcc Eg 
α

(5.17)

where Eg is the Young modulus of the most abundant mineral making up the rock
(Walsh, 1965). Considering α ranging from 10-4 to 10-3 the effective pressure
needed to close the ellipsoidal holes will range between 4.7 and 47 MPa. Closure
of crack-like voids causes also the non linear increase of ultrasonic wavespeeds
(Zimmerman, 1991). In our case ultrasonic wavespeed measurements exhibit non
linearity for Pc <20 MPa (Figure 5.11), and because the pore pressure in our
experiments was equal to room pressure, Pc is a proxy for effective pressure.
The evolution of the crack aspect ratio with confining pressure (Figure
5.14) has been estimated employing the fitting curves of the attenuation
measurements (Figure 5.5, 5.6, 5.7 and 5.8) and calculating at which frequency
the largest attenuation occurs (fminQ). Then we substituted fsquirt with fminQ in
Equation 5.8 and we solved the equation for α. K0 was estimated from the
ultrasonic wavespeeds (Equation 5.15 and 5.16) and the viscosity was equal to ηW
or ηGW according to the considered case (Table 5.1; Figure 5.14). Estimated crack
aspect ratios of studied samples range between 2x10-4 and 8x10-4 with a confining
pressure derivative of~0.25x10-4 MPa-1 (for Pc≤ 8 MPa). For confining pressures
>8 MPa crack aspect ratios increase, which could be related to the complexity of
the crack network, interactions and closure with confining pressure. The estimate
reported here is an approximation of the mean value of the aspect ratio population
meaningful only for modeling. For Pc≥14 MPa frequency-dependent attenuation
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vanishes. This agrees with the squirt flow theory that predicts reduced attenuation
once the cracks are closed.

Figure 5.14. Variation of the crack aspect ratio as a function of confining pressure
according to Jones (1986) and the frequency at which the maximum of attenuation occurs.

5.5.4 Squirt flow vs patchy saturation modeling
It is not still clear what is the dominant mechanism generating the
observed frequency-dependent attenuation. Thus we calculated the attenuation
generated by squirt flow and patchy saturation mechanisms employing the models
proposed by Gurevich et al. (2010), and White (1975), respectively. The two
models have been applied to saturated Berea sandstone at different physical
conditions. Selecting three confining pressures: 2, 8 and 12 MPa, and three
saturation degrees we defined 9 cases (Figure 5.15and 5.16):
cases 1, 2 and 3: sample BS3 53.5% GWmix saturated (SGW = 53.5%);
cases 4, 5 and 6: sample BS3 86.4% GWmix saturated (SGW = 86.4%);
cases 7, 8 and 9: sample BS2 60% water saturated (SW = 60.0%).

5.5.4.1 Parameter evaluation for modeling
The parameters employed to evaluate the two models are listed in Table
5.3, 5.4 and 5.5 and here it is explained how they have been obtained. We
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employed the ultrasonic wavespeeds measured on BS5s to calculate the bulk and
shear modulus of the dry rock (Kdry and µdry, respectively), and the bulk modulus
of the dry rock (Kh) for the confining pressure (Ph= 40 MPa) at which cracks are
closed (Figure 5.14, Equation 5.10, 5.14 and 5.15). Crack-related porosity (Φc) as
a function of the confining pressure (Pc) was calculated as:

P
Φ c =Φ c0 exp  c 
 Ph 

(5.18)

where Φ c0 is the compliant porosity at zero confining pressure, which is given by:

 P 
1
1 Φ c0
−=
exp  − c 
K dry K h
Ph
 Ph 

(5.19)

(Shapiro, 2003; Gurevich et al. 2010). Calculation yielded Φc0 from 0.6 to 0.1%
for Pc ranging from 0 to 15 MPa, such an interval is in agreement with the
literature (Tosaya, 1982). For the modeling we utilized as crack aspect ratios (α)
the values indicated in Figure 5.14. The squirt flow model of Gurevich et al.
(2010) requires also viscosity and bulk modulus for the composite fluid. Viscosity
of GWmix – air mixtures was estimated using the relation given by Teja and Rice
(1981):
ηf = η a (ηGW / η a ) S

GW

(5.20)

The viscosity of water – air mixtures was estimated substituting ηGW with
ηW in Equation 5.20 (Table 5.4). Bulk modulus of the composite fluid (Kf) was
calculated with both the Reuss (Kf-Reuss) and the Voigt (Kf-Voigt) average to estimate
the minimum and the maximum value (Equation 5.12 and 5.13). Squirt flow
model calculated considering Kf = Kf-Reuss gives always attenuation <0.004,
therefore only the squirt flow model calculated considering Kf = Kf-Voigt will be
further considered.
We calculated also the attenuation in a partially saturated porous media
according to the patchy saturation model (White, 1975; Dutta and Odé, 1979).
Partial saturation was obtained considering a fully saturated spherical domain (i.e.
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patch) with radius rp = 50 mm included in the porous media. Depending by the
saturating liquid, defined in the nine cases (1 - 9), we imposed the following
parameters: i) overall liquid phase saturation equal to SGW or SW; ii) liquid phase
density equal to ρGW or ρW; iii) liquid phase bulk modulus equal to KGW or KW; and
iv) liquid phase viscosity equal to ηGW or ηW (Table 5.5).
Table 5.5. Petro-physical parameter used to calculate the patchy saturation and the
squirt flow effect according to White (1975), Dutta and Odé (1979) and Gurevich et al.
(2010).

Squirt flow
Test
BS3,
S GW=53.5%
BS3,
S GW=86.4%
BS2,
S W=60%

Patchy saturation

12
Pc
η x103 K f-Voigt κ x10
Φc [%] α x103 f
[MPa]
[Pa s] [GPa] [m2]

2

0.56

0.67

8

0.15

0.51

12

0.09

0.46

2

0.56

0.70

8

0.15

0.62

12

0.09

0.60

2

0.56

0.31

8

0.15

0.24

12

0.09

0.23

0.58

rp
[m]

ρl

Kl
ηl x103
[GPa]
[kg/m ]
[Pa s]
3

1.85
1.0

4.66

2.99

0.21

1.32

1121

3.5

11.0

1000

2.2

1.0

0.05

0.75

5.5.4.2 Comparison
Interpolants of 1/Q and E, calculated with the SLS model, were compared
to the squirt flow model (Gurevich et al, 2010) and the patchy saturation model
(White, 1975; Dutta and Odé, 1979) (Figure 5.15 and 5.16).
Attenuation values given by the squirt flow model (calculated with Kf=KfVoigt)

are frequency-dependent in the bandwidth 1 - 100 Hz, but they strongly

underestimate the measurements (Figure 5.15, comparison between symbols and
dark-gray line). On the other hand, attenuation values given by patchy saturation
model are accurate in 3 cases. They slightly underestimate the measurements in
two cases (case 3 and 5), and strongly underestimate the measurements in four
cases (Figure 5.15, comparison between symbols and light-gray line). Modeled E
overestimates systematically the measurements of 1 ~ 4 GPa, and only patchy
saturation shows significant dispersion in the considered bandwidth (Figure 5.16).
The largest discrepancy between model results and measurements occurs
for Pc = 8 MPa. This suggests that the models fail describing the evolution of the
150

Attenuation in partially saturated Berea sandstone

petro-physical parameters of Berea sandstone with confining pressure, although
the patchy saturation mechanism is more efficient in describing data.

