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ABSTRACT

Although seismic wave dispersion and attenuation have been
found to occur in sedimentary rocks, it remains challenging to
experimentally observe these effects. A new experimental setup
has been developed to measure the Young’s modulus and Pois-
son’s ratio of rocks over a wide range in pressure (Pc ∈
½0; 30� MPa) and frequency (f ∈ ½5.10−3; 102� Hz). Calibration
with standard samples determined the following: (1) no depend-
ence of the apparatus to pressure and frequency and (2) a good fit
between published data and the measured and inferred elastic
properties. The measured Young’s modulus dispersion and at-
tenuation of Plexiglas were also consistent with the published
data. The Young’s modulus and the attenuation of Fontainebleau
sandstone samples saturated by water and glycerin were then

measured. Although small variations were observed for one sam-
ple, the second one exhibited strong pressure- and frequency-
dependent variations of Young’s modulus and attenuation. A fre-
quency-dependent fluid flow was simultaneously measured. The
characteristic frequency for these variations was highly fluid de-
pendent. Accounting for the in situ fluids’ viscosity using an ap-
parent frequency parameter, we determined the Young’s modulus
and attenuation of a fluid-saturated Fontainebleau sandstone over
an apparent frequency band of f� ∈ ½10−3; 105� Hz. The mea-
surements under water and glycerin saturation compared favor-
ably, and two frequency-dependent phenomena were observed
that were interpreted as the drained/undrained and undrained/un-
relaxed transitions. The undrained/unrelaxed transition occurred
in a large frequency range, which was attributed to a distribution
in aspect ratio of the rock’s microcracks.

INTRODUCTION

Sedimentary rocks saturated by fluids are known to be dispersive
materials. Their frequency-dependent behaviors originate from
fluid movements in the rock’s porous network induced by the elas-
tic waves. When comparing field and laboratory measurements, the
frequency dependence of the elastic properties is to be considered.
For fully saturated rocks, two transitions between three elastic
domains are expected (e.g., Cleary, 1978; Sarout, 2012) in the fre-
quency range of interest (i.e., f ∈ ½10−1; 106� Hz). The first transi-
tion is that from drained to undrained regimes. Both regimes are
within the field of poroelasticity. This transition is expected to occur
at low frequencies. The second transition, occurring at a higher
frequency, is that from relaxed to unrelaxed regimes. This last sit-
uation is out of the validity domain of poroelasticity because the
representative elementary volume (REV) is not in an isobaric state
anymore.

Owing to the experimental complexities, very few laboratory ap-
paratuses allow for measuring such frequency-dependent transi-
tions. The stress-strain method is promising because it allows for
measurement of elastic properties over wide frequency and pressure
ranges up to about f ∈ ½10−3; 103� Hz and Pc ∈ ½0; 100� MPa, re-
spectively (e.g., Subramaniyan et al., 2014). Apparatuses for mea-
surements of confining pressure (Adelinet et al., 2010; David et al.,
2013; Fortin et al., 2014; Pimienta et al., 2015) or shear stress (e.g.,
Jackson and Paterson, 1987) oscillations have been developed, but
the stress-strain method applied to axial stress oscillations is by far
the most used (e.g., Batzle et al., 2001, 2006; Adam et al., 2006;
Mikhaltsevitch et al., 2011; Tisato and Madonna, 2012; Madonna
and Tisato, 2013). To the authors’ knowledge, data from the liter-
ature, however, do not report clear transitions between the expected
elastic regimes. First, the boundary conditions are chosen most of
the time so that the fluid-saturated medium’s elastic properties are
directly undrained, thus discarding the transition from drained to
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undrained regimes. Second, a clear transition from undrained to un-
relaxed domain is yet to be clearly reported.
Using three standard samples, this work reports a new experi-

mental setup allowing for measuring frequency-dependent Young’s
modulus, Poisson’s ratio, and Young’s attenuation in the frequency
and pressure ranges of f ∈ ½5.10−3; 102� Hz and Pc ∈ ½0; 30� MPa,
respectively. Young’s modulus and its intrinsic attenuation are mea-
sured as a function of pressure and frequency on two Fontainebleau
sandstone samples saturated by water and glycerin. Simultaneously,
hydraulic properties are measured. The results are interpreted in the
light of the usual fluid-flow theories and using published results on
the bulk modulus of the same rock samples (Pimienta et al., 2015).

EXPERIMENTAL APPARATUS AND SAMPLES
STUDIED

Samples studied

Calibration samples

Three standard samples were chosen to test the experimental
setup and procedure: (1) a synthetic glass sample made of amor-
phous silica (Mallet et al., 2013, 2015), (2) a pure gypsum sample
(Brantut et al., 2012), and (3) a Plexiglas (PMMA) sample (e.g.,
Batzle et al., 2006). These samples were chosen because (1) they
are homogeneous and isotropic media at the sample scale, (2) their
static and dynamic elastic properties are known, and they show a
large range in elastic moduli, (3) these samples have no porosity,
and their elastic properties are not expected to change with confin-
ing pressure or added axial stress, and (4) although glass and gyp-
sum elastic properties are independent of frequency, Plexiglas is
a viscoelastic material whose elastic properties are frequency de-
pendent. Plexiglas is often used as a mean to test an attenuation
apparatus (e.g., Batzle et al., 2006; Tisato and Madonna, 2012;
Madonna and Tisato, 2013; Pimienta et al., 2015).

Fontainebleau sandstone

Fontainebleau sandstone is a well-known reference rock. The
framework grains and cement are pure quartz, making up a clean
sandstone of approximately 99.9% qtz (Bourbie and Zinszner,
1985; Gomez et al., 2010). Because the rock was formed from de-
posited aeolian quartz grains, the rock possesses a random grain
orientation and is well sorted with an average grain size of approx-
imately 200 μm. The rock can consistently be assumed homo-
geneous and isotropic at the REV scale (i.e., volume ≫ grains’
volume).
Depending on the amount of cementing quartz, Fontainebleau

sandstone samples’ porosity ranges from about ϕ ∼ 2% for highly
cemented samples to about ϕ ∼ 25% for ill-cemented samples
(e.g., Pimienta et al., 2014). The main differences between samples
are the pores’ entry diameters. These diameters decrease from
d ∼ 20 μm (high porosity) to about d ∼ 5 μm (low porosity), which
leads to variations in permeability of approximately 4–5 orders of
magnitude (Bourbie and Zinszner, 1985). The two samples used in
this study have, respectively, porosities of approximately ϕ ∼ 7.3%

(i.e., Fo7) and ϕ ∼ 8.3% (i.e., Fo8), and they originate from the
same blocks as in Pimienta et al. (2015). The samples are cored
as cylinders of 40 mm diameter and rectified to 80 mm length with
an accuracy of approximately 10 μm. Their total pore volume, mea-
sured from total fluid injection at lowest effective pressure, is, re-
spectively, of VFo7 ∼ 7.2 mL and VFo8 ∼ 8.2 mL. This is consistent
with the samples’ dimensions of 40 mm diameter and 80 mm
length, i.e., a rock volume of approximately 100 mL.

