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ABSTRACT

We report experimental data on the frequency dependence of
bulk elastic modulus in porous sandstones. A new methodology
was developed to investigate the dispersion/attenuation phe-
nomena on a rock’s bulk modulus K for varying confining
pressures in the range of 1–50 MPa and fluids of varying viscos-
ities (i.e., air, glycerin, and water). This methodology combined
(1) ultrasonic (i.e., f ∼ 0.5 MHz) P- and S-wave velocity
measurements, leading to the high-frequency (HF) KHF, (2)
stress-strain measurements from forced periodic oscillations
of confining pressure at low-frequency (LF) ranges (i.e.,
f ∈ ½4 10−3; 4 10−1� Hz ), leading to KLF and Q−1

K , and (3)
pore-pressure measurement to document the induced fluid-flow
in the LF range (i.e., f ∈ ½4 10−3; 4 10−1� Hz ). The stress-strain
methodwasfirstcheckedusingthreestandardsamples:glass,gyp-
sum, and Plexiglas samples. Over the frequency and pressure

range of the apparatusKLF was stable and accurate and the lowest
measurable LF attenuation was Q−1

K ∼ 0.01. The methodology
was applied to investigate Fontainebleau sandstone samples of
7% and 9% porosity. The KLF and Q−1

K exhibited correlated var-
iations, which also correlated with an experimental evidence of
frequency-dependent fluid-flow out of the sample. Attenuation
peaks as high as Q−1

K ∼ 0.15 and Q−1
K ∼ 0.25 are measured. The

attenuation/dispersion measured under glycerin saturation was
compared to Biot-Gassmann predictions. The overall behavior
of one sample was consistent with a dispersion/attenuation
characteristic of the drained/undrained transition. On the reverse,
the other sample exhibited exotic behaviors as the measurements
were underestimated by the drained/undrained transition and in-
dicated a direct transition from drained to unrelaxed domain.
These different behaviors were consistent with the values of the
critical frequencies expected for the drained/undrained (i.e., f1)
and relaxed/unrelaxed (i.e., f2) transitions.

INTRODUCTION

Comparing rocks’ elastic properties inferred from either laboratory
ultrasonic (i.e., f ∼ 1 MHz) or field sonic (i.e., f ∈ ½1; 103� Hz)
velocities is not straightforward because of the frequency range
(i.e., up to five orders of magnitude). Frequency effects are ex-
pressed in terms of dispersion and attenuation of a wave traveling
through a medium. Various theories were developed to understand
and account for these effects in fluid-saturated porous rocks (e.g.,
O’Connell and Budiansky, 1974; Cleary, 1978; Winkler and Mur-
phy III, 1995; Ravalec et al., 1996; Mavko et al., 2003; Müller et al.,
2010; Adelinet et al., 2011). Overall, these theories aim at predict-
ing the characteristic frequencies of the effect and the amplitude of
attenuation and dispersion.
Even though frequency effects are shown to be important in par-

tially saturated media (e.g., Tisato and Madonna, 2012; Madonna

and Tisato, 2013), only fully saturated rocks are investigated here.
In a fully saturated rock, three flow regimes are expected to take
place in the frequency range of f ∈ ½10−2; 106� Hz (e.g., Cleary,
1978; Sarout, 2012). The first regime is the drained one. It corre-
sponds to a macroscopic fluid flow and is thus associated to very
low frequency. The second regime is the undrained one. At a scale
of a representative elementary volumes (REVs), there is an isobaric
state but no macroscopic flow can occur. The drained and undrained
regimes are well accounted for through quasistatic poroelasticity.
By comparison with the first two regimes, both relaxed, the third
regime is an unrelaxed one. It corresponds to a nonisobaric REV.
It follows from the existence of these three regimes, of fluid flow
that two transitions are expected: from drained to undrained regimes
and from relaxed to unrelaxed regimes.
Several experiments aiming at measuring such effects in the lab-

oratory have been performed in recent years (Subramaniyan et al.,
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2014). In particular, a “stress-strain” forced oscillation method has
been introduced (e.g., Spencer, 1981). Axial forced oscillations
have widely been used for measuring the Young modulus and at-
tenuation for a frequency range of about f ∈ ½10−2; 103� Hz (e.g.,
Adam et al., 2006; Batzle et al., 2006; Tisato and Madonna,
2012; Madonna and Tisato, 2013; Mikhaltsevitch et al., 2014).
A similar method was used by Jackson and Paterson (1987)
to determine shear dispersion and attenuation in the range of f ∈
½0.01; 0.3� Hz with torsional forced oscillations. Measuring bulk
modulus was made possible using confining pressure forced oscil-
lations (Adelinet et al., 2010; David et al., 2013; Fortin et al., 2014).
Adelinet et al. (2010) and David et al. (2013) compare the HF (i.e.,
f ∼ 1 MHz) and LF (i.e., f ∼ 0.1 Hz) bulk moduli of dry and fluid-
saturated rocks. However, these authors do not investigate the varia-
tion in bulk modulus with frequency nor do they measure attenu-
ation in this pressure oscillation mode.
The present contribution reports new results on frequency-depen-

dent dispersion and attenuation on the bulk modulus. The experi-
mental setup is first presented and calibrated using three standard
samples. Then, results are reported for two Fontainebleau samples
fully saturated with different fluids. The results are interpreted on
the basis of the three fluid-flow regimes and their characteristic
frequencies.

SAMPLES, EXPERIMENTAL APPARATUS, AND
PROCEDURE

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 (Ougier-Simonin et al., 2011; Mallet et al., 2013),
(2) a pure gypsum sample (Brantut et al., 2012), and (3) a Plexiglas
(poly[methyl methacrylate] PMMA) sample (e.g., Batzle et al.,
2006). These were chosen because (1) they are homogeneous
and isotropic media at the sample scale; (2) their elastic properties

are known, and they show a large range in compressibilities from
K ¼ 4.5 GPa for Plexiglas (e.g., Barrau and Laroze, 1988) to K ¼
60 GPa for glass (e.g., Ougier-Simonin et al., 2011); (3) these sam-
ples have a negligible porosity, and their elastic properties are not
expected to change with confining pressure; and (4) even though
glass and gypsum elastic properties are independent of frequency,
Plexiglas is a viscoelastic material whose elastic properties are fre-
quency dependent. Plexiglas is often used as a mean to test an at-
tenuation apparatus (e.g., Batzle et al., 2006; Tisato and Madonna,
2012; Madonna and Tisato, 2013).

