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Abstract

Ultrasonic P- and S-wave velocities and attenuations have been estimated for two different sets of sandstone samples
using the standard pulse transmission technique. Measurement on the first set of the samples from the Stubensandstein
(Keuper Basin, southern Germany) were performed under natural conditions (e.g. without applying external pressure on the
samples). For the second set of the samples, confining pressure, varying from 0 to 25 MPa was applied. Experimental results
were compared to the velocity and attenuation prediction from the Biot/Squirt-flow (BISQ) model [Geophysics 58 (1993)
524] and from the reformulated BISQ model [Acoustic waves attenuation and velocity dispersion in fluid-filled porous media:
theoretical and experimental investigations, Ph.D. Thesis, Eberhard Karls University, Tübingen, 2000]. The later model shows
qualitative agreement between experimental and predicted velocity for the first set of sandstone samples. The attenuation,
however, is highly underestimated by both models, for the second set of the samples, the Gassmann’s velocity was calculated
from measured dry P- and S-wave velocities in dry samples at different confining pressures, and was compared to the results
of low-frequency velocity predicted from the models. It was expected that velocity predicted by both models converges to
the Gassmann’s velocity at confining pressure high enough to eliminate the Squirt-flow effect. Despite evidence (from the
velocity versus confining pressure curves) of the closure of microcracks that enhance the Squirt-flow effect, the Gassmann’s
velocity was still much larger than the velocity predicted by the other models. Evidence of clay inclusion in the samples might
be responsible for the poor resolution of attenuation in the Stubensandstein samples, and the disagreement between velocities
in the second set.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Considerable effort has been extended to understand the physics of the acoustic waves in saturated porous me-
dia. Pioneering work in this field is due to Biot[5] who proposed a theory of acoustic waves propagation in
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Nomenclature

a attenuation coefficient(m−1)

cij elastic coefficient (GPa)
c̃ solid frame stiffness tensor (Pa)
e dilatation of the solid skeleton (–)
ẽ strain tensor (–)
f frequency (Hz)
F elastic coefficient (Biot’s theory) (GPa)
Fsq elastic coefficient (BISQ model) (GPa)
k wavenumber (rad/m)
Kb bulk modulus of the dry (or drained) frame (GPa)
Kf bulk modulus of the fluid (GPa)
Km bulk modulus of the matrix grain (GPa)
m inertia density of the grains(kg/m3)

P pore fluid pressure (Pa)
Pav average pore fluid pressure (Pa)
Pt total pore fluid pressure (Pa)
Q−1 inverse of quality factor (–)
R Squirt-flow length (m)
u solid displacement vector (m)
U fluid displacement vector (m)
v phase velocity (m/s)
Vp P-wave velocity (m/s)
Vp0 P-wave velocity at low-frequency limit (m/s)
Vp1 fast P-wave velocity (m/s)
Vp2 slow P-wave velocity(m/s)
Vp∞ P-wave velocity at high-frequency limit (m/s)
Vs shear wave velocity (m/s)
Vs0 shear wave velocity low frequency limit (m/s)
W relative fluid/solid displacement vector (m)

Greek letters
ε dilatation in the fluid (–)
η viscosity (Pa s)
κ permeability (md)
µ shear modulus (GPa)
ν Poisson’s ratio (–)
ρ saturated rock density(kg/m3)

ρa coupling density(kg/m3)

ρf fluid density(kg/m3)

ρm matrix density(kg/m3)

σ f
ij part of the total stress bore by the pore fluid (GPa)