Figure 5.15. Comparison between measured and calculated 1/Q for squirt flow and
patchy saturation models. The number between parentheses on the top-left corner of each
panel defines the case according to the text.
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Figure 5.16. Comparison between measured and calculated E for squirt flow and
patchy saturation models. The number between parentheses on the top-left corner of each
panel defines the case according to the text.

5.5.5 Patchy-squirt relation and displacement modes at the
cracks surfaces
Squirt flow and patchy saturation are commonly treated as separate
mechanisms (Mavko et al., 2009). Attenuation and dispersion due to patchy
saturation result from pressures differences between two mesoscopic portions of
the rock. In the case of saturation heterogeneities, patchy saturation causes
attenuation and dispersion (i.e. stiffens the rock) because the fluids have no time
(i.e. the excitation is too fast) to escape and equilibrate with neighbor patches.
When cracks are open (i.e. at low confining pressures) fluid pressure variation in
the mesoscopic scale is also the result of crack deformations because any stress
perturbation (e.g. seismic wave) acts prior on the compliant part of the porous
media (Zimmerman, 1991). Thus, the mechanism responsible for squirt flow (i.e.
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crack squirting), albeit unable to generate attenuation for local fluid pressure
disequilibrium (i.e. squirt-flow), could generate mesoscopic pressure increase, and
patchy saturation attenuation.
The disappearance of the frequency dependent attenuation for Pc≥ 14 MPa
could be related to the closure of the cracks and/or the variation of the
displacement mode at the crack surfaces. In unconfined and uniaxially stressed
specimens strain concentrates mostly in the vertical splitting and horizontal
closure of the cracks (i.e. mode I or tensile), while in confined conditions, a
differential stress causes strain concentration in two conjugated faults inclined to
σ1 (Jaeger et al., 2007). Such a variation underlines a dominant variation in
displacement mode at the crack surfaces (from mode I to mode II and III). We
should consider that a variation of displacement at the crack surfaces might cause
different interactions between solid and saturating fluids generating, as a
consequence, different fluid pressures and attenuation signals.

5.6 Conclusions
Seismic wave attenuation, Young modulus and wavespeeds have been
measured for dry and partially saturated Berea sandstone confined under variable
confining pressure (0 – 40MPa). Seismic wave attenuation and Young modulus
have been investigated at frequencies between 1 and 100 Hz. The Young modulus
has been also investigated at ultrasonic frequencies (f ~ 105 Hz). Attenuation for
partially saturated conditions and Pc< 14 MPa is frequency dependent and as low
as 0.08.
Low frequency and ultrasonic Young modulus are compatible with the
effective elastic model calculated for relaxed and unrelaxed conditions,
respectively. This suggests the occurrence of patchy saturation attenuation.
Calculations and ultrasonic measurements indicate that cracks in Berea sandstone
close for Pc~20 MPa, and theoretical models show that patchy saturation,
although not accurate, is more efficient in describing the results. In particular,
without excluding the occurrence of squirt flow, patchy saturation is indicated as
the dominant mechanism for the frequency-attenuation observed in partially
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saturated Berea sandstone. The variation of attenuation, as function of confining
pressure, could be explained by rock compliance decreasing and cracks closure.
The interplay between displacement mode at the crack surfaces and fluid pressure
might be responsible of such a behavior and should be investigated further.
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6 Discussion
The results and the consequent implications presented in this dissertation
add a step towards comprehension of the values and mechanisms governing
viscoelasticity in geomaterials. Four goals have been achieved:
1) Acquisition of the know-how required for measuring elastic parameters
at seismic frequencies in the laboratory;
2) Production of a complete dataset of attenuation measurements for Berea
sandstone at different saturation degrees and confining pressures to help
understanding seismic wave attenuation in partially saturated rocks;
3) Accomplishment of a dataset of fluid pressure measurements that,
compared to numerical models, explains attenuation mechanisms in partially
saturated rocks;
4) Study of the elastic properties of compacted bentonite as a function of
temperature, confining pressure and water content. The dataset might be used to
measure remotely the physical-chemical state of waste repositories sealing
devices.
These four points have been discussed in previous chapters they are now
summarized and briefly discussed before enouncing outlooks and possible
improvements.

6.1 BBAV and attenuation measurements
The new instrument able to measure seismic wave attenuation at seismic
frequencies and confining pressures up to 25 MPa in a 250 mm length and 76 mm
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diameter sample was designed, built, and employed to produce several datasets
that are the topic of five publications in peer-reviewed journals.
The BBAV has been used to study seismic wave attenuation in the
bandwidth 1 - 100 Hz in Berea sandstone. The main finding is the relation
between saturation in liquids and attenuation, besides the relation between
confining pressure and attenuation. Attenuation is frequency dependent and ~0.08
for confining pressures <14 MPa, frequency ~100 Hz and partially saturated
Berea sandstone. Such attenuation value is one order of magnitude higher than
that found for dry Berea sandstone. The high value of attenuation and the
frequency dependent characteristic make relevant the finding for geophysics
exploration because, subsurface imaging based on viscoelastic models might
largely differ from imaging based on purely elastic models.
On the other hand, some experiments remain to be published after their
completion. For instance, a test with Berea sandstone ∼100% saturated with water
– glycerin mixture and effective pressure of 19 MPa revealed the presence of an
attenuation mechanism at low frequencies. This attenuation mechanism was
dominant at 0.3 Hz, and disappeared as soon the fluid and the confining pressures
were increased by 4.5 MPa (Figure 6.1).
This result indicates significant attenuation at low frequencies also for
almost fully saturated and confined Berea sandstone. A similar mechanism, but
dominant around 5 Hz, was observed with a slightly lower saturation degree. Such
a behavior should be investigated systematically because it might help explaining
attenuation in fully saturated water or hydrocarbons reservoirs.
To help formulating a more complete theory describing seismic wave
attenuation in dry and saturated rocks, other lithologies and physical states should
be experimentally tested. A modified experimental setup could improve the
capabilities of the apparatus by allowing new experiments, and reducing
uncertainties on the measurements. Implementations of the methods are the topics
of the following paragraphs.
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Figure 6.1. Low frequency Young modulus (E) and attenuation (1/Q) for a nearly
100% saturated Berea sandstone. The saturating fluid is a mixture of water and glicerol (45
and 55volume %,respectively) and air (probably less than 1%). The effective pressure (PE) in
the two test are equal (PE= Pc – Pf) but the signals are different. Data are interpolated with
phenomenological models (Chapter 5).