Fontainebleau samples

The 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% quartz (Bourbie and Zinsz-
ner, 1985; Gomez et al., 2010). Because the rock was formed from
aeolian quartz grains deposited, the rock possesses a random grain
orientation and is well sorted, with an average grain radius of ap-
proximately r ¼ 100 μm. Figure 1 shows a Fontainebleau typical
thin section. From Figure 1a, the rock can consistently be assumed
to be homogeneous at the REV scale (i.e., volume ≫ grains’ vol-
ume). Furthermore, by adding a polarizing prism (Figure 1b), it is
shown that the different quartz grains have each a different orien-
tation, making the isotropic assumption consistent for this rock.
Depending on the amount of quartz cement, Fontainebleau

Sandstone porosity ranges from approximately ϕ ∼ 2% for highly
cemented samples to approximately ϕ ∼ 25% for ill-cemented sam-
ples. The main differences between samples are the pores’ entry
diameters, leading to variations in permeability of approximately
four to five orders of magnitude (Bourbie and Zinszner, 1985) be-
tween the extreme cases. The two samples chosen have porosities of
approximately ϕ ¼ 7.3% (i.e., Fo7) and ϕ ¼ 8.8% (i.e., Fo9),
respectively. Their total pore volume, measured from total fluid in-
jection at lowest effective pressure, is of VFo7 ∼ 7.2 mL and
VFo9 ∼ 8.6 mL, respectively. This is consistent with the samples’
dimensions of 40-mm diameter and 80-mm length, i.e., rock vol-
ume of approximately ∼100 mL. As documented by Bourbie

Figure 1. Microscopic image of a thin section of the approximately 7% Fontainebleau Sandstone (a) without and (b) with a polarizing prism. In
panel (a), grains appear in gray and pores are in black. In panel (b), the colors come from the polarizing direction.
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and Zinszner (1985), these samples of slightly different porosities
are expected to fall in almost the same permeability range of ap-
proximately κ ∈ ½10−14; 10−15� m2.

Experimental apparatus and procedure

Cell and confining setup

The apparatus aims at measuring simultaneously high-frequency
(HF) and low-frequency (LF) elastic properties. To investigate these
properties at different pressures, measurements are conducted in an
oil-confining triaxial apparatus (Fortin et al., 2005) that can be used
in two different setups thanks to an axial piston that can be shifted
vertically. Only the first setup, in which the axial piston is not in
contact with the end-platen (and thus the sample), is used here.
It allows for studying the sample under pure isotropic conditions.
For the sample to be isolated from the surrounding confining oil, it
is jacketed radially and enclosed in two end-platens.
A servocontrolled confining pump is linked to the bottom of the

cell chamber to deliver the confining pressure. The applied pressure
is directly measured by a Keller pressure transducer with accuracy
down to approximately Pc ∼ 0.01 MPa. This pressure transducer is
placed at the top of the chamber so that the pressure measurement is
strictly equal to that applied to the sample.

Experimental procedure

A procedure (Figure 2) is devised to measure the rocks’ bulk
moduli using different fluids at different confining pressures. Start-
ing from a pressure of approximately ∼1 MPa, elastic moduli are
measured at each loading step of confining pressure up to the maxi-
mum confining of ∼50 MPa. For fluid saturation, the confining
pressure is slowly decreased down to a pressure of approximately
∼3 MPa. At this low pressure, a fluid (i.e., glycerin then water) is
introduced in the sample. After pore pressure stabilization (i.e.,
Pp ∼ 2 MPa), the properties are measured again. For the sandstone
samples in fluid-saturated conditions, Terzaghi effective pressure
Peff ¼ Pc − Pp is used, which allows for comparison between

dry and fluid-saturated conditions. This approximation of the effec-
tive pressure is chosen to report the data in a simple way.
The standard nonporous samples are measured in dry conditions

only (i.e., step 1 in Figure 2). The Fontainebleau samples are mea-
sured under (1) dry, (2) glycerin full saturation, and (3) water full
saturation conditions. Starting from the initial pressure of measure-
ment, a controlled rate of approximately 0.01 MPa is used for load-
ing and unloading as to allow for complete/instantaneous relaxation
of the fluid-filled sample (Fortin et al., 2007; David et al., 2013).
At each confining pressure, LF and HF properties are obtained

using two different methods (Figure 2). HF elastic properties (Fig-
ure 2b) are deduced from the measured ultrasonic wave velocities.
LF properties (Figure 2a) are measured using confining pressure
oscillations around a mean effective pressure value. The induced
strain and pore pressure oscillations are recorded. The LF bulk
modulus is deduced from the ratio of volumetric strain Δϵ over
confining ΔPc oscillations. These oscillations are very small,
i.e., ΔPc ∼ 0.2 MPa.
The glycerin full saturation of the sample is ascertained by an

injection procedure: (1) Vacuum is applied with a vacuum pump
at the sample upper end until the measured Pp reaches a stable neg-
ative value, (2) the fluid is injected at the sample bottom while
maintaining the vacuum up to full saturation, and (3) the sample
is flushed again by a full volume of fluid, i.e., equal to the system
“sampleþ dead volume” total volume. 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.

Pore fluid setup

Pore pressure is controlled externally, and independently of
the confining pressure, by a pair of connected Quizix volumetric
servopumps. The pore volume and pressure measurements’ accura-
cies are of approximately Vp ∼ 0.1 μL and Pp ∼ 0.001 MPa, re-
spectively. Additionally, another pressure transducer of Pp ∼

0.01 MPa accuracy is placed near the sample.
Valves are placed at both ends of the sample (Fig-
ure 2a) to decrease as much as possible the pipes’
dead volumes (i.e., 1 and 2 in Figure 2a), and the
pressure sensor is placed near the bottom end-
platen (i.e., inside the dead volume). The mea-
sured dead volumes are Vd1 ¼ 3.433 mL and
Vd2 ¼ 3.205 mL, leading to a total dead volume
of approximately Vd ∼ 6.6 mL.
The valves can either be open or closed.