σ̃ total stress tensor (GPa)
φ porosity (%)
ωc Biot’s characteristic frequency (rad/s)
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saturated porous media. In Biot’s theory, the hydrodynamic interaction between the solid grains and pore fluid
is separated into inertia interaction and viscous interaction. Velocity dispersion and attenuation result from the
macroscopic flow, the so-called “global fluid flow effects”. In most cases where Biot’s theory has been recog-
nised as an adequate model to account for attenuation and velocity dispersion refer to unconsolidated sediments
[8,43] or highly permeable sediments[16]. However, several unsuccessful applications of the theory to labora-
tory data mainly from consolidated rocks intensified the discussion about its validity and the search for other
mechanisms to explain the attenuation and velocity dispersion observed in laboratory experiments[36,42]. The
theory’s predictions for attenuation and dispersion are usually lower than measured values by one or two orders
of magnitude[11]. Moreover, the theory’s validity for frequency below 1000 Hz is still debated[18,37]. Several
theories based on the local fluid flow or “Squirt-flow” model[26,29,32]were proposed to overcome the limitation
of Biot’s theory. However, extensive research on the subject showed that the Squirt-flow (e.g. microscale flow)
approach cannot be viewed as an alternative to the global flow approach, but rather as another loss mechanism
that contribute to the overall acoustic energy dissipation in a way not accounted by the Biot’s theory[4,11]. Its
significance is mainly controlled by the structure of the individual pores (e.g. aspect ratio). The very high depen-
dence of Squirt-flow models on pore-scale parameters makes them unsuitable for the interpretation of experimental
data from real porous media. The distribution of microscale inhomogeneities may be so variable that a single
specific geometry of the individual pores, will not be enough to capture the acoustic response of the complex
porous microstructure. Bourbié et al.[8] reviewed the different loss mechanisms and compared them with the
results of laboratory studies. They concluded that, while the Squirt-flow mechanism appears to partially explain
observed attenuation and velocity dispersion, it is not to be expected that a Squirt-flow model or global model
taken separately is sophisticated enough to account for the loss mechanism given the complexity of the porous
medium.

Recognising that both dissipation mechanisms mentioned above may be simultaneously at work in an actual
saturated porous medium loaded by an acoustic wave[11] proposed a new theory of dynamic poroelasticity which
combines the Biot’s and the Squirt-flow mechanisms. This resulted in what is known as the Biot/Squirt-flow (BISQ)
theory. Despite the significant improvement that may be obtained in acoustic data interpretation, the fact that the
formulation of the BISQ theory entails a microstructural parameter (the Squirt-flow length), substantially reduces the
ability of this theory to adequately predict observed velocity and attenuation in real rocks[18]. A further extension
of this model to transversely isotropic media was developed by Parra[33]. Diallo and Appel[9] proposed a model
similar to the BISQ model which is free of the microstructural parameter (Squirt-flow length), as no experimental
method is yet available for its determination[13,44]. In this study we present, a comparison between experimental
results and theoretical predictions of attenuation and velocity for two sets of sandstone samples are presented. The
influence of clay on the experimental results is also discussed.

2. Theory

The principal difference between the Biot’s model[5], the BISQ model[11] and the reformulated BISQ[9] is in
the expression of total pore fluid pressure,Pt. In the Biot’s theory[5], it is expressed as

Pt = P = −F

(
Uxt + γ

φ
uxt

)
, (1)

whereUxt anduxt are the fluid and solid displacements, respectively. The subscriptsx andt indicate partial derivatives
with respect to space and time,φ is the porosity of the rock andγ = α − φ, whereα is a poroelastic coefficient.
The constantF is given by

F =
(

1

ρf V
2
f

+ 1

Qφ

)−1

, (2)
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Fig. 1. Compressional velocity and attenuation variation vs. frequency for permeabilities 1.25, 5, 10 and 20 md: velocity and attenuation as
predicted by ((a), (b)) Biot’s theory[5], ((c), (d)) the reformulated BISQ model[9], ((e), (f)) BISQ theory[11] and ((g), (h)) extended BISQ
theory to transversely isotropic media[33], after[9,10].
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Table 1
Formation and saturant parameters

Reference Physical properties

Km (GPa) ρm(kg/m3) Vp (m/s) Vs (m/s) Vf (m/s) ρf (kg/m3) η (P) φ (%)

[33] 38 2650 3969 2547 1500 1000 0.001 15

whereρf is the fluid density andVf is the fluid acoustic velocity. The constantQ is given by

Q−1 = 1

Km

(
1 − φ − Kb

Km

)
, (3)

whereKm andKb are the grain matrix modulus and rock bulk modulus of the rock, respectively. For the BISQ
model[11], Pt is given by

Pt = F

[
1 − 2J1(λR)

λRJ0(λR)

](
Uxt + γ

φ
uxt

)
, (4)

whereR is the Squirt-flow length parameter,λ the frequency-dependent parameter, andJ0 andJ1 are the Bessel
function of zero and first order, respectively.