Experimental apparatus and procedure

Cell and confining setup

The apparatus aims at measuring simultaneously the complete set
of elastic properties at high frequency (HF) and at low frequency
(LF). To investigate these properties at different pressures, measure-

ments are conducted in an oil-confining triaxial
apparatus (Fortin et al., 2005). The sample is ra-
dially enclosed in a rubber jacket to be separated
from the confining medium (i.e., oil). This oil-
confining triaxial apparatus can be used in two
different setups thanks to an axial piston that can
be shifted vertically (Figure 1).
In the first setup, the axial piston is not in con-

tact with the end platen (and thus the sample),
allowing for studying the sample under pure
isotropic conditions. As shown previously (Pi-
mienta et al., 2015), this setup allows us to mea-
sure (1) LF bulk modulus KLF and attenuation
Q−1

K using confining pressure oscillations (Fig-
ure 1a) at different frequencies and (2) ultrasonic
P- and S-wave velocities (i.e., VP and VS) trav-
eling through the sample (Figure 1b).
A second setup has been built to apply a de-

viatoric stress (Fortin et al., 2005). It is used to
measure the LF Young’s modulus ELF and Pois-
son’s ratio νLF using axial stress oscillations
(Figure 1c) as a function of frequency. This sec-
ond setup is the focus of the present contribution.
As shown from the schematics (Figure 1), in

Figure 1. Schematic view of the experimental setup and procedure for measuring the
whole set of (b) HF and (a and c) LF elastic moduli under different fluids’ saturation.
(1) Under no deviatoric stress, (a) LF confining pressure oscillations lead to measuring
bulk modulus and (b) ultrasonic velocities are measured to infer the HF moduli. Under a
small deviatoric stress, LF deviatoric oscillations are applied to measure Young’s modu-
lus and Poisson’s coefficient. The cylindrical sample is isolated laterally from the con-
fining oil using a rubber jacket.
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order to exert axial stress oscillations Δσax on the sample, an added
deviatoric load σ0ax is needed to ascertain the stability of the meas-
uring setup. Yet, the magnitude of σ0ax may affect the sample’s prop-
erties during the measurement. The effect of this added deviatoric
load is further investigated below, prior to introducing the measure-
ments under fluid-saturated conditions.

Pore fluid setup

Pore pressure is controlled externally, and independently of the
confining pressure, by a pair of connected Quizix servo pumps. The
pore volume and pressure measurements accuracies are, respectively,
of about Vp ∼ 0.1 μL and Pp ∼ 0.001 MPa. In addition, another
pressure transducer of Pp ∼ 0.001 MPa accuracy is placed near
the sample. Valves are placed at both ends of the sample (Figure 1)
to decrease as much as possible the pipes’ dead volumes, and the
pressure sensor is placed near the bottom end platen (i.e., inside the
dead volume). The measured dead volumes are Vd1 ¼ 3.433 mL and
Vd2 ¼ 3.205 mL, leading to a total dead volume of Vd ∼ 6.6 mL, a
value close to the total pore volume of each sample.
The valves can either be open or closed. The first configuration is

chosen when changing the confining pressure, so that the fluid is
kept at a constant pressure of Pp ¼ 2 MPa, and the sample is
drained during the pressure ramps. Following similar measurements
(e.g., Batzle et al., 2006; Tisato and Madonna, 2012; Madonna and
Tisato, 2013; Mikhaltsevitch et al., 2014; Pimienta et al., 2015), the
second configuration is chosen, and the valves are closed during the
axial stress oscillation Δσax. In this configuration, the fluid mass is
kept constant in the system (i.e., sampleþ dead volume). This sys-
tem is experimentally undrained, and fluid pressure changes are
tracked by the pore pressure sensor in the dead volume. This con-
figuration was found to be the most appropriate because it discards
any possible bias from an extrinsically induced differed fluid flow,
i.e., from the delayed regulation of the pore pressure pump. Owing
to the existence of the large dead volume and the sample’s intrinsic
storage capacity (e.g., Ghabezloo and Sulem, 2010), the samples
used prove to remain drained under quasi-static conditions
(Pimienta et al., 2015).

Low frequency setup

As discussed earlier, the LF measurements rely on the stress-
strain method. An axial stress oscillation at a given frequency is
applied to the sample, thus inducing a strain oscillation. The axial
stress is exerted by a PI piezoelectric actuator scheduled to function
in the range of f ∈ ½10−3; 102� Hz and electric amplitudes of
A ∈ ½10; 1000� V, with a maximum displacement of 30 μm. The
oscillator is linked to (1) a LF generator sending a continuous sinus-
oidal electric signal of given amplitude (i.e., A ∈ ½0.1; 10� V) and
frequency (i.e., f ∈ ½10−3; 108� Hz) and (2) an amplifier. This ac-
tuator transforms a volt amplitude in a mechanical displacement,
which directly depends on the sample’s stiffness. Thus, stress can-
not be directly inferred from the input voltage and is a function of
the sample’s strain.
To precisely measure the stress applied on the sample, two axial

FCB 350 Ω strain gauges (Tokyo Sokki TML, FCB-6-350-11) of
6 mm length are glued to the aluminum bottom end platen. Stress
is deduced by knowing the end platen Young’s modulus; i.e.,
E0 ¼ 72.5 GPa. To measure the sample’s strains, three pairs of
axial and radial FCB 350 Ω strain gauges of 6 mm length are di-

rectly glued on the sample. All the strain gauges used are the same
and are mounted in a one-fourth Wheatstone bridge, allowing us to
discard possible bias by using different gauges (e.g., Adam et al.,
2006). All strains and the pore pressure oscillations are transformed
from electric to strain and pressure signals using Catman software
and MGCplus recording system (HBM Inc.), able to record at
frequencies up to 2400 Hz.