The first configuration is chosen when chang-
ing the confining pressure in the range of
Pc ∈ ½1; 50� MPa, so that the fluid is kept at a
constant pressure of Pp ∼ 2 MPa. The second
configuration is chosen, and the valves are
closed, during LF measurements, i.e., during
the small pressure oscillation ΔPc. In this con-
figuration, the fluid mass is kept constant in
the system (i.e., sampleþ dead volume). This
system is experimentally undrained, and fluid
pressure changes are tracked by the pore-pres-
sure sensor.
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Figure 2. Schematic view of the experimental procedure. Under isotropic stress con-
ditions, (a) LF measurements originate from a confining pressure oscillation that induces
the strain and pore pressure oscillations and (b) KHF is obtained from ultrasonic wave
velocity measurement, from a traveling pulse between two piezoelectric transducers.
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This configuration was found to be the most appropriate because
it discards any possible bias from an extrinsically induced differed
fluid flow (i.e., from the slow regulation of the pump). This con-
figuration has often been chosen for measuring frequency effects
(e.g., Batzle et al., 2006; Tisato and Madonna, 2012; Madonna
and Tisato, 2013; Mikhaltsevitch et al., 2014). In such a setup,
one would assume that the resulting measurement is intrinsically
undrained. This is actually not the case here owing to the existence
of the dead volume (i.e., Vd ∼ 6.6 mL). In particular, Vd is close to
the samples’ total pore volumes Vp (i.e., VFo7 ∼ 7.2 mL and
VFo9 ∼ 8.6 mL). It follows that Vp þ Vd is undrained, but Vp is
not necessarily undrained.

High-frequency setup

HF moduli are measured from the traveltime of an ultrasonic
wave through the sample’s length (i.e., l ∼ 80 mm). For this pur-
pose, a pair of P- and S-wave piezoelectric transducers (PZT5A,
Boston Piezo-Optics, Inc.) are glued in the end-platens, at both ends
of the sample. The recorded traveltime is directly corrected from the
added traveltime in the end-platens.
P- and S-wave arrival times Δt are obtained using a crosscorre-

lation procedure by picking the arrival-time of the P- or S-wave-
form’s maximum amplitudes. The waves’ velocities i.e., V are
then inferred knowing the sample length l such that V ¼ l∕Δt.
HF moduli KHF and GHF are obtained from the sample’s density
ρ and the measured P- and S-wave velocities assuming the material
isotropic such that

8><
>:

VP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KHFþ4

3
GHF

ρ

q
;

VS ¼
ffiffiffiffiffiffi
GHF

ρ

q
;

(1)

with the density ρ defined from the known quartz (i.e., ρqtz) and
fluid (i.e., ρf) densities, and sample’s porosity (i.e., ϕ) such
that ρ ¼ ρf:ϕþ ρqtz:ð1 − ϕÞ.
Note that the sample’s length varies with the confining pressure.

A length correction l ¼ l0 − Δl is thus introduced in the measure-
ment of the wave velocities. In the same way, the sample density
varies due to the porosity change ϕ ¼ ϕ0 − Δϕ so that a second
correction is also introduced to obtain the HF elastic moduli
(e.g., KHF).
The relative elastic waves velocities values obtained from cross-

correlation measurements have accuracies of 0.1%. However, ow-
ing to the uncertainty to precisely determine the arrival time on the
reference waveforms, absolute P- and S-wave velocities have lower
accuracy, of approximately 1% and 3%, respectively. Because the
aim of the present contribution is to compare HF and LF moduli,
and not the sole effect of the fluid on the P- and S-wave velocities,
absolute measurements are needed. Because the elastic moduli are
deduced from the square of the ultrasonic wave velocities, they bear
a much larger measurement error.GHF is inferred from VS only. The
low accuracy on the VS only affects its absolute value, with an ac-
curacy as low as 6%. On the reverse, KHF is inferred from a combi-
nation of VP and VS. The absolute accuracy on KHF is thus lower
than forGHF, i.e., accounting for errors on P- and S-wave velocities.
Its error is assumed to be higher than approximately 8%.

Low-frequency setup

As discussed above, the LF measurements rely on the stress-
strain method. A low-amplitude pressure oscillation at a given fre-
quency is applied on the sample, thus inducing a strain oscillation.
Three pairs of axial and radial 350Ω strain gauges (Tokyo Sokki
TML, FCB-6-350-11) of 6-mm length are directly glued on the
sample. Each of the six strain gauges are mounted in a one-fourth
Wheatstone bridge. Pressure ΔPc and strain Δϵ oscillations are
transformed from electric to pressure and strain signals using the
Catman recording system (HBM, Inc.), able to record at frequencies
up to 2400 Hz.
Two different approaches are used for the sample’s investigation.

First, properties are measured as a function of effective pressure, at a
chosen frequency of f ∼ 0.1 Hz. Second, properties are measured
as a function of frequencies at various confining pressures.

Processing method for the low-frequency setup

At a given effective pressure, an oscillating confining pressure
ΔPc (Figure 3a) leads to strain Δϵ oscillations (Figure 3c), and,
in the case of porous samples saturated by a liquid, to a pore pres-
sure ΔPp oscillation (Figure 3b). The recorded strains account for a
solid response to the applied pressure oscillation. The pore-pressure
oscillations, recorded at the outlet of the pipes’ dead volume, ac-
count for a fluid response induced by the sample’s response.
The applied confining pressure oscillations ΔPc (Figure 3a) are

triangular periodic signals. As a direct consequence, the output reg-
istered signals for strain Δϵv (Figure 3c) and pore pressure ΔPp

(Figure 3b) have the same triangular form. The signal is a periodic
function characterized by its frequency f, phase ϕ, and amplitude A.