For the reformulated BISQ model[9], it is written as

Pt = P = −F

φ
(∇ · W + α0∇ · u), (5)

whereα0 = (α + 2φ)/3, W is the displacement of the solid frame relative to the fluid which expressed asW =
φ(U − u), P the pore fluid pressure,u the displacement of the solid andU is the displacement of the fluid.

Km andKb are the grain matrix modulus and the rock bulk modulus, respectively,φ the porosity,Vf the fluid
acoustic velocity andρf is the fluid density.Appendix A deals with the velocity and attenuation determination
using the reformulated BISQ model[9]. For the other models (BISQ and Biot) details are given in[11,33]. Fig. 1
shows the effect of frequency on attenuation and phase velocity of the fast compressional waveVp by modelling the
response of water-saturated porous rock for permeability values equal to 1.25, 5, 10 and 20 md with the formation
and saturant parameters used in the modelling are given inTable 1.

Fig. 1 shows the difference in the frequency shift of the velocity and attenuation curves with changes in per-
meability between the reformulated BISQ[9] and the Biot’s model[5] on the one hand and the BISQ model[11]
from and its extension to transversely isotropic media[33], on the other. Considering the difference between the
low-frequency and high-frequency velocity limits (which is an indicator for dispersion magnitude), the BISQ model
and the reformulated BISQ model show the same order of magnitude that is much larger than that of the Biot’s
model[5].

3. Experimental procedure

3.1. Sample description and preparation

The rock samples used for the ultrasonic experiment are sandstones from the Stubensandstein, Keuper Basin,
southern Germany. The Stubensandstein consists mainly of coarse to fine elastic arkose sandstones with clay
horizons occurring between successive deposit units[20]. The permeability of the investigated samples was taken
from [21] who studied quantitatively the permeability distribution in the Stubensandstein. The porosity, the grain
matrix densityρm, and the sample bulk density measured using a set of Micrometerix instruments. The measurement
principle is described in[20]. The petrophysical parameters of the samples are given inTable 2.
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Table 2
Rock physical parameters

Sample ID Vp dry (m/s) Vp sat (m/s) ρm (kg/m3) κ (md) φ (%)

EM50B16 2000 1940 2667 376 29
EB36B16 2200 2230 2656 563 22

Thin sections analysis, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analy-
sis performed by other authors (e.g.[20]), indicated that in general quartz is the predominant rock mineral (70–80%)
followed by feldspars, which accounts for approximately 10–20% of the samples. The SEM analysis reveals a va-
riety of cement types with a dominance of kaolinate and calcite. The three rock samples used for the laboratory
experiment are poorly consolidated with sub-rounded, medium-sized and moderately to well sorted grains. The
samples were cored to a diameter of 10 cm with length of up to 70 cm. The recovered cores were then cut into
several samples of up to 10 cm length. Lengths of sample used in the experiment were further reduced to less than
4 cm to achieve a high diameter to length ratio and hence reduce the risk that onset time of the direct acoustic pulse
travelling across the sample length be obscured by reflections from the sides. Because of weak cementing of the
matrix grains, it was necessary to cover the sample faces with a thin viscous resin layer (epoxy) that was allowed to
dry slowly under room temperature for at least 24 h to avoid deep infiltration of the viscous fluid into sample body
immediately after application, which may significantly affect permeability and porosity of the samples. After the
epoxy has completely hardened, the end faces were polished again to reduce the thickness of the epoxy layer, and
hence, its effect on acoustic wave travel time and intrinsic attenuation.