6.1.1 Ultrasonic VS
At the moment, the BBAV can measure only ultrasonic longitudinal
wavespeeds. Therefore, it is impossible to directly compare high to low frequency
moduli. Young modulus at ultrasonic frequencies was computed measuring the
transverse wavespeed on a dry rock with a separate apparatus and we assumed no
variation of shear modulus for varying saturation. Such an approximation is
generally accepted (Gassmann, 1951), but actually measuring the correct
transverse velocity would be more appropriate. Therefore the first instrumental
improvement should be adding a couple of shear piezoelectric transducers in the
sample holders (Figure 6.2).
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Figure 6.2. Positions of the emitter and the receiver for measuring longitudinal
wavespeeds (VP) in the BBAV The red stars indicate the possible positions of the transducers
for measuring transverse wavespeeds (Vs).

6.1.2 Poisson ratio
Measurements of low frequency seismic wave attenuation performed with
the BBAV are limited to the extensional mode (1/QE). Forerunner instruments can
measure the complex shear modulus and the related attenuation (1/QS).
Attenuation in shear mode is an important parameter that can give information on
the physical state of the rock. For example Batzle et al., (2006) employed strain
gauges mounted transversally on a cylindrical sample to obtain the dynamic
Poisson ratio and, as a consequence, the complex shear-modulus. That setup is
restricted because deformation measurements are limited to the zone where the
strain gauge is glued, and results may be biased in case of heterogeneous rocks.
The BBAV employs a strain gauge cantilever to measure the bulk
shortening of the sample and, therefore, is less sensitive to the rock
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heterogeneities. But, it is more complicated to apply a radial cantilever to measure
the transverse strain and compute the Poisson ratio. The complication arises from
the fact that there is a jacket to seal the sample. In the BBAV, the jacket is made
of plastic and creates a double interface between the sample and the point of
application of the cantilever. This may alter the measurements, especially
considering that plastic has a very low Q (i.e. Q~10, Barton, 2007). Thus, to limit
such an effect, one should employ sensors that limit the stress exerted and the
deformation produced on the jacket. Spencer (1981) solved the problem by
employing capacitive sensors that do not need contact between the two poles. The
drawback is that the capacitive sensors are expensive and need sophisticated
electronic circuits.
Nowadays, magnetic sensors based on the Hall effect have been greatly
improved and have become relatively cheap and accurate (Hall, 1879). A couple
of such sensors has been chosen to verify their potential in measuring transverse
displacements (Honeywell, SS94 Series High Sensitivity Ratiometric Linear
Sensor). The two sensors were electrically connected providing a differential
voltage which is independent from external magnetic fields (i.e. electrical lines,
electric motors, fixed magnets).
The test started with numerical modeling of the voltage output generated
by two sensors placed side by side when a magnet moves in front of them at 1 mm
distance (Figure 6.3A). The magnetization vector field has been calculated in a 6
by 12 mm 2D box containing 200 nodes each side (Jackson, 1999). The magnet
was modeled as a magnetic dipole placed in the center of a ferromagnetic 4 mm
side square (the total magnetic field of the magnet was around 750 Gauss).
Material surrounding the magnet and the sensors was air (Figure 6.3A). Modeling
indicates a sensitivity value around 3 V/mm, which is similar to the sensitivity of
the cantilever already employed (Figure 6.3B).
Therefore a setup formed by two Hall effect sensors and a 300-1100 Gauss
magnet has been tested as suggested by the numerical experiment (Figure 6.3C).
The sensitivity measured was 3.7 V/mm. At the moment the cantilever employed
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in the BBAV has a sensitivity of ~2 V/mm. Therefore, Hall effect sensors are a
possible solution for measuring displacements in the BBAV

Figure 6.3. A) position of the Hall effect sensors and the magnet. The magnet moves
along Y (direction indicated by the double arrow). B) Voltage (V) and sensitivity (dV/dY) of
the sensors when the magnet moves. C) Real test, sensors lying side by side and magnet 1
mm apart from the sensors moving along Y (double arrow). D) Real signal recorded from
the test of panel C.

6.1.3 Heating system
Viscosity of the saturating fluid is one of the petro-physical parameter that
influences mostly the frequencies at which the Patchy saturation and the Squirt
flow mechanisms are dominants (Chapter 1). The effect of viscosity on the
frequency attenuation mechanisms has been investigated employing different
fluids impregnating the rock (i.e. water and water-glycerin mixture). The
drawback of this method is that not all liquids can be totally replaced by the new
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injected fluid and, in any case, the substitution procedure is largely time
consuming.
The viscosity of some fluids like oils varies by several orders of magnitude
with temperature (Spearot, 1989). For instance the viscosity of the silicon oil
Morlina 22 is 0.1 and 0.01 Pas at 5 and 55° C, respectively. Low to lukewarm
temperatures (e.g. 0 – 80° C) could be easily achieved employing Peltier cells
(Pollock, 1985). Several Peltier cells applied on the vessel can heat up or cool
down the sample. A thermal resistance might be included in the top sample holder
in the same way as the VP emitter (Figure 6.2), and another one in the bottom
sample holder. The two resistances work regulating the Peltier cells through a
temperature controller and ensure stable and accurate temperature in the sample.
Higher temperature could be achieved using an internal heating furnace, a
different confining medium (e.g. argon) and a smaller sample. Argon is stable
even at very high temperature (Paterson and Wong, 2005) and a smaller sample
allows placing the furnace far from the sensors, thus avoiding damages.

6.2 Fluid pressure transient
For the first time in the laboratory, wave-induced transient fluid pressures
have been experimentally associated to Patchy saturation attenuation mechanism
(Chapter 3). The measurements presented in Chapter 5 reveal that frequency
dependent attenuation in Berea sandstone tends to disappear for confining
pressures greater than ~14 MPa. It is thus crucial to perform some experiments
measuring the transient fluid pressure when the confining pressure applied on the
sample is >14 MPa. The idea is that for those confining pressures the transient of
fluid pressure and the relative fluid gradients decrease, limiting also the
attenuation.
The reason why fluid transient experiments have been conducted at room
conditions is related to the fact that the sensors employed cannot stand more than
0.3 MPa effective pressure.
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6.2.1 New sensors
New fluid pressure sensors able to stand effective pressures up to 25 MPa
have been designed and are already in the realization phase. The sensors have
been designed in the framework of this research and they will be produced in
collaboration with Metallux AG (http://www.metallux.ch). A transversal section
of a sensor is shown in Figure 6.4.
A 3 mm diameter 30 mm deep hole is drilled radially on the cylindrical
sample, and the sample jacket (hole 1). An aluminum ring with a 4 mm central
hole (hole 2) is glued onto the jacket. The axes of holes 1 and 2 are kept aligned.
A 3 mm diameter, 33 mm long pipe, connected to a back ring, hosts the sensitive
element. On the other end of the pipe, where the back ring is connected, the
electrical wires are connected to the electric connector. The other ends of the
electric conductors are connected to the sensitive element passing through the
pipe (conductors duct). The conductors duct is sealed with epoxy resin to isolate
the sample from the confining medium. Finally the back ring is fixed on the glued
ring by means of three screws, and the sealing is ensured by an O-ring placed
between the two rings.