Volumetric strain measurement

As Madonna and Tisato (2013) point out, the sample intrinsic
heterogeneity may induce an error because the total rock volumetric
strain may differ from the local strain recorded by the gauge. To
discard such error (1) the samples (i.e., reference and Fontainebleau
samples) used have been chosen to be homogeneous media, and (2)
large strain gauges (i.e., 6-mm length) have been used so that the
measurement area is larger than an REV average area.
The volumetric strain ϵv is theoretically obtained from axial ϵax

and radial ϵrad strains such that ϵv ¼ ϵax þ 2ϵrad. However, under
pure isotropic conditions, the measured ϵax and ϵrad are equal
(e.g., Figure 3c). It is thus possible to deduce ϵv either from ϵax
(David et al., 2013) or ϵrad only. To minimize the possible bias,
the volumetric strain is here measured from the mean of all gauges
so that ϵv ¼ 3.ϵ̄, where ϵ̄ is the mean value of all the strain gauges
(i.e., ϵax and ϵrad).

Strain measurement

In an automatic procedure, (1) the signals (e.g., Figure 3) are Fou-
rier transformed; (2) the frequency f, corresponding to the dominant
amplitude peak A, is picked; and (3) the phase ϕ, corresponding to
the picked frequency f, is in turn picked. The bulk phase shift ΔϕK

is obtained from the phase difference between stress and strain (Bat-
zle et al., 2006; Madonna and Tisato, 2013), such that the bulk at-
tenuation Q−1

K ¼ tan½ΔϕK� is obtained.
During the experiment, the air conditioning of the experimental

room results in an extrinsic oscillation (Figure 3) of low frequency
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(i.e., f ∼ 10−3 Hz). The recorded signal is then filtered in the Fou-
rier domain to suppress this noise. As shown for the gypsum sample
(Figure 4a), after filtering, stress and strain oscillations have the
same frequency f. Because strain is negative in compression, stress
and strain are in phase opposition.
Under purely isotropic conditions, the LF bulk modulus KLF is

obtained from measured stress ΔPc and strain Δϵv such that
ΔPc ¼ KLF × Δϵv. The KLF is obtained by a linear regression con-
strained with a 99% confidence interval. The data scatter around this
linear regression is used to infer a statistical error, noted ΔKLF.
An example is reported (Figure 4b) for the three standard samples
measured under the same conditions of (1) a low confining
pressure (i.e., Pc ¼ 1 MPa) and (2) an oscillating pressure of
ΔPc ¼ 0.2 MPa at a frequency of 0.1 Hz. Because the signal-to-
noise ratio decreases when the strain amplitude decreases, thus de-
creasing the strain gauge accuracy, the error is larger for the stiffer
glass and gypsum than for the soft Plexiglas. Yet, this statistical
error remains lower than approximately 1% of the measured
modulus.

Pore-pressure measurement

Again, the temperature oscillation is filtered to obtain the pore
pressure oscillations measurements. An example is shown (Figure 5)
for Fo9 fully saturated by either water or glycerin. Pore pressure
oscillations (i.e., ΔPp) can be measured (Figure 5a) for a given ef-
fective pressure and frequency.
From ΔPp measurements under purely isotropic oscillations, it

is possible to obtain a pseudo-Skempton coefficient B� of our
undrained system (i.e., sampleþ dead volume) such that ΔPp ¼
B� × ΔPc. Because the undrained volume corresponds to
Vp þ Vd, and not Vp only, this coefficient B� may not equal B.
Using a linear regression, with a 99% confidence interval, B� is
obtained (Figure 5b). It is clear from Figure 5b that an hysteresis
is present. This means that there is a phase shift between ΔPc and
ΔPp. The data scatter around this linear regression, noted ΔB�, is in
fact directly related to this phase shift.
Measuring pore-pressure oscillation at the outlet of the dead vol-

ume implies that the overpressure caused in the poral fluid by the
oscillation induces a fluid flow out of the sample. In other words,
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Figure 3. Recorded measurement of (a) confining pressure oscillations ΔPc, (b) induced pore pressure ΔPp, and (c) axial and radial strains
Δϵrad and Δϵax oscillations prior to signal processing. Snapshot for Fo7 under glycerin saturation at an effective pressure of 10 MPa (i.e.,
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Note the LF modulation due to the air-conditioning system.
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the ΔPp oscillations are induced by a fluid flow out of the sample.
Conversely, if no fluid pressure oscillations ΔPp are observed, the
implication is that there is no time for fluid to flow out of the sample
into the dead volume; i.e., the sample is undrained. Note that, for
same effective pressure (i.e., Peff ∼ 1 MPa) and oscillating fre-
quency (i.e., f ∼ 0.1 Hz), the pore pressure response shows a
dependence to the saturating fluid in case of Fo9 (Figure 5b). This
difference exists for B� and ΔB�. It implies that, under the same
measuring conditions, less fluid flow is allowed in the case of glyc-
erin saturation and that the phase shift is larger. This is consistent
with a higher viscosity value for glycerin as compared to water.

CALIBRATION RESULTS

The detailed procedure and processing methods are first tested on
the three reference/standard samples to assess the behaviors of ap-
paratus and oscillating system, and thus the accuracy of the reported
measurements.

Limitations of the apparatus

The oscillating system is first tested to determine the range of
pressure values that give reliable data. In particular, one needs to
check that strain amplitudes are low enough to avoid inelastic ef-
fects. As discussed by Winkler and Murphy III (1995), dependence
of elastic properties on amplitude could be observed even at strain
amplitudes as low asΔϵ ∼ 10−6 (Winkler, 1985). Yet, these inelastic

effects prove to be negligible (i.e., less than approximately ∼1%) for
strain amplitudes lower than approximatelyΔϵ ∼ 10−5 (see Figure 6
from Winkler and Murphy III, 1995).
Using plots of ΔPc − f (Figure 6a) and Δϵv − f (Figure 6b), the

domain in which the apparatus is reliable can be constrained. For
this apparatus, ΔPc amplitudes (Figure 6a) originate from pump
piston oscillations and thus directly correlate with the frequency
of oscillation. Because measurements prove not to be accurate for
strain variations lower than approximately Δϵ ∼ 3.10−7 (Figure 6b),
measuring frequencies higher than approximately f ∼ 1 Hz is out of
the reliable range. The domain at which inelastic effects are present
is also discarded (Figure 6b).
Strains of Δϵ ∼ 1 − 3.10−6 have been chosen for the measure-

ments at each confining pressure for all samples. Note that the
strains measured in the samples can be predicted knowing their bulk
modulus. Sandstones’ bulk moduli range between approximately
K ∼ 10 GPa and Ks ∼ 38 GPa, so that from Figure 6, the maximum
frequency is f ∼ 0.4 Hz. Owing to these limitations (Figure 6), the
frequency range of interest for the reported experiment on Fontaine-
bleau sandstone samples is f ∈ ½4.10−3; 4.10−1� Hz.