Experimental procedure

A procedure (Figure 1) is devised to measure the frequency and
pressure dependence of the whole set of elastic moduli of rocks sa-
turated by different fluids. Starting from an effective pressure of
about Peff ∼ 1 MPa, the frequency dependence of the properties is
measured at each confining pressure step up to the maximum con-
fining of Peff ¼ 30 MPa. When changing the confining pressure, a
controlled rate of about 0.01 MPa∕s is used to allow for complete/
instantaneous relaxation of the fluid-filled sample (Fortin et al.,
2007). The same procedure is followed for the three different satu-
rating conditions, such as, (1) dry, (2) water, and (3) glycerin sat-
uration. For the sandstone samples in fluid saturated conditions,
Terzaghi effective pressure Peff ¼ Pc − Pp is used that allows
for an approximate yet simple comparison between dry- and fluid-
saturated conditions.
The glycerin full saturation is ascertained by a precise injection

procedure: (1) vacuum is applied with a vacuum pump at the sample
upper end until the measured Pp (at the sample’s bottom) reaches a
stable negative value of approximately −0.8 MPa and (2) then, the
fluid is injected at the sample bottom although maintaining the vac-
uum with the vacuum pump. This injection procedure (using the
vacuum pump) complements the density effect (i.e., air pushed
up by the denser fluid) and was shown to allow for a 100% fluid
saturation (e.g., Pimienta et al., 2015). Water saturation is then ob-
tained by directly injecting water in the glycerin-filled sample. As
glycerin immediately and fully dissolves in water, thus losing its
viscosity, the water full saturation is obtained by flushing two to
three times the pore volume.

Processing method

Permeability measurement

To understand the fluid-flow effects at the sample scales, the
rocks’ transport properties have to be measured. The pressure gra-
dient method (e.g., Ougier-Simonin et al., 2011) is used here (Ap-
pendix A). It consists in applying a pressure gradient and measuring
the fluid flow. Knowing the pressure gradient and fluid flow allows
one to measure the hydraulic conductivity across the sample, which
is obtained for each confining step. Permeability is then directly
inferred using Darcy’s law, taking the sample’s dimensions and
the fluid viscosity as input parameters.

Strains oscillations: mechanical (elastic) response

At a given effective pressure, the confining pressure is main-
tained constant (i.e., ΔPc ¼ 0), and an oscillating axial stress is ex-
erted on the sample (i.e., Δσax ≠ 0). This oscillating stress Δσax
leads to axial Δϵax and radial Δϵrad strain oscillations (Figure 2a).
Following the elastic theory for a homogeneous/isotropic cylindri-
cal sample, LF Young modulus ELF and Poisson ratio νLF may be
inferred from such measurements (e.g., Batzle et al., 2006):
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Δϵax ¼
1

ELF

Δσax and
Δϵrad
Δϵax

¼ −νLF: (1)

For each frequency of applied Δσax, axial and radial strains are
recorded. A typical processing method is applied on the recorded
signals (Pimienta et al., 2015), namely, (1) phase picking in Fourier
domain (e.g., Batzle et al., 2006; Madonna and Tisato, 2013)
to obtain the phase shift between the axial stress (i.e., end-platen’s
axial strain) and the sample’s axial strain, which tangent is the
attenuation on Young modulus QE

−1, (2) filtering in Fourier
domain, and (3) linear regressions to obtain the relevant elastic
moduli.
An example of strain oscillation is reported (Figure 2a) for the

gypsum sample measured at a confining pressure of Pc¼10MPa

and axial added load of σ0ax ¼ 2 MPa. The amplitude and frequency
of the axial oscillation are here of Δσax ∼ 0.2 MPa (i.e., about
Δϵalu ∼ 2.501−6) and f ¼ 0.1 Hz, respectively, leading to sample’s
strains of about Δϵax ∼ 4.501−6 and Δϵrad ∼ 1.501−6. The sample’s
Young modulus ELF and Poisson ratio νLF are then obtained
(Figure 2b) from a linear regression constrained with a 99% con-
fidence interval. The data scatter around the linear regressions (i.e.,
ELF and νLF) are used to infer a statistical error, noted respectively,
ΔELF and ΔνLF. Note that, the applied strains on the sandstone

samples of study are lower than approximately 10−5 to remain in
the elastic domain.

Pore pressure oscillations: Hydraulic response

Following Pimienta et al. (2015), an additional information is ob-
tained by measuring the fluid pressure oscillations at the outlet of
the dead volume. Applying an oscillating deviatoric stress Δσax re-
sults in an oscillating pore fluid pressure (Figure 2c), which relates
to the rock’s compressibility and the fluid’s diffusivity. The relevant
parameter to understand a rock’s hydraulic response in the case of
an isotropic undrained loading is Skempton coefficient. In case of a
deviatoric loading, the consolidation coefficient γ is the appropriate
parameter (Wang, 2000). A pseudo-consolidation parameter γ� is
introduced here, defined as the ratio of pore fluid pressure at the
dead volume outlet Δpf to the deviatoric applied stress Δσax such
that

γ� ¼ Δpf

Δσax
. (2)

As for ELF and νLF (Figure 2b), γ� is obtained from a linear regres-
sion between Δpf and Δσax. An example of a LF (i.e., f ¼ 0.1 Hz)
stress oscillation inducing a pore pressure oscillation is reported
(Figure 2c) for the water-saturated Fo7 sample. For this measure-
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ment, the static conditions applied are an effective pressure of
Peff ¼ 1 MPa (i.e., Pc ¼ 3 MPa and pf ¼ 2 MPa) and an added
deviatoric load of σ0ax ¼ 0.2 MPa. The sample appears to be in a
purely drained state so that an instantaneous response is observed
on the pore pressure signal. As a direct consequence, the linear
regression (Figure 2d) is almost a straight line. By increasing fre-
quency, a phase shift between applied Δσax and induced Δpf

appears.

CALIBRATION RESULTS: MEASUREMENTS
UNDER DRY CONDITIONS

The calibration is carried out following a stepwise procedure to
assess the measuring accuracy of the apparatus. First, using the purely
elastic glass and gypsum samples, the pressure and frequency depen-
dence of the apparatus and procedure are tested. Then, in the particu-
lar case of the Plexiglas sample, the accuracy of the frequency
dependence setup is tested. Finally, the role/effect of an added axial
load on a rock’s elastic response is tested using (1) the dependence to
confining pressure of the dry Fontainebleau samples’ elastic moduli
for different values of axial load and (2) a comparison between bulk
moduli obtained using the three different measuring setups
(Figure 1).

