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ABSTRACT

The forced oscillation method is used to experimentally study
the viscoelastic behavior of fluid-saturated rocks at seismic
frequencies by measuring their dynamic stress-strain response.
The strain on a sample can be measured locally with strain gauges
or on the entire sample, here referred to as bulk strain, with a
displacement transducer. The local response can vary greatly
from the bulk because of heterogeneities in the rock, which can
be structural in nature, for example, fractures, or they can arise
from partial fluid saturation. Comparing the results from exper-
imental setups that measure strains by different methods can
therefore become problematic, and setups that exclusively mea-
sure local strains can be inadequate for performing certain experi-
ments. To better understand these limitations, we numerically
simulate forced oscillation tests on models representative of lab-
oratory samples, using Biot’s quasistatic equations for poroelastic

media. The main objective is to analyze the discrepancies that can
arise between local and bulk measurements, with a specific focus
on the frequency-dependent attenuation and the Young’s modulus
dispersion. We find that, for a fully water-saturated sample having
a single fracture and for a partially saturated sample, the local
responses deviate significantly from the bulk responses. In addi-
tion, the average of three local measurements along a sample
allows for approximating the bulk response for the case of a par-
tially water-saturated sample having a homogeneous solid frame.
Such an average is not sufficient for the fractured sample. In sum-
mary, the averaging of local strain measurements can provide a
partial solution to accurately characterize the dynamic stress-
strain response of the sample in certain cases, but in other cases,
it can lead to results that strongly deviate from the bulk measure-
ments.We advocate for experimental setups to be built to measure
the bulk strain on rock samples or modified to include this meas-
urement in addition to local ones.

INTRODUCTION

Studying mechanical wave attenuation (Q−1) at seismic frequen-
cies in the laboratory is challenging, primarily because the typical
seismic wavelength far exceeds the rock sample size. By measuring
instead the stress-strain response under sinusoidal loading, one can
get around the discrepancy between the seismic wavelength and the
sample size. The forced oscillation method (e.g., McKavanagh and
Stacey, 1974) infers the attenuation from the phase shift between the
stress and strain signals, whereas the stiffness moduli are inferred
from the stress and strain amplitudes. Commonly, a uniaxial defor-
mation is applied to the sample; however, volumetric (e.g., Adelinet
et al., 2010) and shear (e.g., Behura et al., 2007; Saltiel et al., 2017)
deformations can also be performed. With a focus on uniaxial de-
formations, how the stress and strain on a sample are measured can
vary from one experimental setup to another (e.g., Subramaniyan

et al., 2014), potentially limiting the types of samples and experi-
mental conditions that can be adequately investigated. In particular,
the strain can be measured either locally on a sample with strain
gauges (e.g., Batzle et al., 2006; Adelinet et al., 2010; Mikhaltse-
vitch et al., 2016; Szewzyck et al., 2016) or the bulk deformation of
the sample can be measured with some form of displacement trans-
ducer (e.g., Spencer, 1981; Paffenholz and Burkhardt, 1989; Tisato
and Madonna, 2012; Madonna and Tisato, 2013; Nakagawa, 2013).
Strain gauges have the advantage of being less sensitive to resonan-
ces in the experimental setup than other transducers (Batzle et al.,
2006), and they can directly measure the radial and axial surface
strains on a sample. For isotropic and homogeneous samples, this
also allows for inferring the bulk and shear moduli from the
Young’s modulus and Poisson’s ratio. In contrast, bulk measure-
ments are largely restricted to axial deformations.
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Fluid-saturated rocks behave viscoelastically in the seismic
frequency range (e.g., Chapman et al., 2016), resulting in frequency-
dependent attenuation and stiffness modulus dispersion. One
motivation for conducting forced oscillation experiments is to better
understand the physical mechanisms causing the viscoelastic response.
A likely mechanism is fluid pressure diffusion associated with the
equilibration of fluid pressure gradients induced between regions of
different compressibility in the rock (Müller et al., 2010). These con-
trasts in compressibility can arise from structural heterogeneities in the
solid frame as well as whenmultiple fluids are present in the pore space
of the rock. The length scale of such heterogeneities can vary from
the pore scale, in the form of microscopic cracks and grain contacts
(O’Connell and Budiansky, 1977; Murphy et al., 1986), to the meso-
scopic scale, such as fractures and fluid patches (White, 1975; Braja-
novski et al., 2005). Because strain gauges cover only a small portion
of the surface of a sample, their use is largely limited to investigating
pore-scale processes. By taking the average of multiple local strain
measurements at different positions on the surface of a sample, the
bulk mechanical properties of a rock could possibly be approximated
(Adam and Batzle, 2008). Such an approach, however, does not appear
to have been thoroughly evaluated or discussed.
The effect of mesoscopic heterogeneities on attenuation and