Confining pressure effect for the reference samples

As discussed in the experimental procedure, KLF and KHF have
been measured simultaneously at each confining pressure step start-
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ing from Pc ¼ 1 MPa up to Pc ¼ 50 MPa. The measurements at
frequencies of f ∼ 0.1 Hz and f ∼ 0.5 MHz are reported (Figure 7a)
as a function of confining pressure. No pressure variation is ob-
served for all three standards (i.e., glass, gypsum, and Plexiglas).
This shows that LF and HF measurements are reliable at all pres-
sures. Furthermore, KLF and KHF have the same values, which are
the ones known for these standard samples.
Attenuation has also been measured from the LF periodic signal

(Figure 7b). For all confining pressures, values of Q−1
K ∼ 0.02 are

found for the PMMA, and values of Q−1
K ∼ 0.01 are found for the

glass and gypsum samples. The larger value of the PMMA is con-
sistent with the viscoelastic dispersive properties of this material
(e.g., Batzle et al., 2006). Overall, the measurements indicate that
the apparatus is able to detect variations as small as Q−1

K ∼ 0.01.

Frequency effect for the reference samples

For a chosen confining pressure, the standard samples have been
measured at the different frequencies in the range allowed by the
apparatus (i.e., f ∈ ½4.10−3; 4.10−1� Hz). Because KLF largely dif-
fers from one sample to the other (Figure 7), the values are normal-
ized to evidence a possible frequency effect (i.e., dispersion). The
KLF at the lowest frequencies K0 is thus chosen as a reference to
define a dispersion coefficient DispKLF such that

DispKLF ¼ KLF − K0

K0

: (2)

The frequency dependence of DispKLF (Figure 8a) andQ−1
K (Fig-

ure 8b) is presented for the three standard samples, for a fixed con-
fining pressure of 1 MPa. Although no variation is observed for
glass and gypsum samples, Plexiglas DispKLF values appear to in-
crease with frequency. This evolution directly correlates to a peak in
attenuation of Q−1

K ∼ 0.04. All measurements result consistent be-
cause (1) glass and gypsum are purely elastic media in the inves-
tigated pressure and frequency range and (2) Plexiglas is known to
be a viscoelastic solid (e.g., Batzle et al., 2006).
Note that, in the case of the Plexiglas sample, the measured

dispersion (i.e., DispKLF ∼ 9%) is a small effect that corresponds
to an increase in bulk modulus from 4.32 up to 4.71 GPa at highest
frequencies. It implies that the apparatus allows for measurement of
effects as small as the one presented here.

RESULTS ON FONTAINEBLEAU SANDSTONE

Experiments similar to those described for the three standard
samples were performed on the two Fontainebleau sandstone sam-
ples. These samples are porous, and the measurements were per-
formed at full saturation (i.e., dry, water, and glycerin).
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Pressure dependence of the samples’ elastic properties

The HF bulk modulus KHF, inferred from VP and VS, is reported
(Figure 9a and 9b) as a function of Peff . Under dry conditions, both
samples show a pressure-dependent increase in KHF. Yet the mag-
nitude in variation is much higher in Fo7, starting from ∼14 GPa at
lowest confining up to ∼33 GPa at 50 MPa. Under water and glyc-

erin saturation, however, a small decrease in KHF is inferred for an
increase in effective pressure. This small decrease remains smaller
than the error of measurement, so that we may consider the KHF of
these fluid-saturated samples to be constant with pressure.
LF bulk modulus KLF and attenuation Q−1

K were obtained from
pressure oscillationsΔPc at f ∼ 0.1 Hz following the same protocol
as above. For both rocks, the measured KLF (Figure 10a and 10b)
andQ−1

K (Figure 10c and 10d) are reported as a function of effective
pressure. Overall, one observes a clear dependence to the effective
pressure and the fluid nature. Both samples show very similar
behaviors. Under dry conditions, the measured KLF (Figure 10a
and 10b) and KHF (Figure 9a and 9b) have similar values and follow
the same pressure dependence in the range of Peff ∈ ½1 − 50� MPa.
A larger pressure dependence is measured in Fo7. Beyond
Peff ∼ 10 MPa, the pressure dependence is negligible for Fo9
and very small for Fo7.
In fluid-saturated conditions, KLF (Figure 10a and 10b) and KHF

(Figure 9a and 9b) have different values. For glycerin and water
saturations, KHF values are higher and almost not fluid or pressure
dependent. Oppositely, KLF varies with effective pressure and its
values are different in water- or glycerin-saturated conditions.
The difference between dry and water-saturated LF values is very
small. In the glycerin-saturated case, the KLF value is higher. Be-
yond 10 MPa, the pressure dependence is negligible for Fo9 and
very small for Fo7.
The KLF plots (Figure 10a and 10b) tightly correlate with the

attenuation Q−1
K plots (Figure 10c and 10d). In particular, no attenu-

ation is observed for dry and water-saturated conditions, and a large
increase in attenuation under glycerin saturation is observed at low
effective pressures (i.e., Peff < 10 MPa).