3.2. Velocity measurement technique

The fast compressional wave velocity is estimated by means of the pulse transmission (PT) technique[7,36,40]
by which the travel time of the pulse across the sample was measured, and knowing the sample length, velocity
was inverted. The PT module consists mainly of P-wave transducers mounted on aluminium plates. The transducers
are acoustically backed by approximately 5 mm silicon layer to broaden the frequency bandwidth of the system
and to attenuate the component of the P-wave emanating from the transducer’s side not sitting on the aluminium
plate. To prevent short-circuiting, a very fine layer of silicon was built between the transducer and the aluminium
plate on which it was then screwed. The transducer on each plate was then encased in a rubber capsule with an
o-ring and tightly screwed on the transmitter plate to prevent contact with the pore fluid. During the experiment, the
rock sample was brought between the plates on which one transducer acting as transmitter and the other as receiver
were fixed. The whole assembly was held together by a rubber sleeve. To achieve good acoustic coupling at the
contact points between the sides of the aluminium plates and the sample faces (at the transmitter and receiver side),
ultrasonic gel was smeared in before jacketing the assembly with the rubber sleeve. The samples were first measured
dry and then wet (saturation with water) in order to measure the dry and wet (saturated) velocities. An additional
measurement was performed by holding the two plates supporting the transducers head-to-head to determine the
delay time in the two aluminium plates. The delay time was then subtracted from the propagation time across the
sample to correct the measured velocity. After preparation, the samples were oven dried at 60◦C for several days
and cooled in a tight closed glass container, shortly before measurement to avoid adsorption of moisture in the rock.
Saturation was achieved by suction effect under a pressure of at least 3 bar for at least 1 week. Jaritz[21] indicated
that 90% saturation degree could be achieved with this technique when samples are impregnated for at least 1 day
but full saturation would require bringing the sample into a pressure vessel. The experiment was carried out under
natural conditions (e.g. without exerting pressure on the sample). Apart from the PT apparatus, in which the sample
was contained, the instrumental package contains additional electronics, including a digital oscilloscope, an impulse
generator, and a bandpass filter. The system is controlled by a PC, using Labview II codes[30]. Fig. 2 shows the
different parts of the experimental setup.
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Fig. 2. Schematic drawing of the ultrasonic measurement assembly[30].

3.3. Attenuation determination

Anelastic attenuation is the process by which rocks convert acoustic waves into heat. The process modifies
both amplitude and phase velocity of propagating waves. Basically two forms of attenuation can be distinguished
depending on the mechanisms involved in the conversion of the acoustic energy into heat: extrinsic attenuation
which is related to the acoustic energy loss due to, for example, spherical divergence, subsurface conditions, source
geometry, etc. and intrinsic attenuation (specific attenuation) which result only from the interaction between the
acoustic wave and the medium in which it propagates (e.g. porous medium) and its saturating fluids. Intrinsic
attenuation can be characterised by a coefficienta(f ) (that depends on the frequencyf ) which defines the decrease
of a sinusoidal plane wave amplitude:

Ax = A0 e−a(f )x, (6)

whereA0 is the initial amplitude,Ax the amplitude after distancex anda(f ) is the attenuation coefficient. An
alternative measure of the ability of attenuation is the specific dissipation functionQ−1, or quality factorQ, defined
as

1

Q
= %E

2πE
, (7)

where%E is the energy dissipated per wave cycle, andE is the total energy in a wave cycle. The quality factorQ

can be expressed in terms of the attenuation coefficienta(f ), phase velocityv and frequencyf as

1

Q
= a(f )v

πf
. (8)

Eq. (8)is an approximate relation that is valid either whenQ andv are frequency independent, whereby attenuation
is a linear function of frequency[22]. It is fairly well accepted thatQ anda(f ) are frequency dependent, so that
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ignoring small change in the phase velocity is required to maintain linearity[24]. Even though it is the phase velocity
that is involved in the expression above (Eq. (6)), in experiment with narrow bandpass (e.g. less than one decade)
it is normally the group velocity that is delivered. This in turn causes an error in attenuation determination, the
amount of which depends on the degree of dispersion[36]. Among the various techniques available for attenuation
measurement, the most widely used are the spectral ratio[40], the rise time[15], and the pulse echo[42]. The
first two techniques are usually known astransmission techniques, as they involve mainly the recording of an
acoustic pulse which travels across the sample. Attenuation is then estimated by comparing the recorded signal
propagating through the sample specimen and a reference sample with very high quality factor (Q ≈ ∞). In the
pulse echo technique, the sample is placed between tow buffer rods (usually lucite); one transducer is used, that
acts as transmitter and receiver at the same time. The ultrasonic pulse travels across the buffer rod and the sample
and is reflected at both ends of the sample. The two reflected pulses are recorded and then processed to obtain
the magnitude and phase of each frequency. The phase difference at a given frequency is used to determine the
phase velocities and the amplitudes of the reflected signals on the top and bottom of the sample; the reflection
coefficient at the interface between the sample and buffer rod are used to calculate the attenuation[42]. For the
spectral ratio method, usually aluminium sample (with a quality factor of about 150 000, very much higher than that
of natural occurring rocksQ ≤ 1000) is used as reference sample[40]. With the spectral ratio method, essentially
two measurements are made using identical procedures: one with the rock sample of interest and the second with
the reference sample (Fig. 2). Afterwards the spectral amplitudes of the recorded signal at different frequencies are
compared. Because attenuation implies a preferential loss of the high frequencies, a change in the total spectrum
will occur. Equations giving the spectral magnitudes of a plane seismic wave for the reference and the rock samples
can be expressed as[40]