Confining pressure effect for the reference samples

Measured Young’s modulus and Poisson’s ratio

Prior to measuring pressure-dependent rock samples, the pressure
dependence of the axial setup needs to be assessed. The three stan-
dard samples are measured as a function of confining pressure (Fig-
ure 3) for given frequencies of f ∈ ½0.1; 1; 10; 100� Hz. To ascertain
the measurement stability, an axial stress of about σ0ax ∼ 2 MPa is
applied for all measurements. The measurements are compared with
the static values found in the literature for all three samples.
For the three samples, ELF (Figure 3a) and νLF (Figure 3b) are

independent of the confining pressure. The result is consistent with
earlier K measurements on these nonporous standard samples
(Pimienta et al., 2015). Furthermore, for all measuring frequencies
in the range of f ∈ ½10−2 − 102� Hz, ELF (Figure 3a) and νLF
(Figure 3b) of the glass and gypsum samples fit and are in good agree-
ment with the published static data. Note from the Plexiglas sample,
that a frequency dependence is observed for all confining pressures.
This effect is investigated in the “Inferred bulk modulus” section.

Inferred bulk modulus

In the framework of linear elasticity, under the assumption of an
isotropic material, it is possible to infer the bulk modulus (i.e., Kax)
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by combining the measured ELF and νLF. For all three samples, the
pressure dependence of KLF (Figure 1a) and KHF (Figure 1b) have
been measured in a previous study (Pimienta et al., 2015). For the
three standard samples, the previously measured (i.e.,KLF and KHF)
and inferred from this work (i.e., Kax) bulk moduli are compared as
a function of pressure (Figure 3c).
For the three standard samples, Kax fits with measurements using

the different measuring setups (Figure 1) for all confining pressures
(Figure 3c). It thus indicates the reproducibility of the measure-
ments using the different setups.

Frequency effect for the Plexiglas sample

The frequency dependence of the Plexiglas sample is further
investigated to test the accuracy of the apparatus. The Young’s
modulus ELF, Young’s attenuation QE

−1, and Poisson’s ratio
νLF are measured as a function of frequency in the range
f ∈ ½10−2; 102� Hz that is allowed by the apparatus. Although
the frequency dependence of this material is known to vary from
sample to sample (e.g., Madonna and Tisato, 2013), the measure-
ments are compared with the existing data (Batzle et al., 2006;
Madonna et al., 2011; Tisato and Madonna, 2012) on Plexiglas
samples.

Attenuation of the Plexiglas Young’s modulus

To the authors’ knowledge, Young’s attenuation QE
−1 is the

Plexiglas elastic property that was the most measured (Batzle et al.,
2006; Madonna et al., 2011; Tisato and Madonna, 2012). The
frequency-dependent measurements of this property, compared
with the existing data sets, are thus reported first (Figure 4). The
measured QE

−1 shows values ranging between 0.04 and 0.08 over
the frequency range of study.
A large attenuation peak, of aboutQE

−1 ¼ 0.08, is observed from
the measurements at f ¼ 15 Hz. Comparing the present QE

−1 data
to reported data (Figure 4), very similar behaviors are observed.
Data reported by Madonna et al. (2011) and Tisato and Madonna
(2012) show a similar peak at approximately 0.08 and the same fre-
quency of approximately 15 Hz. For the different temperatures (i.e.,
23°C and 40°C) of measurement, the QE

−1 peaks measured by Bat-

zle et al. (2006) are slightly higher (i.e., 0.09 and 0.1) and at higher
frequencies (i.e., approximately 50 and 100 Hz). It indicates that
the Plexiglas investigated here and that of Madonna et al. (2011)
and Tisato and Madonna (2012) are very similar and were measured
under very similar in situ conditions. Comparison with Batzle et al.
(2006) results shows that the Plexiglas they use and/or the in situ
measuring conditions are slightly different. As shown by Batzle
et al. (2006), the QE

−1 peak is shifted to higher magnitudes and
higher frequencies as the temperature increases. The temperature
during the present measurements was of about T ¼ 20°C, which
could explain the lower magnitude in the QE

−1 peak measured.
Finally, a small peak of QE

−1 ∼ 0.04 (Figure 4) appears at lower
frequencies (i.e., f ∈ ½5.10−3; 10−1� Hz). Studies from the literature
do not report measurements at frequencies lower than f ¼ 10−1 Hz,
so that no comparison can be made for this second peak. Note how-
ever that this second frequency-dependent variation correlates with
the KLF and QK

−1 variations measured in the same frequency range
(i.e., f ∈ ½510−3; 510−1� Hz) for this Plexiglas sample (Pimienta
et al., 2015).

Elastic dispersion on the Plexiglas sample

Frequency dependent ELF (Figure 5a) and νLF (Figure 5b) are
reported for the Plexiglas sample. To understand the frequency-
dependent variations, the measurements are compared with limit
cases of (1) HF measurements (i.e., EHF and νHF) and (2) the static
values found in the literature (e.g., Boudet and Ciliberto, 1998). In
case of the frequency-dependent ELF, an existing data set is found in
the literature that is also reported for comparison (Batzle et
al., 2006).
A large frequency-dependent increase is observed on ELF (Fig-

ure 5a) that correlates with the measured QE
−1 (Figure 4). Compar-

ing to the end values reported shows an overall consistency. The
ELF at very LF is close to the static value from the literature (Boudet
and Ciliberto, 1998). It increases with increasing frequency, up to a
value at f ¼ 102 Hz close to that from ultrasonic measurement EHF.
This may indicate that no dispersion effect is expected in this
sample at higher frequencies. As for QE

−1 (Figure 4), ELF differs
slightly from the one measured by Batzle et al. (2006) that keeps on
increasing at frequencies higher than about f ¼ 102 Hz. The differ-
ence is to be related to the difference in the Plexiglas used and/or the
measuring conditions (e.g., temperature). Note finally that a slope
change is observed at about f ¼ 10−1 Hz, which correlates with the
behavior of QE

−1 (Figure 4).
In case of frequency-dependent Poisson ratio νLF, the authors do

not know of any existing measurement for Plexiglas. The measure-
ments are thus only compared to the HF measurements and to the
published static value (e.g., Boudet and Ciliberto, 1998). Overall,
νLF (Figure 5b) shows a continuous decrease with increasing fre-
quency. At LF (i.e., f ∼ 10−2 Hz), it is close to the static value of
νstat ∼ 0.4 (Boudet and Ciliberto, 1998). As the frequency increases,
it progressively decreases down to a value at f ∼ 102 Hz close to the
one inferred from ultrasonic velocities of νHF ∼ 0.36. Consistently
with the measured ELF (Figure 5a), no dispersion is thus expected in
the frequency band of f ∈ ½102; 106� Hz for this sample.