Figure 6.4. Section of the new kind of sensors employed for fluid pressure transient
measurements.
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6.3 Low to high frequency bulk modulus dispersion
Elastic properties of compacted bentonite have been characterized for
varying confining pressures and temperatures (Chapter 4). The method employed
allows obtaining elastic parameters at ultrasonic frequencies, which is not the
bandwidth of interest for geophysical exploration. There is no reason to believe
that the relative variations established empirically would change with frequency.
Compacted bentonite is a key material for nuclear waste repositories because its
extraordinary sealing properties allow keeping isolated the slag form the
environment. Therefore it is important to monitor the physical-chemical state of
the sealing device using remote sensing technologies. Seismic tomography is one
of the tools that could be employed. As stated in Chapter 1, the better is material
characterization, the better imaging results are.
The variation of the wavespeeds as a function of the frequency could be
calculated with the nearly constant Q model assuming an attenuation value
according to the literature (Liu et al., 1976). If higher accuracy is needed, seismic
wave attenuation should be measured.

6.3.1 Comparison between High and Low frequency elastic
moduli
In Chapter 4, the bulk modulus of compacted bentonite was given for
ultrasonic frequencies (Table 6.1A). In fact, it was also possible to estimate the
“static” bulk modulus from the compaction tests (Table 6.1B). Static values of
elastic moduli tend to the values measured at low frequencies (Wyss et al., 2007;
Mavko et al., 2009). Dynamic moduli at seismic frequency are quite complex to
be obtained from static ones (Simmons and Brace, 1965; Cheng and Johnston,
1981; Ling et al., 2006; Wyss et al., 2007), but are important if one needs to
estimate an averaged value of 1/Q between seismic and ultrasonic frequencies.
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Table 6.1. A) Bulk modulus of compacted bentonite measured at ultrasonic
frequencies (f=105 Hz). B) Bulk modulus calculated from compaction tests of compacted
bentonite. These values give a rough estimation of the value expected for low frequencies
bulk modulus.

A)

B)

5

Bulk modulus [GPa] (T = 20° C) for frequency = 10 Hz
Wc
[%]
10
20
35
52

1
1.80
2.71
3.77
4.28

2
1.90
2.63
3.66
4.59

3
2.62
2.88
4.05
4.91

Confining Pressure [Mpa]
4
5
6
8
10
3.02 3.54 3.85 4.42 4.82
2.88 3.36 4.27 4.84 6.22
4.21 4.84 5.23 5.72 6.35
5.39 5.43 5.60 6.03 6.56

15
20
40
6.81 7.45 10.52
8.86 10.61 11.72
7.64 8.13 7.74
6.97 6.51 5.82

-3
Bulk modulus [GPa] (T = 20° C) for strain rate 10 -4 ~ 10 s

Wc
[%]
10
20
35
52

1
0.12
0.05
0.56
0.43

2
0.12
0.04
0.59
0.48

3
0.13
0.05
0.62
0.53

Confining Pressure [Mpa]
4
5
6
8
10
0.13 0.14 0.14 0.15 0.16
0.07 0.08 0.10 0.13 0.19
0.65 0.69 0.73 0.78 0.87
0.59 0.63 0.72 0.82 0.97

15
0.18
0.37
1.03
1.33

-1

20
0.22
0.90
1.32
1.89

40
0.33
2.87
2.19
3.11

A good solution would be employing the sub resonance method
(McKavanagh and Stacey, 1974) to measure the bulk modulus at low frequencies.
Following the work of Adelinet et al., (2010) the idea is to vary dynamically the
confining pressure in the vessel to cause the dynamic shrinking of the sample. For
isotropic materials, the volumetric strain could be estimated considering isotropic
strain (i.e. longitudinal strain equal to radial strain). For technical reasons,
Adelinet et al., (2010) could not achieve frequencies >1 Hz, and sinusoidal
stresses. In that case, the limitation was related to the pump and the piping
employed (Fortin, 2012 - personal communication).
This technical limitation can be solved employing a pump based on a
piezoelectric motor (e.g. P-025.200, http://www.physikinstrumente.com). The
piezoelectric motor acts on a piston, and the confining media (Figure 6.5). The
longitudinal and transverse strain on the sample and on a standard sample could
be measured by means of some strain gages glued on them.
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Figure 6.5. Piezoelectric pump to dynamically control the confining pressure and to
measure the dynamic bulk modulus. The vessel is connected to the pump through the
pressure duct. The piezoelectric motor induces a sinusoidal displacement on the piston. The
compensating duct is used to compensate the pressure on the two sides of the piston before to
start the dynamic measurements.

A one liter internal volume vessel on which the pump is connected is
considered here. When the piezoelectric motor displaces axially the 40 mm
diameter piston of 0.15 mm the internal volume of the vessel decreases by 1.9x107

m3. Assuming the bulk modulus of the confining media (i.e. oil) ∼2 GPa, the

increase in confining pressure will be ∼0.4 MPa. Such an increase in confining
pressure causes a volumetric strain of an aluminum sample (i.e. standard sample)
around 5.4x10-6 (bulk modulus of aluminum ~70 GPa), which is appropriate for
studying seismic wave attenuation (Karato and Spetzler, 1990).
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7 Conclusions
A new instrument suitable for measuring seismic wave attenuation in rock
samples has been designed, built, calibrated and utilized to produce new datasets
serving to understand the dissipation of elastic energy in geomaterials. To the best
of our knowledge, this apparatus employs the biggest rock sample ever used for
such experiments. This characteristic allowed running a new type of experiments:
five micro pressure sensors can be introduced in the porous media measuring the
evolution of the fluid pressure when the frame of the rock is deformed with an
axial strain of ∼10-5.
The coupling between rock deformation and fluid pressure is the key to
understand the wave induced fluid flow attenuation mechanisms. Thanks to the
experiments conducted during this research, fundamental relations between
attenuation and wave induced fluid flow mechanisms have been experimentally
confirmed. This dissertation leads to a more complete understanding of the
attenuation mechanisms occurring in the rocks crossed by seismic waves. Results
show that patchy saturation mechanism can be the responsible for large
attenuation in partially saturated rocks and frequencies ranging 1 – 100 Hz.
The variation of the elastic parameters of bentonite has been investigated
as a function of temperature, confining pressure and water content. Empirical
relations between these parameters have been established and justified with
theoretical models. This part of the research shows also that the extraordinary
sealing capacity of this clay mineral could be jeopardized in case of strong
dehydration.
The methodologies presented in this dissertation will be improved to
deliver new and more accurate results. Many other lithologies and conditions must
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be investigated to achieve a full comprehension of the relations between the
physical-chemical state and the visco-elastic properties of geomaterials.
This dissertation might help improving the accuracy of remote sensing
technologies which are less invasive and expensive than other exploration
methods. In addition, the improvements of these technologies could make them
valid tools for geodynamic studies, and forecasting tragic events such as volcanic
eruptions or earthquakes.
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Seismic Wave Attenuation Module

8.1 Abstract
A Seismic Wave Attenuation Module is developed to experimentally
measure the attenuation in extensional-mode QE-1 and the Young’s modulus of
copper jacketed, 60 mm long and 25.4 mm in diameter samples in a gas medium
(Paterson) rig. The new module is suitable for natural rock samples and was tested
under confining pressure up to 50 MPa and room temperature. The module is
−6

designed to operate at a strain < 10 , for which rocks behave linearly. To
calculate attenuation, both the applied force and the bulk shortening of the sample
are measured employing linear variable differential transformers. This technique
allows measuring samples with a high degree of heterogeneity. Attenuation at
low-seismic frequencies (10-2 - 102Hz) is obtained for rocks at dry and various
saturation conditions. We present a series of measurements on Berea sandstone in
a room-dry condition and saturated with different fluids: water and glycerine
solutions with viscosities of 10 cP and 22 cP, respectively, at a confining pressure
of 10 MPa and with a pore pressure of 1 MPa. The accuracy of the attenuation
data expressed as a phase shift is 0.0019 rad.