Aref(f ) = Gref(f ) e−aref(f )x, (9)

and

Apr(f ) = Gpr(f ) e−apr(f )x, (10)

whereA is the amplitude,f the frequency,x the distance,Gpr(f ), Gref(f ) the geometrical factors, anda(f ) is
the frequency-dependent attenuation coefficient. The subscripts pr and ref refer to the rock probe and reference
samples, respectively. Over the frequency range of 100 kHz to 1 MHz, Toksöz et al.[40] assumed that the attenuation
coefficienta(f ) is a linear function of frequency and can be expressed as

a(f ) = cf, (11)

wherec is a constant related to the quality factorQ by

Q = π

cv
. (12)

When the investigated sample and the reference sample have the same geometry and shape, and when similar
measurement conditions are assumed (same transducers arrangement), then the factorsGpr andGref are frequency
independent[40]. The ratio of the spectral amplitudes from the investigated and reference samples is

Apr

Aref
= Gpr

Gref
e−(apr(f )−aref(f ))x, (13)

or

ln

(
Apr

Aref

)
= ln

(
Gpr

Gref

)
+ (aref(f ) − apr(f ))x. (14)

If Q of the reference sample is very high (i.e.Q ∼= ∞), thenaref = 0. Thus,apr of the rock (investigated) sample
can be directly determined from the slope of the linear curve expressed byEq. (14). Knowing the velocityv, Eq. (12)
can be finally used to obtain the quality factor or intrinsic dissipation for the investigated sample. Further details on
the techniques of ultrasonic velocity and attenuation measurements are given by Thurson and Pierce[39].
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4. Experimental results

The ultrasonic measurements were carried out on the samples described inTable 2. We observe that for the
sample EM50B16, P-wave velocity for the saturated sample is lower than the dry sample. This could indicate that
full saturation was not achieved. This sample offers an optimal condition to test the BISQ model, which is expected
to give better results for partially saturated rocks[12]. Attenuation was determined using the spectral ratio method
described earlier.Figs. 3 and 4show power spectra from the aluminium reference samples, the rock samples and
the spectral ratio, ln(Apr/Aref). All measurements were made around 100 kHz.

The linear fitting is described byEq. (14). Figs. 3 and 4show predicted curves of attenuation and velocity
dispersion versus frequency using BISQ[11] and the reformulated model[9]. The bulk and shear moduli were
obtained by varying the Poisson’s ratio within the range of 0.19–0.23 for sandstones[35], in order to obtain the
best fitting between the predicted and the measured P-wave velocities. Large discrepancies between the measured
and predicted velocities can still be observed. The predicted velocity obtained from the reformulated BISQ model
are closer to the measured values of the velocity and attenuation. There is poor resolution in attenuation for the two
samples EB36B16 and EM50B16. The shape and the geometry of the aluminium reference and rock samples are
identical, and the diameter is also much larger than the thickness for both the reference and rock samples. Thus, the
idea that geometrical factors such as beam spreading or reflection from the sides might be the reason for the poor

Fig. 3. (a) Power spectra from the aluminium reference sample, the rock sample (EM50B16) and the spectral ratio, ln(Apr/Aref). (b) Compres-
sional velocity and attenuation variation vs. frequency predicted by the reformulated BISQ model[9] and the BISQ model[11] for the sandstone
sample EB36B16.
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Fig. 4. (a) Power spectra from the aluminium reference sample, the rock sample (EB36B16) and the spectral ratio, ln(Apr/Aref). (b) Compres-
sional velocity and attenuation variation vs. frequency predicted by the reformulated BISQ model[9] and the BISQ model[11] for the sandstone
sample EM50B16.