Frequency dependence in the low-frequency
range at 1 MPa

At a fixed pressure (i.e., Peff ∼ 1 MPa), KLF, Q−1
K , and B� have

been measured over the frequency range of f ∈ ½4.10−3; 4.10−1� Hz
allowed by the apparatus (Figure 6).
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Strain measurement: KLF and Q−1
K

For both samples, the effects of the different fluids’ full satu-
ration on the LF bulk moduli KLF (Figure 11a and 11b) and at-
tenuations Q−1

K (Figure 11c and 11d) are compared. As in the
pressure dependence study (Figure 10), measurements under glyc-
erin saturation differ from the ones under dry or water-saturated
conditions.
Almost no frequency dependence is observed on KLF (Figure 11a

and 11b) under dry and water-saturated conditions, and the Fo7
(i.e., KLF ∼ 14 GPa) and Fo9 (i.e., KLF ∼ 25 GPa) values are con-
stant. Oppositely, a large frequency dependence is observed for the
glycerin-saturated samples. In this last case, KLF increases with fre-
quency up to a value of 34 GPa for Fo9 and 26 GPa for Fo7
at f ∼ 4.10−1 Hz.
These results correlate well withQ−1

K data (Figure 11c and 11d).
The measured Q−1

K show very low values and almost no variation
under dry or water-saturated conditions. Oppositely, a large fre-
quency-dependent variation is observed under glycerin saturation.
For this case, an attenuation peak of Q−1

K ∼ 0.15 and Q−1
K ∼ 0.25

is observed for Fo9 and Fo7, respectively, at intermediate
frequencies.

Pore-pressure variations

The frequency dependence of B� is reported (Figure 12a and 12b)
for the water- and glycerin-saturated conditions. For both samples,
the measured B� values under water saturation differ from the ones
under glycerin-saturated conditions. In the water-saturated case, B�

is almost constant for both samples. In the glycerin-saturated case,
the B� values show a large decrease with frequency, down to ap-
proximately 0 at higher frequencies.
Under water-saturated conditions, the pressure oscillations are

observed for all frequencies in the dead volume. It implies that a
fluid flow in and out of the sample occurs under water saturation
whatever the frequency is. Under glycerin-saturated conditions,
while the pressure oscillations are observed in the dead volume
at lower frequencies, no oscillations are transmitted to the dead
volume as f approaches 0.4 Hz. In agreement with that observa-
tion, one notes that, for both rocks, the frequency-dependent var-
iations in B� (Figure 12) directly correlate with the independently
measured increase in KLF (Figure 11) in both glycerin-saturated
samples. It implies that fluid is less and less squeezed out from
the sample to the pipes’ volume as the frequency increases, up
to a frequency for which no fluid is allowed to flow out of the
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sample. In other words, the samples are undrained at these higher
frequencies.

Frequency dependence in the low-frequency range
at four effective pressures

The measurements have been done for Fo7 for which the fre-
quency dependence has been found to be the largest (Figures 11
and 12). The frequency-dependent properties are measured for
Peff ¼ ½1; 2.5; 10; 30� MPa.

Strain measurements: KLF and Q−1
K

A strong pressure dependence is measured for the water-saturated
KLF (Figure 13a). Again, no frequency dependence is observed. At
low frequencies, all glycerin-saturatedKLF (Figure 13b) have values
close to the water-saturated ones. Increasing the frequency leads to
an increase in the glycerin-saturated KLF values. This frequency
dependence is largely damped by the increase in effective pressure.
However, at all effective pressures, the variation takes place in the
same frequency range.
Again, the measured frequency dependences of KLF and Q−1

K

show a good correlation. The water-saturated Q−1
K (Figure 13c)

is low (<0.05) for all effective pressures. Under glycerin saturation
(Figure 13d), a large frequency-dependent attenuation peak is mea-

sured. Increasing the effective pressure results in a clear Q−1
K

decrease.

Pore pressure variations

For water- and glycerin-saturated conditions, a large decrease in
B� (Figure 14a and 14b) is measured when increasing effective
pressure. As for the measured KLF, for a given effective pressure,
B� values measured under glycerin saturation at lowest frequency
are close to the water-saturated (Figure 14a) ones. Only in the glyc-
erin-saturated case (Figure 14b), B� shows a large decrease with
frequency. This frequency dependence decreases with increasing
effective pressure because the magnitude of B� decreases.
Comparing the measured KLF (Figure 13a and 13b) and B� (Fig-

ure 14a and 14b) shows a direct correlation between the frequency
and pressure dependence. The observed pressure and frequency
dependence of B� correspond to a decreasing fluid flow out of
the sample with increasing frequency and effective pressure.

INTERPRETATION

Rock-physics framework

Dispersion and attenuation effects in porous rocks have been
discussed by Cleary (1978) in terms of three fluid-flow regimes
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(Figure 15a). The transitions between these flow regimes are char-
acterized by two critical frequencies, which values depend on the
specific rock/fluid system (Sarout, 2012). Using Zener viscoelastic
model (e.g., Nowick and Berry, 1972), the K and Q−1

K expected
behaviors for these two transitions are summarized in Figure 15b.
At LFs, following Cleary (1978), one can expect to observe the

drained and undrained regimes of quasistatic poroelasticity (Gass-
mann, 1951). The Biot-Gassmann equation relates the undrained
elastic modulus Ku to the drained bulk modulus Kd, the sample
porosity ϕ, the fluid bulk modulus Kf , and the skeleton (i.e., quartz
in our case) bulk modulus Ks such that (Gassmann, 1951):

Ku ¼ Kd þ
α2Kf

ϕþ ðα − ϕÞ Kf

Ks

; (3)

where α is the Biot coefficient, defined as α ¼ 1 − ðKd∕KsÞ.

The drained regime is that of a macroscopic fluid flow. Typically,
that means a fluid flow over one wavelength at the field scale. Be-
cause at low frequencies the wavelength is large (i.e., a few kilo-
meters at 1 Hz) and the rock permeability is low, seismic waves
cannot “see” this regime. At the laboratory scale, however, the forced
oscillations mode can correspond to a drained regime because the
sample length L is much smaller than the wavelength λ. As discussed
by Cleary (1978), the time constant for fluid flow over the sample
length L depends on the hydraulic diffusivity d such that

d ¼ Kd
k
η
; (4)

where k is the rock permeability, and η is the fluid viscosity. It results
that the critical frequency for the drained/undrained transition is f1 ¼
d∕ðL∕2Þ2 or
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f1 ¼
4kKd

ηL2
: (5)