8.2 Introduction
Several mechanisms have been used to explain the fluid-related
attenuation and dispersion of seismic waves (e.g., Mavko, Mukerji and Dvorkin
2009). They are usually expressed in terms of a low-frequency limit (referred to as
a relaxed state), a high-frequency limit (an un-relaxed state) and a characteristic
frequency (also called transition frequency or corner frequency). The latter defines
the boundary between the two limits and represents the frequency where the
attenuation and the velocity gradient are highest.
Different mechanisms take place at different frequency ranges: for
instance, (i) the viscous shear mechanism (Walsh 1966) predicts remarkably high
attenuation only for frequencies higher than ultrasonic and only for highly viscous
fluids (ii) Biot’s theory is one of the most commonly used principles to study
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wave propagation in saturated porous rocks (Biot 1962). Standard Biot attenuation
due to the global flow mechanism predicts considerable attenuation only for
frequencies higher than seismic ones (e.g., Bourbié, Coussy and Zinszner 1987);
(iii) Biot’s theory can also be used to model attenuation in a low-frequency range
when used with patchy saturation and/or double-porosity models. Indeed, patchy
saturation predicts high attenuation in the low-frequency range for realistic
material properties (e.g., White 1975; Pride, Berryman and Harris 2004; Quintal
et al. 2011). Double porosity models also explain attenuation in the low-frequency
range (Berryman and Wang 1995; Pride and Berryman 2003a, b; Quintal et al.
2012). (iv) The squirt-flow mechanism (Mavko and Nur 1975; O’Connell and
Budiansky 1977) is due to fluid flow from compliant pores to stiff pores and may
be active in the seismic frequency range of reservoir rocks (e.g., Adelinet et al.
2010). Analytical and theoretical models were applied along with limited
laboratory experiments. The latter were performed to investigate frequencydependent attenuation signatures in saturated rocks over relevant seismic and
sonic frequencies. Experimentally, McCann and Sothcott (2009) highlighted that
ultrasonic pulse/echo techniques are practically impossible to apply within the
sonic and seismic frequency range. The seismic wavelength for any kind of rock
in this frequency range will be several orders of magnitude larger than a
centimetre-sized sample. For instance, considering 3000 m/s as the compressional
wave velocity VP and frequency f ranging between 1–1000 Hz, the wavelength λ
will range between 3000 – 3 m, respectively (i.e., λ= VP / f). Over the last four
decades, two kinds of complementary techniques have been developed to measure
attenuation in the low-frequency bandwidth (f <10 kHz): (i) the sub-resonance
method consists in measuring the phase and the amplitude response (McKavanagh
and Stacey 1974; Spencer 1981; Peselnik and Liu 1987; Paffenholz and Burkhard
1989; Batzle, Han and Hofmann 2006; Jackson et al. 2011; Takei, Fujisawa and
McCarthy 2011). This method allows measurements between 10−2–102 Hz at
strain amplitudes <10−6, which are appropriate to study phenomena related to
seismic wave propagation. This method was also used in the present study. (ii)
The resonance bar technique extends the frequency range analysed for sonic
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frequencies (e.g., Winkler and Nur 1982; O’Hara 1985; O’Hara 1989; Lucet,
Rasolofosaon and Zinszner 1991; McCann and Sothcott 2009).
The goal of this paper is to describe the Seismic Wave Attenuation Module
(SWAM), a new laboratory module that measures the extensional-mode
attenuation (QE-1 where QE is the quality factor) from 10−2–102 Hz in fluid-bearing
rocks. Natural samples can be used in an efficient way by employing Linear
Variable Differential Transformers (LVDTs) and using the sub-resonance method.
The module achieves very high resolution in the frequency domain. This is a key
feature since the details of a single mechanistic Kramers-Kronig cycle will likely
manifest over a frequency band of about one order of magnitude (Mavko et al.,
2009). With the SWAM, attenuation measurements can be obtained under
confining pressures with a sample exhibiting any degree of heterogeneity and
anisotropy since the LVDTs allow measuring the attenuation QE-1 through the
entire sample length.
For the sub-resonance method, a common laboratory technique has relied
on local strain measurements performed with strain gauges placed at one or more
locations of a cylindrical sample. With such measurements, it must be assumed
that the material is homogeneous at the sample scale, disregarding the pore and
fluid mobility dependence of the measurements. This assumption has important
implications on how representative the measurements are, even if they are very
accurate. This is especially significant for rocks with a highly heterogeneous
porosity, such as carbonates, for which non-representative measurements have to
be expected.
The study of wave attenuation in partially saturated porous rocks over a
broad seismic frequency range provides valuable information about the fluid
system of hydrocarbon reservoirs, which are inherently multiple phase fluid
systems. An experimental approach for the measurement of attenuation at seismic
frequencies is therefore a scientific challenge of significant interest to the
hydrocarbon industry, in addition to other fluid related applications such as the
seismic monitoring of geological sequestration of carbon dioxide, nuclear waste
disposal sites, etc.
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8.3 Method
To measure attenuation in the seismic frequency range, we employ the
sub-resonance method. It allows performing measurements at low-strain
magnitudes (ε<10-6) for which the rock behaves as a Linear Time Invariant (LTI)
system. Hence, the attenuation factor (QE-1) is equal to the tangent of the phase
shift between the stress and the strain response signals (Karato 2008). This also
corresponds to the ratio between the imaginary and real parts of the complex
modulus (Nowick and Berry 1972; O’Connell and Budiansky 1978; Jackson and
Paterson 1987), whereas the ratio between the amplitude of the strain and the
stress signals gives the Young’s modulus. The rock is cyclically stressed and the
phase shift is calculated as the difference between the phases of the stress and
strain signals obtained with a fast Fourier transform spectral analysis. Equation
(7.1) (O’Connell and Budiansky 1978):
−1
QE=

EI
∆V
= =
tan (θ )
4π Vavg ER

(7.1)

shows the relation between the attenuation factor QE-1,the energy loss ΔV
during one cycle, the average energy Vavg stored in the rock while it is deformed
and the ratio of the imaginary and real parts of the Young’s modulus, EI and ER,
respectively.