resolution in attenuation can be ruled out. Because of the assumption of partial saturation for sample EM50B16,
a fairly good agreement between the measured and predicted velocity and attenuation from BISQ model[11] was
expected. This being not the case it can be speculated that the models applied in this study are not adequate to explain
the observed data. In this case additional interaction mechanisms other than those resulting from the global and
local flow, have to be invoked unless it is considered that the poor constraint on dry rock elastic moduli is the main
factor behind the misfits observed in the velocity prediction. To rule out the latter alternative (e.g. poor constraint
on elastic moduli), numerical models of velocity and attenuation were computed for a sandstone sample with well
known physical properties. The dry compressional and shear wave velocities were measured at different confining
pressures so that the Poisson ratio, shear modulus and dry bulk modulus needed as input to the BISQ model could
be determined with accuracy. The mineralogical composition is summarised inTable 3and the physical parameters
for this sample are summarised inTable 4. For this sample, the variation of the velocity and attenuation versus

Table 3
Mineralogical properties of the sandstone samples

Sample Quartz (%) Plagioglas (%) K-feldspar (%) Clay (%) Calcite (%)

24 h 68 27 Trace 4 –
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Table 4
Physical properties of the sandstone samples

Sample Physical properties

Km (GPa) ρm(kg/m3) φ (%) κ (md)

24 h 38 2630 26.9 1.030

frequency for water saturation condition were computed at three confining pressures, using the BISQ model and the
reformulated BISQ model[9]. The resulting low-frequency velocity limit at each pressure step was compared to
the Gassmann velocity. With increasing confining pressure, microcracks that enhance the Squirt-flow mechanism
will be gradually suppressed so that velocity dispersion can be described by the Biot’s theory[26,27]. Therefore,
it is expect that the low-frequency velocity limits from the BISQ model and the reformulated BISQ model should
converge to the Gassmann velocity (e.g. Biot’s low-frequency velocity limit) for high confining pressure. This is
well illustrated by comparing the measured ultrasonic velocity and calculated velocity (Gassmann’s equations) for
saturated sandstone samples[14]. Similar comparison, performed for granite samples showed very good agreement
between Gassmann’s velocity and velocity of the saturated rock at low frequency[31]. This should be the case when
no other dissipation mechanisms are at work other than that related to the Biot “global” flow or the Squirt-flow and
the rock is isotropic.Fig. 5shows predicted (calculated) results for the latter sample. The filled circles, squares and
diamonds represent the calculated Gassmann velocities for the lowest, medium and highest confining pressures,
respectively.

Fig. 5shows a decrease in the difference between the Gassmann velocity and the predicted low-frequency velocity
limit with increasing confining pressure for both the BISQ model and the reformulated BISQ model. At the highest
confining pressure (24.8 MPa), significant discrepancies between these velocities persist. For the dry sample, P-
and S-wave velocities versus confining pressure (Fig. 6), shows that beyond a pressure of 20 MPa, the velocity
is almost insensitive to pressure increase. It is assumed that the velocities for the saturated samples follow the
same trend. This assumption is supported by the observed variations of the saturated and dry rock velocities with
respect to confining pressure from experimental data[27,45]. Klimentos[25] suggested that, at very high confining
pressure where the velocity becomes insensitive to confining pressure change, open microfractures that might be
still present in the rock frame have very little effect on velocity. Therefore, the assumption that the velocities for the
investigated sandstone samples stabilise beyond 20 MPa, precludes any attempt to explain the difference between
the Gassmann’s and predicted low-frequency velocity by the Squirt-flow mechanism. However, the fact that the
estimate of the low-frequency velocity is the result of the theoretical fluid substitution means that ignoring anisotropy
can lead to either underestimating or overestimating the change in velocity due to fluid substitution[28]. In the
present work, anisotropy was ignored as no data was available to investigate its effect. Another possible explanation
could be related to the effect of the clay in the samples (Table 3). Han et al.[19] found that a small amount of clay
(1–2%) can lead to a significant reduction of velocity. The effect of clay content on both P- and S-wave velocities
stems mainly from the reduction it induces on the shear modulus. Wang[41] suggests that the effect of clays on
seismic properties depends on the position of the clay particles in the rock and on the clay type and that except for
the density effect, clay content has little effect on seismic properties unless the pore are completely filled. The latter
assertion that contradicts the conlusion from[19] is an indication of how puzzling is the effect of clays on seismic
properties. Despite the many attempts to explain the effect of clay content on attenuation[4,17] the mechanism
by which clay content enhances attenuation is not yet fully understood. The TEM analysis conducted on several
sandstone cores from the same site as the investigated samples EM50B16 and EB36B16 reveals the presence of
clay appearing as disseminated intrapore growth[20] that may result form an early diagenetic transformation of
feldspar. An advanced diagenetic process should normally result in similar clay particle distributions as described
by Klimentos and MacCann[24] who reported significant correlation between clay content and attenuation. The
expected occurrence of this type of clay in the investigated samples EM50B16 and EB36B16 could be responsible
for the large discrepancy between measured and predicted attenuation values (Figs. 3–5). For the 24 h sample,
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Fig. 5. Compressional velocity and attenuation variation vs. frequency for confining pressure 0, 5.2 and 24.8 MPa predicted by the reformulated
BISQ model and the BISQ model for the sandstone 24 h sample. The filled circles, squares and diamonds are the Gassmann velocities at 0, 5.2
and 24.8 MPa, respectively.