Effect of the static axial load on dry rock samples

As introduced earlier, the reported standard samples’ properties
were measured under a small deviatoric load of about σ0ax ¼ 2 MPa.

Figure 4. Measured frequency dependence of Young attenuation
QE

−1 of the Plexiglas sample for a confining pressure of 10 MPa
and an axial stress of 2 MPa. Existing LF measurements of QE

−1

found in the literature (Batzle et al., 2006; Madonna et al., 2011;
Tisato and Madonna, 2012) are reported for comparison.
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A small axial load is indeed needed (e.g., Subramaniyan et al.,
2014) to (1) ascertain parallelism and (2) provide stable measure-
ments. Because the standard samples are neither porous nor micro-
cracked, this deviatoric load does not affect the sample’s internal

microstructure. However, sedimentary rocks contain microcracks
that are sensitive to pressure. In that case, what is the effect of this
σ0ax?

Change in overall behaviors with static axial load

The pressure dependence of ELF and νLF is reported (Figure 6)
for the dry Fo7 for three different axial loads of σ0ax ¼
½0.2; 2.2; 6.5� MPa. Consistently, no frequency dependence is mea-
sured under dry conditions, and a dependence to confining pres-
sure is observed. It appears that a small deviatoric load (i.e.,
σ0ax < 6.5 MPa) strongly affects the resulting sample’s elastic prop-
erties for confining pressures lower than approximately 10 MPa.
For ELF (Figure 6a) and νLF (Figure 6b), three distinct pressure-
dependent curves are observed. At low confining pressures (i.e.,
Pc < 10 MPa), ELF appears to increase for an increasing value
of σ0ax. Interestingly, σ0ax induces a clear change in νLF (Figure 6b)
pressure dependency.
This shift in pressure dependencies measured on νLF can be ex-

plained by a change in the rock’s overall isotropic properties. Fol-
lowing Wang et al. (2012), the measured dry VP∕VS ratio (i.e., ν) is
expected to increase with increasing Pc for isotropic rocks. How-
ever, it could decrease with increasing Pc for an anisotropic rocks if
measured in the appropriate orientation. The rock is initially iso-
tropic. The axial pressure σ0ax closes the horizontal small aspect ratio
microcracks, thus inducing an anisotropy.

Testing the sample’s isotropy

To check the isotropy using the present measuring setup, it is
possible to compare the measurements to the ones measured under
zero deviatoric stress. For that purpose, one can use KLF and KHF,
measured under pure isotropic conditions (Figure 1a and 1b). For
dry Fo7 (Figure 7a) and Fo8 (Figure 7b) samples, ELF and νLF
have been measured under the lowest added axial load (i.e.,
σ0ax ¼ 0.2 MPa). The inferred Kax is compared with KLF and
KHF measured on the same Fontainebleau samples (Pimienta et al.,
2015).

Figure 5. Measured frequency dependence of the (a) Young modu-
lus ELF and (b) Poisson ratio νLF of the Plexiglas sample for a con-
fining pressure of 10 MPa and an axial stress of 2 MPa. The HF
measurements and static data from the literature are reported. In
addition, existing data on ELF and EHF (Batzle et al., 2006) are re-
ported for comparison.

Figure 6. Measured pressure dependence of the (a) Young modulus ELF and (b) Poisson ratio νLF of the dry Fo7 for different values of axial
load σ0ax. Four different oscillation frequencies (i.e., symbols) of f ∈ ½0.1; 1; 10; 100� Hz are chosen.
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At all confining pressures, Kax falls in the uncertainty range of
measured KLF and KHF. It implies that this added axial load is low
enough, and that no stress-induced anisotropy effect is visible. As a
consequence, we choose to fix this static axial load in the following
at σ0ax ¼ 0.2 MPa.

EFFECT OF FLUIDS ON SANDSTONE SAMPLES’
YOUNG MODULUS

The frequency and pressure dependence of the three main param-
eters have been investigated in both sandstone samples: (1) Young’s
modulus ELF, (2) Young’s attenuation QE

−1, and (3) pseudo-con-
solidation parameter γ�.

Pressure dependence of the samples’ Young’s modulus

For Fo8 (Figure 8a and 8b) and Fo7 (Figure 8c and 8d), the pres-
sure dependence of ELF has been investigated in case of the glyc-
erin- and water-saturated samples for four measuring frequencies of
f ¼ ½0.1; 1; 10; 100� Hz. The dry ELF is reported for comparison.
The values of EHF measured under fluid-saturated conditions are
also reported for comparison in case of Fo7. Overall, the pressure
dependence is very strong for Fo7 and weak for Fo8. Under fluid
saturation, increasing the frequency leads to a large decrease in this
pressure dependence for both rocks. At effective pressures beyond
approximately 10 MPa, the measurements are only slightly higher
than the dry ELF for all frequencies.
The Fo8 sample (Figure 8a and 8b) shows no measurable pres-

sure dependence under fluid-saturated conditions for frequencies
higher than about f ¼ 10 Hz. Almost no difference between glyc-
erin and water saturation is measured. Fo7 shows much larger
effects. A clear distinction between fluid, pressure and frequency
effects is observed. At confining pressures below 10 MPa, the
fluid-saturated Young modulus increases with frequency, up to the
measured EHF. For any frequency, the glycerin-saturated Young
modulus results higher than the water-saturated one.

Frequency dependence of Young modulus for Fo7
sample

The frequency dependence of Young’s modulus ELF and attenu-
ation QE

−1, measured on Fo7 saturated by either water (Figure 9a
and 9c) or glycerin (Figure 9b and 9d), is reported for five different
effective pressures up to Peff ¼ 30 MPa. A large effect of frequency
is measured on ELF (Figure 9a and 9b) that varies with the fluid and
pressure. For a given Peff , the increase of ELF occurs at higher fre-
quency and is of lower magnitude for the water-saturated case as
compared with the glycerin one.
Furthermore, for both saturated cases, Peff appears to damp

the frequency dependence of ELF and QE
−1. In particular, at

Peff ∼ 30 MPa, no frequency dependence is measured on water
and glycerin saturated ELF and QE

−1. On the reverse, at the lowest
Peff conditions (i.e., Peff ¼ ½1; 2.5� MPa) a large increase with fre-
quency is observed. In the particular case of the glycerin-saturated
sample at 1 MPa, ELF increases from 38 to approximately 60 GPa.
A large QE

−1 peak is associated with that increase. The QE
−1 peak

has a maximum of 0.12 at about f ∼ 1 Hz. The same observations
are made at a Peff of 2.5 MPa.