8.3.1 Instrument design
The Seismic Wave Attenuation Module (Figure 8.1) was developed on the
basis of a purely physical model (Figure 8.2). This model (Figure 8.2b) consists in
three main mechanical components: (i) a spring with an elasticity constant K, (ii) a
Generalized Maxwell Body (GMB) with a frequency-dependent damping factor
and (iii) an actuator. This assembly is subjected to an external sinusoidal force. To
a first approximation, the GMB represents the behaviour of a visco-elastic
material such as a partially saturated rock. Since the stress is linearly related to the
displacement within the elastic spring [ σ ( t =
) K ⋅ ε ( t ) ], the stress acting on the
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GMB can be obtained by measuring the displacement of the spring situated
between the force generator and the GMB. The strain of the GMB is obtained by
measuring the displacement with respect to the initial length of the GMB.

Figure 8.1. The SWAM: 1) top plug, 2) Piezo Electric Actuator (PZA), 3) bending
lamella, 4) LVDT, 5) core of the LVDT 6) reference sample (Al-Zn-Mg-Cu alloy), 7) sample
8) inlet and outlet of the pore pressure system, 9) o-ring, 10) bottom plug, 11) vent 12) inlet
and outlet holes for the pore fluid, 13) pressure compensating piston, 14) inlet/outlet pipes
for the pore fluid. The big grey arrows designate where part a) is connected to part b).

In the SWAM, the spring is represented by an Al-Zn-Mg-Cu alloy (EN
AW-7075-T6, Häuselmann Metall GmbH, Switzerland) cylinder, which is almost
purely elastic compared to a typical rock sample (Birch 1942; Zener 1948;
Knopoff 1964; Williams 1967; Lazan 1968; Toksöz, Johnston and Timur 1979;
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Barton 2007). The GMB is substituted with a cylindrical rock sample. The
SWAM consists in three main elements: (i) a multi-layer piezo stack PZA, P025.10P, Physik Instrumente, Germany, (ii) two displacement measurement
modules consisting in micro-linear variable differential transformers (LVDT, 025
MHR, Measurement Specialties, United States) and (iii) two sample holders, one
for the standard element and one for the rock sample. The PZA is mounted in a
metal casing to protect the piezo-ceramic element. The PZA does not affect with
electromagnetic noise the electromagnetic field of the LVDT sensors.

Figure 8.2. a) Schematic cross-section of the SWAM. b) A physical model that best
corresponds to the SWAM. The numbers refer to the numbers in Figure 8.1. 1) Top plug
with electrical feed-through, 2) Piezo-Electric Actuator (PZA), 6) reference sample (Al-ZnMg-Cu alloy), 7) sample and 8) pore pressure system.

The two LVDTs are mounted in the SWAM to measure the relative
displacement of the reference and the rock samples. The LVDTs have a movable
cylindrical core that acts as the position sensor. The cylindrical core of the LVDT
is mounted on a non-ferromagnetic rod with 2 mm diameter, made of austenitic
stainless steel (AISI 300 Series) to prevent distortions of the magnetic field. In
theory, LVDT has infinite-resolution. In practice, however, the resolution depends
on the noise of the signal due to the conditioning electronics and the limitation of
the user’s signal receiving circuitry (i.e., vertical resolution, signal amplification
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and analogue-to-digital converter). The LVDTs are suitable for dynamic
measurements as they are not affected by mass and friction.
Due to the limited displacement range of the LVDTs (i.e., +/−0.25 mm),
the position sensor (magnetic core) must be adjusted before each experiment
and/or after any variation in the stress field applied to the sample. Therefore, DCMicromotor devices (DCM, 0816P008S, Faulhaber Minimotor SA, Switzerland)
are used to adjust the position of each LVDT core inside the gas medium
apparatus. The sensitive mechanical core of the LVDT is fixed to a nonferromagnetic threaded rod. The rod is guided through a threaded hole at the
sample holder and the other end of the LVDT core is attached to the DCM. The
latter is attached to a sliding bar to avoid any rotation during the operation. While
running, the axis of the DCM transmits the rotational displacement to the rod.
Since the rod is screwed onto a thread that cannot move or rotate, the rotations are
transformed into the linear movement of the rod itself. The DCM is equipped with
a precision gear-head (1024:1) to reduce the angular velocity of the axle. One
DCM is attached to every LVDT and can work under hydrostatic pressure since
all of the parts are vented.
A syringe pump with a capacity of 266 ml (260D Syringe Pump, Teledyne
Isco) is connected to the pore pressure system. The pump can inject fluid into the
sample with a constant flow or a constant pressure mode over time and can hold a
maximal pore pressure of 50 MPa.
Two fluid end cap diffusers with check valves are used to prevent the pore
fluid from being squeezed out of the sample during experiments in fully saturated
conditions. The diffusers are small rills engraved upon opposite surfaces of the
sample holder and are distributed radially with respect to the central fluid hole.
Fully automatic data acquisition is implemented in the form of a Matlab
(MathWorks) script, which controls all of the driving and acquisition electronics
in the laboratory. The program follows a predefined schedule varying the
parameters that control the experimental run. These include input voltage for the
wave generator providing the signal to the PZA, scales for the oscilloscope,
frequency range and frequency step.
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A sketch of the SWAM electrical circuit is shown in Figure 8.3. A
function generator supplies a sinusoidal signal, which drives the PZA. The signal
is amplified (E-508 PICA Piezo Amplifier Module, Physik Instrumente,
Germany) to a voltage between 0–1100 V. Usually, the voltage applied to the
PZA is about 110 V. The cables are shielded to reduce noise that would affect the
accuracy of the PZA. Two ATA 2001 LVDT signal conditioners (Measurement
Specialties, United States) are used to amplify the signal coming from the LVDTs.
These conditioners allow powering the low-impedance LVDTs to higher
amplitudes. The two conditioners are synchronized in master and slave modes to
prevent amplifier cross-talk, which would influence the sync signal loss.
The signals are filtered employing a Sallen–Key topology band-pass
passive filter and are digitized by an oscilloscope (Waverunner – LeCroy) at a
high-sampling rate of several orders above the Nyqvist sampling frequency. At
least 50 sinusoidal cycles are measured and averaged to lower the noise. An
example of the signal is shown in Figure 8.4. The error in phase and amplitude
magnitude, which is introduced by the electronics, can be neglected since similar
circuits are used for both signals (i.e., for the standard and for the sample).

Figure 8.3. Schematic of the driving, sensors and acquisition circuits.
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Figure 8.4. Measured displacement amplitude associated with the shortening from
the reference sample before (top plot) and after several cycles of stacking (bottom plot). The
frequency used was 80 Hz.

The entire SWAM is designed and manufactured to be accommodated in a
Paterson high-temperature, high-pressure gas medium rig (Paterson and Olgaard
2000, Figure 8.5). This enables measurements at pressure conditions
representative of subsurface reservoirs. Until now, this particular Paterson rig has
been used to measure mainly ultrasonic seismic velocities at high temperature and
pressure conditions (e.g., Caricchi, Burlini and Ulmer 2008). The bottom part of
the removable setup of the Paterson rig, where the internal load cell, the torque
sensor and the displacement sensor are normally placed, was modified to increase
the stiffness of the machine and to accommodate the hydraulic circuit needed to
saturate the sample. In addition to the hydrostatic pressure, a uniaxial force can be
applied by the compensating piston. The uniaxial force is measured with the
external load cell.
Previous studies have reported that misalignment of the setup with the
axial compression is an important source of error (e.g., Paffenholz and Burkhardt
1989; Takei et al. 2011). Misalignment can generate a tilting of the sample, which
leads to a wrong measurement of the displacement signal. It normally results from
the surface roughness of the sample. Polishing all of the surfaces and ensuring that
they are parallel to each other minimizes the misalignment error. The nonparallelism error achieved with this sample preparation was less than 0.001 mm.