At higher frequencies, poroelasticity may not be applicable. This
will be the case if the REV is not isobaric; i.e., the fluid has not
enough time to reach an isobaric state within a REV. In that case,
a third flow regime is present that is called unrelaxed. Because, in
general, a porous rock contains inclusions of different shapes (i.e.,
pores and microcracks), fluid can flow from a compliant microcrack
to a neighboring less compliant pore (O’Connell and Budiansky,
1977). This squirt-flow phenomenon is associated with a critical
frequency that depends on Kd, on the microcrack aspect ratio ξ
and on the fluid viscosity η such that (O’Connell and Budiansky,
1977)

f2 ¼
ξ3Kd

η
: (6)

Note that owing to this form, f2 depends highly on the aspect
ratio ξ so that for a given fluid’s viscosity, a variation in ξ of
one order of magnitude would lead to a variation of three order
of magnitudes in f2. The frequency f2 corresponds to the un-
drained/unrelaxed transition; i.e., f2 cannot be lower than f1. This
is because the “relaxed” state is that in which quasistatic poroelas-
ticity does apply; i.e., the fluid pressure is isobaric within the REV.

Interpretation of the frequency effects at 1 MPa

Accounting for fluid and frequency through the apparent
frequency concept

As shown above, f1 (Equation 5) and f2 (Equation 6) depend on
η−1. The viscosity effect may thus be accounted for in the same
manner as frequency (Batzle et al., 2001) by defining an apparent
frequency as

f�f ¼ f ×
ηf
η0

; (7)

with η0 ¼ 10−3 Pa.s−1. For the frequency range allowed by the
apparatus (i.e., f ∈ ½4 10−3; 4 10−1� Hz), the range in apparent
frequencies is (1) f�wat ∈ ½3.5 10−3; 3.5 10−1� Hz for the measure-
ments under water full saturation (i.e., ηwat ¼ 0.890:1−3 Pa. s−1)
and (2) f�gly ∈ ½4.3 10−3; 4.3 102� Hz for the measurements under
glycerin full saturation (i.e., ηgly ¼ 1.087 Pa. s−1). The correspond-
ing apparent cutoff frequencies f�1 and f�2 may also be defined
within this framework such that

f�1 ¼
4κKd

η0L2
and f�2 ¼

ξ3Kd

η0
: (8)

Using the specific parameters values for our experiments, it is
finally possible to calculate these cutoff frequencies for both rocks.
The sample water permeabilities and drained bulk moduli at Peff ∼
1 MPa are measured (Table 1). The diffusion length (i.e., L∕2) has
been chosen as equal to the sample’s half-length or length (e.g.,
L ∼ 40–80 mm). The aspect ratio values can be inferred from
the pressure dependence of the dry moduli (Walsh, 1965). Inferred
aspect ratios for Fo9 and Fo7 are approximately ξ ∼ 1–2.10−4 and

ξ ∼ 4–5.10−4, respectively. The resulting properties and deduced
cutoff frequencies are given in Table 1.
It appears directly from Table 1 that the two samples have differ-

ent apparent cutoff frequencies. Although f�1 and f�2 are separated
by one or two orders of magnitude in the case of Fo7, they fall in a
similar range for Fo9. As discussed in the following, this fact is
unusual and has important consequences.

Case of Fo7 sample: A standard behavior

Measured values of KLF and Q−1
K at Peff ∼ 1 MPa are reported as

a function of f� (Figure 16). An increase in KLF with f� is clearly
evidenced.
Considering the low f� value of KLF (i.e., ∼15 GPa) to be the

value for the drained modulus Kd, the Biot-Gassmann undrained
prediction isKu ¼ 26 GPa. This value is very close to the measured
KLF at higher apparent frequencies of f� ¼ 200 Hz. The transition
from drained to undrained domains is evidenced in that case. The
predicted Ku and f�1 values are consistent with the data. One can
conclude that the drained/undrained transition is observed for a
critical frequency of f�1 ∼ 100 Hz. This conclusion is further con-
firmed by the large attenuation peak of approximatelyQ−1

K ∼ 0.25 at
f� ¼ 100 Hz and the absence of fluid flow out of the sample (i.e.,
B� → 0) at f� ¼ 200 Hz (i.e., Figure 12b).
From Table 1, the undrained/unrelaxed transition’s cutoff fre-

quency can also be calculated. Its value is f�2 ∼ 1 kHz. The apparatus
does not allow to measure KLF at such frequency. Yet, KHF was mea-
sured using the ultrasonic velocity setup at f ∼ 0.5 MHz. Its much
higher value (i.e., approximately ∼34 GPa) is likely to be related to a
transition from undrained to unrelaxed regimes.

Case of Fo9 sample: An exotic behavior

Fo9 data measured at Peff ∼ 1 MPa are reported as a function of
f� (Figure 17). Again, a clear increase in KLF is observed as f�

increases (Figure 17a).
However, considering the low f� value ofKLF (i.e., 25 GPa) to be

the value for the drained modulusKd, the Biot-Gassmann undrained
prediction is Ku ¼ 29 GPa. In this case, the Biot-Gassmann predic-
tion underestimates the increase in KLF with f�. In addition, ultra-
sonic data lead to a KHF value close to the one of KLF at
f� ¼ 500 Hz. It implies that no frequency effect exists in the range
of f� ∈ ½500 Hz − 0.5 MHz�. This behavior shows that the bulk
modulus increases directly from the drained modulus (at lowest

Table 1. Specific properties measured for both samples at an
effective pressure of Peff ∼ 1 MPa.

Sample no. Fo9 Fo7

Porosity ϕ 8.7% 7.2%

Diffusion length L 40–80 mm 40–80 mm

Permeability κ 1.10−14 m2 4.10−15 m2

Drained bulk modulus Kd 25 GPa 15 GPa

Aspect ratio ξ 1 − 2.10−4 4 − 5.10−4

Frequency f�1 156–625 Hz 35–140 Hz

Frequency f�2 25–200 Hz 1000–2000 Hz
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frequency) up to the unrelaxed modulus (at f� ∼ 500 Hz). For this
sandstone, the undrained regime does not seem to exist. This behav-
ior implies that f�1 and f�2 values overlap in the frequency range of
KLF variation, which is consistent with the values predicted for f�1
and f�2 (Table 1). This is unusual because one expects in general
f�1 ≪ f�2. This is, however, because L ≪ λ in our case, where λ
is the wavelength, so that it can be possible to have a “drained”
sample. Our result implies that Fo9 presents a special case for which
the undrained regime does not exist (in our experimental condi-
tions). This unusual case has been considered previously by Cleary
(1978).