attenuation data for the saturated state were not available. It is anticipated that in this case again, neither the BISQ
model nor the reformulated BISQ model could provide satisfactory prediction of attenuation for this sample because
of the clay effect. Attenuation curves predicted by the BISQ model are more sensitive to the increase in confining
pressure than the reformulated BISQ model. The latter shows sensitivity to confining pressure increase only around
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Fig. 6. Ultrasonic compressional and shear velocity variation vs. confining pressure for the dry sandstone 24 h sample (Prasad and Nur, 1999,
unpublished data).

the relaxation frequency. The sensitivity remains, however, very small compared to that observed in the BISQ model
curves (Fig. 5).

5. Conclusions

Neither the BISQ model[11] nor the reformulated BISQ model could resolve the ultrasonic data. The inadequacy
of both models is best illustrated by the significant discrepancy between measured and predicted attenuation for
sandstones samples from the Stubensandstein (Keuper Basin, southern Germany). Attempt to match low-frequency
velocity limits to Gassmann’s velocity calculated from measured compressional- and shear-waves velocities using
experimental data from dry sandstone samples, was not successful either. At confining pressure which is high
enough to reduce the Squirt-flow effect on velocity, a significant difference between the Gassmann’s velocity and
the predicted (calculated) velocity from the models was still present. It is assumed that evidence of clay inclusions in
the investigated samples could be responsible for the large discrepancies in velocities and attenuations. Even though
this assumption was not tested in the present work, other studies[3,17,25,38]emphasized the influence of clay
inclusions in the process acoustic energy dissipation and velocity dispersion, along with the Biot’s and Squirt-flow
mechanism. Despite evidence of the influence of clays on velocity dispersion and attenuation, clear understanding
of the process in which this occurs is not yet available. Further investigations towards that end are needed.
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Appendix A. Velocity and attenuation from the reformulated BISQ model

The extension of the BISQ model to transversely isotropic poroelastic media[33] is based on the constitutive
equations for anisotropic porous media formulated by[23] in accordance with the homogenisation theory[1,2].
These equations, in the frequency domain with the assumption of exp(−jωt) frequency dependence, are[23] as
follows:

σ̃ = c̃ẽ − α̃P , (A.1)

σ f
ij = −φpδij = φ

β
[α̃ẽ + φ∇ · (U − u)]δij, (A.2)

∂σij

∂xj

= ∇ · σ̃ = −ω2[ρs(1 − φ)u + φρf U ], (A.3)

W = φ(U − u) = − K̃(ω)(ω2ρf u − ∇P )

jω
. (A.4)

In these equations,σ̃ is the total stress tensor of the saturated porous medium,ẽ the strain tensor of the porous medium,
c̃ the solid frame stiffness tensor containing five independent drained elastic coefficients (i.e.c11, c12, c13, c44 and
c33) and K̃(ω) is the frequency-dependent generalised Darcy’s tensor described by two constant permeability
constant. After[5,6,34], the components of this tensor in terms of the complex permeability elementsκi(ω) for low
frequency range is given by