Frequency dependence of hydraulic properties

As introduced earlier, the stress-induced pore pressure oscilla-
tions in the dead volume are described through a pseudo-consoli-
dation parameter γ�. The frequency dependence of this property
is investigated for Fo7 saturated by either water (Figure 10a)
or glycerin (Figure 10b). The different effective pressures of Peff ¼
½1; 2.5; 5; 10; 30� MPa are investigated.
Here, γ� decreases with increasing effective pressure at lowest

frequencies. Furthermore, for a given effective pressure, γ� de-
creases when frequency increases in water- and glycerin-saturated
conditions. The glycerin case (Figure 10b) shows a monotonic de-
crease down to γ� ¼ 0 at about f ¼ 1 Hz. On the reverse, the water-
saturated case (Figure 10a) shows a sharp decrease between 0.2 and
2–20 Hz.
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The frequency-dependent decrease of γ� corresponds to a de-
creasing fluid flow out of the sample (Pimienta et al., 2015). Under
water- and glycerin-saturated conditions, a frequency can be
reached for which no flow out of the sample can be observed. In
agreement with measurements of ELF (Figure 9a), the frequency of
the observed decrease in fluid flow γ� occurs at much lower
frequencies in case of the glycerin saturation.

INTERPRETATION AND DISCUSSION

Large frequency-dependent variations in Young’s modulus and
attenuation are measured that depend on the saturating fluid. In
addition, the variations in γ� indicate the existence of frequency-
dependent fluid flow, which also depend on the saturating
fluid. First, the role of the fluid’s viscosity in these frequency-de-
pendent variations is questioned and accounted for. Then, the
measurements are interpreted in terms of fluid flow at different
scales. Finally, the frequency-dependent ELF and QE

−1 measured
on Fo7 are compared with the reported measurements of bulk
modulus dispersion and attenuation on the same rock (Pimienta
et al., 2015).

Viscosity effect and apparent frequency

In the framework of the fluid flow theories, apparent frequency
f� that accounts for fluid’s viscosity ηf and frequency f in the same
manner is a key parameter. It is defined as

f�f ¼ f:
ηf
η0

; (3)

with η0 ¼ 10−3 Pa:s and ηf the fluid’s viscosity.

Assessment of fluids’ in situ viscosity

From the measured hydraulic conductivities (Appendix A), about
two to three orders of magnitudes separate the water- from the glyc-
erin-saturated measurements. If one assumes the permeability val-
ues to be identical for both fluids, the difference between fluids’ in
situ viscosities does not correspond to the theoretical ratio (i.e.,
ηwat∕ηgly ∼ 1221) but to the ratio ηwat∕ηgly ∼ 350.
The in situ water viscosity is assumed to be ηwat ¼ η0. The re-

sulting in situ glycerin’s viscosity is thus of ηgly ¼ 350η0. The
values of in situ viscosities being assessed for each fluid ηf , the
apparent frequency f� can be obtained. Considering the range of
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frequencies measured of f ∈ ½510−3; 102� Hz, the apparent fre-
quency range (1) for water saturation (i.e., ηwat ¼ 10−3 Pa:s) is
of f�wat ∈ ½510−3; 102� Hz and (2) for glycerin saturation (i.e.,
ηgly ¼ 0.35 Pa:s) is of f�gly ∈ ½1.75; 0.35105� Hz.

Young’s modulus variations with apparent frequency

The Young’s modulus and attenuation are plotted as a function
of apparent frequency (Figure 11) for different effective pressures
of Peff ¼ ½1; 2.5; 5; 10� MPa. No variations are observed for

Figure 9. Measured frequency dependence of the Young (a and b) modulus ELF and (c and d) attenuationQE
−1 of Fo7 fully saturated by water

or glycerin at different confining pressures.

Figure 10. Measured frequency dependence of the pseudo-consolidation parameter for Fo7 fully saturated by (a) water or (b) glycerin at
different confining pressures.
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Peff ¼ 30 MPa so that this case is not considered here. The frequen-
cies allowed by the apparatus lead to measurements over the appar-
ent frequency range of f� ∈ ½10−3; 105� Hz. Furthermore, there is
an overlap for a few measurements under different saturation con-
ditions.
Overall, a good fit is obtained between measurements of Young

moduli (Figure 11a) under either water or glycerin saturation. At
low effective pressure Peff ∈ ½1; 2.5; 5� MPa, a progressive increase
in modulus is measured with increasing apparent frequency. At low-
est effective pressure, this increase is as large as approximately
30 GPa over the range of apparent frequencies. For all effective
pressures, the increase in ELF with apparent frequency shows a
slope change at a frequency of 100 Hz. In addition, QE

−1 (Fig-
ure 11b) presents a large peak for f� close to 102 Hz. The peak
shows the same magnitude for water- and glycerin-saturated cases,
but it occurs at slightly higher f� for the glycerin-saturated case. At
Peff ¼ 10 MPa and beyond, very little variations are measured on
ELF and QE

−1.
In the low Peff range and for f� ∈ ½1; 50� Hz, Egly > Ewat. This

could be related to the fluids’ intrinsic bulk modulus, which is
higher for glycerin (i.e., 4.4 GPa) than for water (i.e., 2.2 GPa).

Fluid flow at different scales in Fo7

As reported in Pimienta et al. (2015), the drained/undrained and
undrained/unrelaxed transitions are expected in the investigated fre-
quency range (i.e., f� ∈ ½10−3; 105� Hz) for the Fo7 sample. How
well do the present results fit with this previous interpretation?