Variation in attenuation with frequency

From Figures 11a and 11b, a progressive increase in KLF with
frequency is measured in Fo9 and Fo7 that indicates a progressive
transition between domains, and Q−1

K data show a good correlation
with KLF variations with frequency. At that point, the Zener visco-
elastic model (e.g., Nowick and Berry, 1972) can be used. Param-
eters are the springs moduli Ma and Mb, and the dashpot viscosity
ηb (Figure 15), which can be directly inferred from the problem’s
parameters. The dashpot viscosity ηb could be derived from the re-
laxation time τ0 ¼ ηb∕Mb, which directly relates to the critical fre-
quency such that τ−10 ¼ 2πfc.

By combining Zener model and Biot-Gassmann prediction, one
obtains a possible transition in bulk modulus dispersion and attenu-
ation from drained to undrained conditions (Figure 18);Mb is taken
as the drained modulus Kd, i.e., 16 and 25 GPa for Fo7 and Fo9,
respectively. Knowing Mb, Ma is deduced from the undrained
modulus Ku determined from the Biot-Gassmann equation (Equa-
tion 3) in the case of glycerin full saturation. Avalue of ηb is chosen
as a best fit of the characteristic frequency of measurements’ var-
iations. For Fo7, KLF and Q−1

K variations with frequency indicate a
typical Zener-like drained/undrained transition (Figure 18b and
18d). For Fo9, however, the Zener-like drained/undrained transition
underestimates the dispersion and attenuation measured. This may
originate from the overlapping critical frequencies (Table 1 and
Figure 17).
The Zener model can also be used to describe the transition from

undrained to unrelaxed conditions. This result is presented for Fo7
at four different Peff (Figure 19): The predicted attenuation curves
are obtained assuming that the drained/undrained frequency effect
relates to a K increase from Kd to Ku and the relaxed/unrelaxed
frequency effect relates to a K increase from Ku up to KHF. At
Peff ∼ 1 MPa (Figures 18d and 19a), predicted and measured at-
tenuation are in good agreement for the first transition. It appears
also that Q−1

K peak due to the drained/undrained transition is larger
than the one associated with the relaxed/unrelaxed transition.
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Attenuation is progressively damped by the pressure increase up
to Peff ∼ 30 MPa (Figure 19d). Comparing drained/undrained
and relaxed/unrelaxed transitions, Peff modifies particularly the
drained/undrained transition, with a variation in attenuation peak
from Q−1

K ∼ 0.25 down to approximately Q−1
K ∼ 0.03. This strong

effect of pressure is the result of the cracks’ closure. The undrained
Ku depends on the drained Kd, which in turn highly depends on
pressure-sensitive cracks (e.g., Guéguen and Kachanov, 2011).
As the pressure increases, Kd increases and the difference between
Ku and Kd decreases. This pressure effect on dispersion corre-
sponding to the drained/undrained is thus expected and implicitly
accounted for by the Biot-Gassmann theory. Using the Zener model
proves to be satisfactory. Attenuation peak amplitudes and modulus
variations are indeed consistent, and they both decrease when Peff

increases. At higher Peff values, the agreement between Biot-Gass-
mann model predictions and data is not as good as at low Peff. Note,
however, that the effects are much smaller.

CONCLUSION

We report new data on bulk modulus dispersion and attenuation
in fully saturated sandstone samples. The capabilities of the appa-
ratus have been checked using three reference samples: glass, gyp-
sum, and Plexiglas. The frequency range allowed for the

measurement is f ∈ ½4.0 10−3; 4.0 10−1� Hz. The setup has been
used to measure frequency effects in two Fontainebleau samples
of ∼9% (Fo9) and ∼7% (Fo7) porosity. In addition to the measure-
ment under dry conditions, two different saturating fluids have been
used: water and glycerin. Owing to their relative viscosities, the ap-
parent frequency range of study has been extended for these sand-
stone samples to f� ∈ ½3.5 10−3; 4.3 102� Hz.
The measured frequency dependence of bulk modulus and at-

tenuation varies with the saturating fluid. Under dry and water-
saturated conditions, the sample is fully drained. Under glycerin
saturation, a large frequency-dependent increase is measured on
KLF and Q−1

K , with attenuation peaks as high as approximately
0.15 and 0.25 for Fo9 and Fo7, respectively. Confining pressure
appears to highly damp these frequency effects. Monitoring the
fluid flow out of the samples, in terms of a pseudo-Skempton co-
efficient, allows to gain further insights into the frequency effect.
Fluid is observed to flow out of the samples under water and glyc-
erin saturation at lower frequency, implying that the samples are
drained. Oppositely, in glycerin-saturated samples, the flow is ob-
served to decrease with frequency and even vanish at higher fre-
quency. In other words, the samples are undrained.
Combining the Zener viscoelastic model and the Biot-Gassmann

theory, the measurements on the glycerin-saturated samples are
compared to predictions for the drained/undrained transition. Fo7
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data are in good agreement with the predictions, implying that the
frequency effect measured corresponds to the drained/undrained
transition. Oppositely, the prediction clearly underestimates the
dispersion and attenuation measured on Fo9, indicating that the
measurement cannot be strictly related to a drained/undrained tran-
sition but involves the relaxed/unrelaxed transition.
Fo7 and Fo9 bulk moduli and attenuation show critical frequency

values in agreement with the data. In the case of Fo9, an unusual
result is reported: a direct transition from drained to unrelaxed. At-
tenuation associated with the drained/undrained transition is larger
in Fo7 than the one associated with the relaxed/unrelaxed transition
(i.e., squirt flow). Attenuation associated with the drained/un-
drained transition is more pressure sensitive than the one associated
with the relaxed/unrelaxed transition. At Peff ∼ 30 MPa, these ef-
fects are vanishingly small for Fo7 and Fo9.
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