Ki(ω) = κi(ω)

η
= jφ

ωρf

[
ρa/ρf + φ

φ
+ jωi

ω

]−1

, (A.5)

where
ωi

ω
= ηφ

κiρf ω
(A.6)

for i = 1 and 2. For isotropic conditions the complex permeability element reduces to

Ki(ω) = K(ω) = κ(ω)

η
= jφ

ωρf

[
ρa/ρf + φ

φ
+ jωc

ω

]−1

, (A.7)

where
ωc

ω
= ηφ

κρf ω
, (A.8)

The poroelastic coefficientsα of the effective stress is given by

α = 1 − Kb

Km
. (A.9)

The compressibility coefficient,β, determined under undrained conditions, is given by

β = φ

Kf
+ α − φ

Km
. (A.10)

By considering isotropic conditions, a new partial differential equation for the fluid pressure and the solid frame
displacement is obtained fromEqs. (5) and (A.4), after some algebraic development:

θ ∇2P −
(

φ

F

)
P − α̇∇ · u = 0, (A.11)

whereθ = −K(ω)/jω andα̇ = α0 + ρf ω
2θ .
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Eliminating the fluid displacement vector,U , and the total stress tensor,σ̃ , from Eqs. (A.1), (A.3) and (A.4)and
by usingEq. (A.11)one obtains after some algebraic transformations, three partial differential equations associated
with the two compressional fast and slow waves and the vertical polarised shear waves:[

(λ + 2µ)
∂2

∂x2
+ µ

∂2

∂z2
+ ω2ρ̇

]
ux + (λ + µ)

∂2uz

∂x∂z
− α̇

∂P

∂x
= 0,

(λ + µ)
∂2ux

∂x∂z
+
[
µ

∂2

∂x2
+ (λ + 2µ)

∂2

∂z2
+ ω2ρ̇

]
uz − α̇z

∂P

∂z
= 0,

−α̇

(
∂ux

∂x
+ ∂uz

∂z

)
+
[
θ

(
∂2

∂x2
+ ∂2

∂z2

)
− φ

F

]
P = 0. (A.12)

To solve the above system of equations (Eq. (A.12)), a plane harmonic wave of the following form is assumed:

(ux, uy, uz, P) = (bx, by, bz, P ) ej(kx+zξ), (A.13)

is propagating in the poroelastic porous medium, and proceed as in[33] for the derivation of the phase velocities
and attenuations of compressional waves (fast and slow) and the vertical polarised shear wave, by first replacing
the poroelastic coefficients by their equivalent for isotropic conditions. These phase velocities and attenuations are
derived in the same manner as in[33] except that in Eq. (24a) from[33] the ratioβ̄/s is replaced byφ/F . For
the case where the frequencyω is much smaller than the Biot’s characteristic frequencyωc, Dvorkin and Nur[11]
derived approximate expressions for the velocity and the coefficient of attenuation of the fast compressional waves.
Because the principal difference between the models reside in the definition of the Squirt-flow coefficient, similar
approximate expressions for the fast compressional wave can be derived by substituting the parameters in the BISQ
model by their equivalent in their new model. This gives

Vp1 = 1

real(
√

Y )
, a1 = ω imag(

√
Y ), (A.14)

where

Y = ρ̇

M + F (α̇2
0/φ)

= ρ + (ωρf )
2θ

M + F (((α0 + ω2ρf θ)2)/φ)
, θ = − φ

ω2ρf

[
ρa/ρf + φ

φ
+ j

ηφ

κρf ω

]
, (A.15)

whereρ̇ = ρ + (ωρf )
2θ = (1 − φ)ρm + φρf + (ωρf )

2θ . The inverse of the quality factorQ−1 is related to the
attenuation coefficienta and theVp1 as

Q−1 = 2aVp1

ω
. (A.16)

In the BISQ model[11], the frequency-dependence of velocity and attenuation is controlled by the Squirt-flow
coefficientFsq in the reformulated BISQ model a frequency-dependent bulk density,ρ̇, and poroelastic coefficient,
α̇0, were introduced in the same way as in[33].
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