modulus dispersion can be studied by numerically solving Biot’s
quasistatic equations (Biot, 1941) for models representing a rock
sample (e.g., Tisato and Quintal, 2013; Quintal et al., 2017). By
using these quasistatic equations, we ignore dynamic effects such
as attenuation and modulus dispersion caused by Biot’s global flow
(Biot, 1962) and scattering (Quintal et al., 2011). These effects are
largely negligible at seismic frequencies for the rock and fluid prop-
erties, which we will consider in this study (e.g., Berryman, 1985;
Bourbié et al., 1987). Tisato and Quintal (2013) and Quintal et al.
(2017) use the mentioned numerical methodology to interpret lab-
oratory measurements of seismic attenuation based on bulk strain
measurements for partially water-saturated Berea sandstone sam-
ples. They explain the laboratory observations to be consistent with
mesoscopic-scale heterogeneities in water saturation.
We wish to present a brief analysis of the effect of measuring local

strains by numerically simulating forced oscillation tests on models
that are representative of laboratory samples. We investigate how the
results for frequency-dependent attenuation and modulus dispersion,
obtained with local strain measurements, deviate from those obtained
with bulk measurements, considering scenarios in which fluid pres-
sure diffusion occurs at the mesoscopic scale. We access three sce-
narios: (1) a fully water-saturated rock sample with drained top
and bottom boundaries, in which attenuation is associated with the
drained-to-undrained transition, (2) an undrained rock sample parti-
ally saturated with water and air, and (3) an undrained fully water-
saturated sample containing a single fracture. We also investigate
how well averaging the strains measured at three locations along
the sample can approximate the bulk response. Our study is aimed
at providing a first quick guide on the effects of local measurements
to experimentalists using the forced oscillation method to study fre-
quency-dependent effects in fluid-saturated porous materials.

NUMERICAL METHODOLOGY

Mathematical formulation

We calculate the attenuation and dispersion of the corresponding
stiffness modulus caused by fluid pressure diffusion at the

mesoscopic scale by numerically solving Biot’s (1941) quasistatic
equations of poroelasticity in the displacement-pressure (u-p) for-
mulation (Quintal et al., 2011). These equations in the frequency
domain are

∇ · σ ¼ 0; (1)

∇ ·

�
−
k
η
∇p

�
þ α∇:ðIωuÞ þ Iωp

M
¼ 0; (2)

where I is the imaginary unit; ω is the angular frequency; the sym-
bol p represents the fluid pressure; u is the vector of solid displace-
ment with its components ui in the ith directions (e.g., for the 3D
case, i ¼ x, y, z); and σ is the total stress tensor with components
(Biot, 1962):

σij ¼ 2μεij þ λeδij − αpδij; (3)

where δij is the Kronecker delta, εij are the components of the strain
tensor, and e is the cubical dilatation given by the trace of the strain
tensor. The material properties are the permeability k, the fluid vis-
cosity η, the Lamé’s parameters μ and λ, with μ representing the
shear modulus of the dry frame and λ ¼ K–2μ∕3, where K repre-
sents the bulk modulus of the dry frame. The Biot-Willis coefficient
α and the coefficient M or the reciprocal of the constrained specific
storage coefficient (Biot and Willis, 1957) are given by

α ¼ 1 −
K
Ks

; (4)

M ¼
�

ϕ

Kf
þ α − ϕ

Ks

�
−1
; (5)

where Ks represents the bulk modulus of the solid grains, Kf rep-
resents the bulk modulus of the fluid, and ϕ denotes the porosity.

Numerical solution and deformation mode

We solve equations 1 and 2 in the frequency domain using the
finite-element method, by inputting the weak formulation of these
equations (Quintal et al., 2011) into the Mathematics module of
COMSOLMultiphysics. Theweak formulation incorporates Neumann
boundary conditions, naturally setting the fluid flow to zero at the
boundaries, in other words, allowing our numerical models to have
undrained boundaries, unless explicitly stated otherwise. Furthermore,
we consider 2D or 3D numerical models, for which we use unstruc-
tured meshes with triangular or tetrahedral elements, respectively.
We apply boundary conditions for the solid displacement to our

numerical models to represent, for example, uniaxial compression
or shear tests to compute the associated complex stiffness moduli.
The P-wave modulus can be computed by imposing a zero horizon-
tal displacement to the lateral boundaries of a 2D rectangular model
or to the curved lateral boundary of a 3D cylindrical model. In ad-
dition, a homogeneous time-harmonic oscillatory displacement
(e.g., Milani et al., 2016) is applied on the top boundary of a model,
whereas a zero vertical displacement is imposed on the bottom
boundary. Finally, the complex P-wave modulus at each frequency
is calculated as the ratio between the spatially averaged vertical
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stress and the vertical strain obtained from each numerical simu-
lation.
To be consistent with the measurements most often carried out in