Observed transitions between regimes

We consider here a REV of the rock sample. This volume cor-
responds to a scale that is much larger than the pores or grains, large
enough to observe an approximately homogeneous volume, and
much lower than the sample’s scale. In the drained regime, fluid
has time to flow in and out of the REV, so that this case corresponds
to the dry one. Measurements under water-saturated conditions at
frequencies lower than f� ¼ 1 Hz (Figure 11a) prove to correspond
to such regime. In the undrained regime, the fluid mass is constant

within the REV, and the Kud results are higher than the drained Kd.
The data from Pimienta et al. (2015) fit to the drained/undrained
transition in the range of f� ∈ ½1; 102� Hz, the undrained Kud being
reached at frequencies below f� ¼ 102 Hz. This same transition
could explain the increase of ELF observed at frequencies below
f� ¼ 102 Hz (Figure 11a). Furthermore, a small plateau might
be observed at about f� ¼ 102 Hz, which could indicate an un-
drained regime. If, in agreement with poroelasticity, the shear
modulus is constant (i.e., Gud ¼ Gd), it is indeed expected that
Eud should be higher than Ed. The observed variations are consis-
tent with the predicted cut-off frequency for this transition, expected
to take place at f�1 ¼ 10 Hz (Pimienta et al., 2015).
In the unrelaxed regime, fluid has no time to flow from one in-

clusion (i.e., pore or crack) to the neighboring one, and the REV is
not isobaric. The relaxed/unrelaxed transition is expected to take
place at higher frequency than the drained/undrained one, and to
result in larger elastic moduli. This second transition could explain
the increase in ELF starting from the plateau at f� ¼ 102 Hz up to
the large EHF value (Figure 11a). This interpretation is consistent
with the predicted cut-off frequency for this second transition that
is expected to take place at f�2 ¼ 103 Hz (Pimienta et al., 2015).
One may thus consider that the data for ELF variations (Fig-

ure 11a) could be related to the (1) drained to undrained transition
in the range of f� ∈ ½100; 102� Hz and (2) relaxed to unrelaxed tran-
sition in the range of f� ∈ ½102; 105� Hz. Then, the attenuation data
are expected to show two distinct attenuation peaks at the frequen-
cies of f�1 and f�2, respectively. This is not the case (Figure 11b). A
possible explanation is that the two transitions are too close, so that
the two attenuation peaks overlap. The pressure has a strong effect
on these two transitions, so that at Peff ¼ 10 MPa and beyond, no
variation is observed.

Dispersion and attenuation in terms of the Zener model

From the general theory of linear viscoelastic response and
Kramers-Kronig relations (e.g., Nowick and Berry, 1972), disper-
sion and attenuation phenomena correlate. The measured fre-
quency-dependent variations can be investigated using the Zener
model. This simple viscoelastic model uses a combination of a

Figure 11. Measured dependence to apparent frequency of the (a) Young’s modulus ELF and (b) Young’s attenuation QE
−1 of the fully

saturated Fo7. The water and glycerin viscosities, allowing to fix the apparent frequency, are, respectively, of ηwat ¼ 10−3 Pa:s and
ηgly ¼ 0.35 Pa:s. Different effective pressures of Peff ¼ ½1; 2.5; 5; 10� MPa are reported. Dry ELF and glycerin-saturated EHF values are re-
ported for comparison.
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spring (of stiffness/modulus Ma) in series with a parallel assem-
blage of a spring (of stiffness/modulus Mb) and a dashpot
(of viscosity ηb). Noting that M−1

0 ¼ M−1
a þM−1

b and τ0 ¼
ηbðMa þMbÞ−1, it can be shown that the complex modulus
M̄ðωÞ takes the form

M̄ðωÞ ¼ M0 þ iωτ0Ma

1þþiωτ0
; (4)

where ω ¼ 2πf is the pulsation and τ0 is the characteristic
relaxation time. Noting that M̄ðωÞ ¼ MRðωÞ þ iMIðωÞ, one deter-
mines the magnitude MðωÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

R þM2
I

p
and attenuation

Q−1ðωÞ ¼ MI∕MR.
This model relies on three parameters (i.e., Ma, Mb, and ηb).

From limit considerations, Ma and M0 are obtained, respectively,
at the highest and the lowest frequencies of the transition of interest.
Furthermore, ηb may be obtained from the knowledge on the char-
acteristic relaxation time τ0 (or critical frequency fc) of the effect.
The fit to a Zener model allows us to calculate the dispersion/attenu-
ation curves expected in the case of drained/undrained or relaxed/
unrelaxed transitions if the elastic properties of the three regimes are

known. For these two transitions, the two critical frequencies fc
chosen are assumed to be 101 Hz (i.e., f�1) and 103 Hz (i.e., f�2).
We apply the Zener model (equation 4) to our data using for Eud

either the measured value at 102 Hz (i.e., Emeas
ud ) or that predicted

from the Biot-Gassmann equation (i.e., Eth
ud). Note that, for each

prediction, we use two sets of parameters because we have two tran-
sitions. We assume that the drained (i.e., Ed) and unrelaxed (i.e.,
Eur) Young moduli are known. They are obtained from the data,
i.e., Ed ¼ Edry and Eur ¼ EHF. We calculate for E and Q−1

E two sets
of distinct curves depending on the choice of Eud. The first one,
using only the data, corresponds to a transition from Ed to Emeas

ud

(i.e., drained/undrained) and from Emeas
ud to Eur (i.e., relaxed/unre-

laxed). The second one, using Biot-Gassmann prediction, corre-
sponds to a transition from Ed to Eth

ud (i.e., drained/undrained) and
from Eth

ud to Eur (i.e., relaxed/unrelaxed). The two dispersion and
attenuation curves are compared with the data set (Figure 12) for
two effective pressures of Peff ¼ ½1; 2.5� MPa. The Biot-Gassmann
prediction of the undrained Young modulus is shown for com-
parison.
In case of the Young’s modulus dispersion (Figure 12a and 12b),

the measurements at 1 and 2.5 MPa show the same overall behav-
iors and lead to the same interpretations. The Zener plot using
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Biot-Gassmann prediction is slightly below the Zener plot using the
data for the drained/undrained transition. The Zener plot using Emeas

ud

fits the data frequency dependence for the drained/undrained tran-
sition, but it deviates from it in the case of an undrained/unrelaxed
transition. For all f� > 102 Hz, the plot overestimates the measure-
ments, indicating that the measured dispersion is more spread out
than expected in the case of an unique frequency effect. This spread-
ing may be explained by a distribution in microcracks of differing
aspect ratio inside this natural rock.
The measuredQE

−1 (Figure 12c and 12d) shows a peak similar in
amplitude to the ones predicted by the Zener plots in the case of the
drained/undrained transition. For the relaxed/unrelaxed transition,
both Zener plots overestimate the peak.

Young’s modulus and bulk modulus variations

The bulk modulus KLF and attenuation QK
−1 were measured on

the same sample (Pimienta et al., 2015). The two data sets are re-
ported (Figure 13a and 13b). As in the previous section, the mea-
surements are plotted as a function of apparent frequency and
compared with two Zener plots. Again, the drained regime (i.e.,
Kd and Ed) and the unrelaxed regime (i.e., Kur and Eur) are directly
measured. The sole difference between the two Zener plots is in the
choice for the value of the undrained regime. The first Zener plot is

obtained using the measured undrained modulus (i.e., Emeas
ud and

Kmeas
ud ). The second Zener plot is obtained using Biot-Gassmann

prediction (i.e., Eth
ud and Kth

ud).