179

Appendix A

Figure 8.5. Schematic representation of the high-pressure triaxial testing apparatus
(Paterson rig), incorporating the SWAM. The compensating piston was modified from the
standard setup. 1) External load cell, 2) pore-pressure pipes, 3) bottom-plug and
compensating piston, 4) vessel and 5) SWAM.
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8.4 Measurements and results
Several sets of experiments were performed using elastic and visco-elastic
materials with known properties such as the Al-Zn-Mg-Cu alloy, Berea sandstone,
epoxy, poly-methyl-methacrylate (PMMA), commonly called Plexiglas and a
resin (envisionTEC R 05/ R 11, envisionTEC GmbH, Germany), to test the
reliability and limits of the SWAM at room pressure and under confining
pressure.
Al-Zn-Mg-Cu alloy and elastomers (PMMA and the resin) were chosen to
test accuracy because they represent the limits of elastic and visco-elastic
behaviour detectable with the SWAM. Dry or saturated porous sandstone lies
within this range (Barton 2007). The Berea sandstone cores have a porosity of
21% with permeability between 200–500 mD (Berea Sandstone Petroleum Cores,
United States). Experiments with Berea sandstone were performed in dry (sample
equilibrated with room moisture) and saturated conditions. The tested conditions
for the confining pressure were at room pressure and at 10 MPa and 1 MPa pore
pressure. The results obtained are in agreement with Tisato and Madonna (2012),
where another apparatus was employed that can host 76 mm diameter and 250
mm length samples.
The absolute measured phase shift for a Berea sandstone sample partially
saturated with 20% oil (Santovac 5) is between 0.008–0.02 radians, corresponding
to a quality factor QE between 50 – 124 (Figure 8.6). Cross-checking with Al-ZnMg-Cu alloy samples at a 4 MPa confining pressure shows a mean value for the
phase shift between -0.003 – 0.0012 radians (Figure 8.7). The results are plotted
in terms of the mean values and their standard error bars. A closer look at the AlZn-Mg-Cu alloy is shown in Figure 8.8. The mean values are calculated after 8
repetitions of the measurement from 102 Hz down to 100 Hz. The negative values
are due to the machine’s systematic error. The PMMA sample, at 8 MPa
confining pressure, exhibits a typical frequency-dependent QE between 11–17 in
the frequency range from 10−1–102 Hz (Figure 8.7). Extrapolating the data from
our bandwidth of investigation to 5 kHz one can calculate a value of QE around
25, which is similar to the value obtained by Kolsky (1956). The resin shows
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visco-elastic behaviour in the range 100–102 Hz with an attenuation (QE-1)
between 11–6 and with a corner frequency around 5 Hz (Figure 8.9). The Young’s
modulus of this resin shows dispersion from 2 – 3 GPa (Figure 8.9).

Figure 8.6. Bench top result for a sample of Berea Sandstone saturated with 20% oil.

Figure 8.7. Phase shift and quality factors QE, respectively as a function of the
frequency for the Al-Zn-Mg-Cu alloy (4 MPa) and PMMA (8 MPa) samples.

Figure 8.8. A close up of Figure 8.7. Phase shift and quality factors respectively as a
function of the frequency for the Al-Zn-Mg-Cu alloy sample at a 4 MPa confining pressure.
The error bars represent the standard deviation over 8 measurements.
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Figure 8.9. Measured phase shift (top plot), respectively quality factor and Young’s
modulus for a synthetic resin sample (bottom plot). The error bars represent the standard
deviation over 6 consecutive measurements.

Other experiments were conducted to measure the quality factors of Berea
sandstone specimens under confined pressure (Figure 8.10). First, room-dry Berea
sandstone was tested at 10 MPa confining pressure. Next, the sample was fully
saturated with water without being removed from the machine. The water was
then substituted, first with a solution of water and glycerine with 10 cP viscosity
and next with a 22 cP viscosity water-glycerine solution. Each time, the sample
was flushed with a fluid volume of approximately 100 times the pore volume
before measuring the QE value for frequencies between 100–102 Hz. This
procedure ensures that the previous fluid is replaced by the new one, which
equilibrated. The pore pressure was kept constant at 1 MPa by means of the
syringe pump. The viscosity of the fluid was measured using a falling ball
viscometer conforming to ASTM D 1343-93 (Gilmont GV2100).

8.5 Discussion
The SWAM is equipped with sensors to measure the vertical strain ε of the
stressed rock. Thus, it allows the calculation of the energy dissipated due to the
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vertically oscillating stresses, the attenuation QE-1 and Young’s modulus E. To
obtain the bulk modulus M, one could separately measure the shear modulus G
(Paffenholz and Burkhardt 1989) using: M =G ( 4G − E ) ( 3G − E ) , (2) or
measure the horizontal displacement, which would allow calculating Poisson’s

−ε vertical −ε horizontal , (3) from which the bulk
ratio ν (Batzle et al. 2006): ν =
modulus M can be calculated using: M = E (1 −ν )

( (1 +ν )(1 − 2ν ) ) .

(4) The

SWAM was tested outside the pressure vessel for optimization. An example of a
bench measurement is plotted in Figure 8.6, to demonstrate the frequency range
that the SWAM can cover. The SWAM is able to measure attenuation QE-1 over a
frequency range from 10−2–102 Hz. However, in most cases measurements are
conducted only from 10−1–102 Hz since measurements below 10−1 Hz are very
time consuming. Indeed, if one acquires a signal at f = 10−2 Hz, over 50 periods n
and stacks it 50 times S, the time t required for acquisition is:

=
t 1 ( f ⋅ n ⋅ S=
) 250000s , which is equivalent to almost three days. Therefore, for
eight repetitions, more than two weeks would be needed. A Berea sandstone
sample, 20% saturated with a viscous fluid (Santovac 5), was chosen to
demonstrate the difference between acquisition on the bench (Figure 8.6) and
inside the Paterson rig (Figure 8.7). On the bench we were able to reach a high
repeatability of the experiments. The standard deviation is smaller than the plotted
mark. Unfortunately, the repeatability is not as good in the pressure vessel as in
the bench experiments. The reason is that the phase-shift measurements in the
Paterson rig are challenging. The SWAM has to be inserted from the top into the
pressure vessel leaving no space for the user to control or survey the module while
setting up the experiment. The parts are not all glued together but are held only by
the shrink tube that isolates the sample from the confining Argon gas. Moreover,
the module sits on the movable compensating piston (Figure 8.1b), which allows
the uniaxial stress to be controlled. This piston is composed of several parts. Each
of the many interfaces is a potential dissipative source of energy and therefore
affects measurements (Peselnik and Liu 1987). From the bench experiment, it is
clear that the data above 20–30 Hz becomes more scattered. Resonance
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frequencies of the system are present. When the setup is inside the Paterson rig,
this effect is reduced due to the higher stiffness of the frame.