Dispersion in elastic moduli

Assuming linear isotropic elasticity, it is possible to infer from E
and K the Poisson ratio ν and the shear modulus G. Because the
bulk and Young modulus data sets do not cover the same frequency
range, ν and G are inferred using the calculated Zener plots (Fig-
ure 13c and 13d). Measured data on dry νd and glycerin-saturated
νHF andGHF are reported, along withGd inferred from the measured
νd and Ed. For ν and G, an increase is observed between the dry LF
and glycerin-saturated HF data. Yet, the two elastic properties show
different behaviors at intermediate frequencies.
For the shear modulus (Figure 13d), both Zener plots show a

monotonic increase with frequency. Using Biot-Gassmann theory
(i.e., Eth

ud and Kth
ud), no change in G for the drained/undrained tran-

sition is predicted. The small variation observed corresponds to a
numerical artifact from combining K and E Zener plots. The G
dispersion is expected to occur during the relaxed/unrelaxed tran-
sition. Using the direct data fit (i.e., Emeas

ud and Kmeas
ud ), a slight in-

crease of G is however predicted for the drained/undrained
transition such that Gud > Gd. The relaxed/unrelaxed transition
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is again predicted to result in a large increase of G. Note that this
result for the relaxed/unrelaxed transition is expected from effective
medium theories for a fully saturated rock.
Both Zener plots for ν (Figure 13c) show an increase from 0.1 to

0.25 at intermediate frequencies, corresponding to the drained/un-
drained transition. As the frequency increases, a decrease is then
inferred down to 0.19 at higher frequencies. This bell-shaped curve
indicates that the undrained νud is predicted to be higher than the
unrelaxed νur. This behavior is in fact consistent with effective
medium theories calculations for a microcracked rock.

Attenuations for the different transitions

Using Zener plots fitted to the measured elastic moduli, a com-
parison can be proposed for QK

−1 (Figure 14a) and QE
−1 (Fig-

ure 14b) for different pressures of Peff ¼ ½1; 2.5; 10; 30� MPa.
Two strong attenuation peaks are predicted forQK

−1 andQE
−1 at

low effective pressures. Both attenuation peaks decrease when in-
creasing Peff , which is consistent with the fact that the microcracks
progressively close when increasing the confining pressure. At
Peff ¼ 1 MPa, QK

−1 (Figure 14a) is predicted to be larger for the
drained/undrained transition than for the relaxed/unrelaxed one.
The reverse is predicted forQE

−1 (Figure 14a). This difference orig-
inates from the fact that E combines K and G. Because G is not
expected to show any dispersion for the drained/undrained transi-
tion, QE

−1 should consistently be lower than QK
−1 for this

transition.

CONCLUSION

Calibration of a new setup with two standard samples (i.e., glass
and gypsum) shows that Young’s modulus and Poisson’s ratio can be
measured in the frequency ranges of Pc ∈ ½0; 30� MPa and
f ∈ ½510−3; 102� Hz, respectively. The bulk and shear moduli can
be inferred from these data. The results fit well with the previously
published data. No pressure or frequency dependency of the appara-
tus is observed. Using the Plexiglas sample, measurements of
Young’s modulus dispersion and attenuation are consistent with
the previous measurements. The new setup is accurate over the pres-
sure and frequency ranges of f ∈ ½510−3; 102� Hz, respectively.

The pressure dependence of Young’s modulus has been mea-
sured at different frequencies on well-known sandstone samples
saturated by water and glycerin. One sample shows small variations.
The other one exhibits strong pressure- and frequency-dependent
variations. This second sample has been further investigated as
a function of frequency for both saturating fluids. Large fre-
quency-dependent variations have been measured on the Young’s
modulus and attenuation. The key parameter for these effects, de-
fined as the apparent frequency f�, combines frequency and the flu-
ids’ viscosity in the same manner. Using this parameter shows that
Young’s modulus and attenuation have been investigated over the
range of f� ∈ ½10−3; 105� Hz. The measurements using different
fluids compare favorably, and both drained/undrained and
relaxed/unrelaxed transitions have been measured. Combining
the present results with previous ones on the bulk modulus, Pois-
son’s ratio and shear modulus have been inferred over the frequency
range. Poisson’s ratio appears to be strongly frequency dependent
and shows a large bell-shaped variation. The shear modulus shows a
slight evidence of a dispersion associated with the drained/un-
drained transition, and a stronger variation associated with the re-
laxed/unrelaxed transition.
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APPENDIX A

MEASURED HYDRAULIC CONDUCTIVITY

To understand the fluid-flow effects at the sample scales, the
rocks’ transport properties have to be measured. The pressure gra-
dient method (e.g., Ougier-Simonin et al., 2011) is used here (Fig-
ure A-1a and A-1b). It consists in applying a pressure gradient
(Figure A-1a) and measuring the fluid flow (Figure A-1b). Knowing
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L70 Pimienta et al.



the pressure gradient and fluid flow allows one to measure the hy-
draulic conductivity ðκ∕ηÞ across the sample, which is obtained for
each confining step. The samples’ hydraulic conductivities are mea-
sured for the different Peff under the glycerin and water saturation
(Figure A-1c). As shown from the protocol (Figure A-1a and A-1b),
four values of hydraulic conductivity may be obtained from this
method, so that four permeabilities may also be inferred. The re-
ported measurements and error bars correspond to the mean and
standard deviation between the four measurements (Figure A-1c
and A-1d).
From the measured hydraulic conductivities, about two to three

orders of magnitudes separate the water-saturated measurements
from the glycerin-saturated ones (Figure A-1c). If one assumes
the permeability values to be identical for both fluids (Figure A-
1d), the difference between the fluids’ in situ viscosities does not
correspond to the theoretical ratio (i.e., ηwat∕ηgly ∼ 1221) but to the
ratio ηwat∕ηgly ∼ 350. This empirical ratio between water’s and
glycerin’s viscosities (i.e., ηgly ¼ 350ηwat) is found to be the same
for Fo7 and Fo8 (Figure A-1d). Another possible assumption would
be that the permeability depends on the fluid nature (because, for
instance, the fluid paths would be different). In any case, the rel-

evant parameter for frequency dependence in the LF range is ðκ∕ηÞ
(Pimienta et al., 2015).
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