Figure 8.10. Measured phase shift, the quality factor and Young’s modulus for a
Berea sandstone sample. The sample was measured first for the dry case (square), then it
was ‘fully’ saturated with water (diamonds), with a solution of water and glycerine with a
viscosity of 10 cP (circles) and with a solution of water and glycerine with a viscosity of 22 cP
(triangles). The confining pressure was 10 MPa and the pore pressure for the saturated
sample was 1 MPa.

In Figure 8.7, the phase shift and the quality factor QE measured in the
Paterson rig is plotted versus the frequency of the Al-Zn-Mg-Cu alloy and the
PMMA samples. The detectable range of attenuation QE-1 is between 0.2–0.002.
The results reveal that the SWAM is able to measure phase shifts up to 0.002 rads,
which is equivalent to a QE of 500 (Figure 8.8). From previous studies, we are
aware that rocks have an intrinsic quality factor higher than 500, especially at
elevated confining pressures. The Berea sandstone tested at pressure > 30 MPa
has in effect a quality factor > 500. When using the Al-Zn-Mg-Cu alloy as a
sample and standard together (Figure 8.8), the results reveal that the SWAM can
measure small displacements down to the nanometre scale, which corresponds to
a strain of ε = 10−7. This is the minimum detectable strain. In other words, this
means that the machine cannot measure samples with a Young’s modulus smaller,
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by one order of magnitude, than the modulus of the aluminium alloy. The
reference signal is otherwise too small to be detected.
The results for the resin (Figure 8.9) allow correlating the peak observed in
attenuation values at around 5 Hz with the flexural point of the measured Young’s
modulus. This result is in agreement with the Kramers-Kronig relationship that
relates the Young’s modulus dispersion with the frequency-dependent attenuation
(e.g., Mavko et al. 2009).
The Young’s modulus measured for the dry Berea sandstone is higher than
for the ‘fully’ saturated sandstone (Figure 8.10). This indicates that a residual
amount of gas was trapped in the rock as described by Gassmann’s equation
(Gassmann 1951) and as discussed by Batzle et al. (2006). One possibility for
reaching 100% saturation is to flood the sample with CO2, which will first replace
air and then dissolve in the injected water. Alternatively, the sample could be
evacuated with a vacuum pump before water injection.
The results plotted in Figure 8.10 indicate that the frequency corner of the
attenuation curve is moving to a lower frequency. The data do not allow a precise
interpretation of how viscosity influences the quality factor expressed by the
frequency corner or its magnitude. The experiment could be repeated with a less
permeable rock in order to detect the fluid influence on attenuation over the range
that the SWAM can measure. We checked that the increase in attenuation with
increasing frequency is not related to any boundary effect. Indeed, the lateral fluid
motion out of the sample boundary could be a significant mechanism of energy
dissipation with the described sub-resonant method or the resonant bar technique
(Gardner 1962; Dunn 1986, 1987). The latter authors reported that it is extremely
important to properly seal the sample to avoid horizontal fluid flow towards the
sample sides while the sample is cyclically stressed. This flow can create large
attenuation and would influence the measurements since it would be
superimposed on the intrinsic measured attenuation. Therefore, several authors
have addressed the question of how and with what to jacket a sample. Yin, Batzle
and Smith (1992) sealed the sample with epoxy coating and an additional copper
jacket. Batzle et al. (2006) used a thin layer of epoxy and a polyimide film
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(Kapton) whose effect on the strain is negligible. McCann and Sothcott (2009)
placed a thin (0.13 mm) copper sheet around the sample.
In the present study, a thin foil of copper together with strong filmfoaming spray glue (Tesa) was used to jacket the sample. The thin copper foil is
annealed at 550◦ C for 30 min to make it soft. Oxygen fugacity is not controlled
during annealing and a tiny oxidation film forms over the copper sheet. The
surfaces are cleaned with abrasive paper. The sheet of copper is then covered by a
thin layer of glue and wrapped around the sample (Figure 8.11). For actual
accuracy of the SWAM, the thin layer of glue and copper sheet can be neglected.
A thin FEP shrink tube (Rotima AG, Switzerland) is placed around the sample to
prevent confining Argon from infiltrating the sample. The shrink tube is extended
to both extremities of the module to guarantee cohesion of all of the assembly
parts during placement of the module in the pressure vessel.

Figure 8.11. The 0.1 mm thin copper jacket around the Berea sandstone sample. It
should prevent fluid flow out of the sample during the experiment.

One must be aware that the shrink tube can only be used as a sealing
material at low pressures such as those used for the experiments presented here.
At pressures above the glass transition (200–500 MPa), it becomes stronger
(Paterson 1964) and affects the measurements. The strata of glue, copper and
shrink tube used to seal the sample introduce some systematic error in the
measurements. The shrink tube is therefore placed around the standard material
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also to minimize its effect on the Young’s modulus and on the phase shift. We did
not observe any particular change with or without the jacket for the dry case. The
error induced from the glue, which is slightly embedded in the rock (Gardner,
Wyllie and Droschak 1964), is within the systematic error.
Figure 8.12 shows attenuation peaks described analytically by Dunn
(1986) for a water saturated sample with a radius of 25.4 mm and permeability of
400 mD, together with the experimental data of this study as a function of
frequency. The experimental data indicate that the peak due to open-boundary
conditions generated by an improper sealing would be expected at frequencies
higher than those used in the experiments. Therefore, for better visualization, the
computed curve was manually shifted in the vertical direction as the analytical
solution only takes into account the effect of the fluid flow due to the open
boundaries. Dunn’s model assumes that all moduli are real and therefore the rock
is purely elastic, so the solution does not account for the intrinsic attenuation of
the rock.

Figure 8.12. Experimental data for fully saturated Berea sandstone and computed
results of the attenuation QE-1 as a function of frequency for a cylindrical sample with radius
r = 25.4 mm and permeability 400 mD in water for the open-pore condition described by
Dunn (1986, 1987).
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8.6 Conclusion
We designed, constructed and successfully tested the Seismic Wave
Attenuation Module (SWAM). The SWAM is a new apparatus that can measure
seismic attenuation in cylindrical rock samples of 60 mm in length and 25.4 mm
in diameter, over the frequency range from 10−2–102 Hz, with high resolution. The
measured attenuation is representative of the entire sample rather than of a small
volume of the sample. The measured attenuation is the extensional one, which is
related to the Young’s modulus. The dispersion of this modulus is also measured.
The SWAM was successfully tested for highly attenuating and perfectly elastic
materials under room pressure conditions and at confining pressures in the
Paterson rig. Two advantages of the new SWAM are the ease of use and the
minimal sample preparation procedure required, each of which make it very
efficient.
Further measurements with the SWAM will allow a quantitative
comparison with numerical models in order to understand single and combined
mechanisms of energy loss at seismic frequencies. This is a relevant subject for
commercial seismic surveys. More measurements are currently being carried out
on various rock types and using different saturation degrees.
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