the laboratory, we focus our analysis on the Young’s modulus and
the corresponding attenuation. However, to determine the Young’s
modulus directly requires 3D simulations, whereas the P-wave
modulus can be obtained from either 2D or 3D simulations. This
is because to compute the Young’s modulus, the lateral boundaries
of a model must be allowed to move in all horizontal directions,
unlike those for the computation of the P-wave modulus, which
are fixed with a zero horizontal displacement. Because our 2D prob-
lem is equivalent to a 3D case under plane strain conditions, that is,
no displacement is allowed to develop in the third dimension, the
boundary conditions to directly compute the Young’s modulus can-
not be satisfied in two dimensions. However, for isotropic models,
such as those consisting of a homogeneous solid frame having or
not heterogeneities in fluid saturation (Berryman and Wang, 2001),
the Young’s modulus (E) can be obtained from the P-wave (H) and
shear (μ) moduli according to the following relation:

E ¼ μð3H − 4μÞ
H − μ

: (6)

Under these conditions, the shear modulus is equal to that of the
drained material according to Gassmann’s (1951) equations (Berry-
man, 1999). For such isotropic models, we perform numerical sim-
ulations on 2D models to obtain the P-wave modulus and then we
calculate the Young’s modulus using equation 6 and Gassmann’s
prediction for the shear modulus. For anisotropic models, we cannot
use such simple relationships between the moduli. Therefore, we
perform numerical simulations on 3D models with the appropriate
boundary conditions to directly obtain the Young’s modulus. The
attenuation associated with any stiffness moduli is obtained from
the ratio between its imaginary and real parts
(O’Connell and Budiansky, 1978).

RESULTS AND DISCUSSION

Drained-to-undrained transition

We first validate our numerical approach with
respect to the drained-to-undrained transition (Pi-
mienta et al., 2016). A uniaxial compression test is
simulated on a 2D numerical model representing a
Berea sandstone sample fully saturated with water
and having a homogeneous solid frame (Tables 1
and 2). The model has a length of 25 cm and a
diameter of 7.6 cm. By setting the fluid pressure
to zero at the top and bottom boundaries, we allow
fluid to flow across them, constituting open or
drained boundaries. In the numerical simulation,
we average the vertical components of the stress
and strain fields either over the complete sample
length, constituting the bulk response, or over a
slice of 1 cm thickness, representative of the local
response. In the analytical solution (AS), the local
response is calculated at a single point.
In Figure 1, we show results of the AS and

numerical solution (NS) for the bulk response
(Figure 1a) and the local responses (Figure 1b)

at 50% and 75% of the sample length for the Young’s modulus
(E) and the corresponding attenuation. Due to the symmetry of
our model, we do not show the response at 25% of the sample
length, which is identical to that at 75%. We observe a satisfactory
agreement between the numerical and analytical results, for the bulk
and the local measurements. In Figure 1b, we can already observe
that a local measurement of strain can lead to inferring attenuation
and Young’s modulus that deviates from the bulk response of the

Table 1. Physical properties of the solid frame.

Symbol Property Berea sandstone Fracture

Ks Bulk modulus of the solid
grains (GPa)

36 36

ϕ Porosity (%) 18 50

k Permeability (mD) 50 (5*) 10,000

K Bulk modulus of the dry
frame (GPa)

7.9 0.025

μ Shear modulus of the dry
frame (GPa)

7.7 0.02

*Background permeability for the fractured sample.

Table 2. Physical properties of the fluids.

Symbol Property Water Air

η Viscosity of the fluid (Pa × s) 0.001 2 × 10−5

Kf Bulk modulus of the fluid (GPa) 2.2 10−4

Figure 1. Attenuation and the real part of the Young’s modulus obtained with the AS of the
drained-to-undrained transition (Pimienta et al., 2016) and with the NS for a fully water-
saturated model with open or drained top and bottom boundaries. AS and NS for (a) the
bulk response and (b) the local response at 50% and 75% of the sample length (L).
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sample even when matrix and fluid heterogeneities are absent but
boundaries are open. The attenuation peak of the local response at
50% of the sample length is elevated with respect to that of the bulk
response. In addition, the scaling of attenuation with frequency is
sensitive to the location of the measurement, especially the high-

frequency asymptote. In this case, the local and bulk responses from
the Young’s modulus converge to the same high- and low-frequency
limits. The discrepancies between the local and bulk responses can
be understood in terms of the local response failing to fully capture
the fluid pressure diffusion occurring from the center to the top and

bottom boundaries of the sample.

Partial saturation

We now also validate the numerical approach
with respect to the case of a partially saturated
and sealed Berea sandstone sample. In the 2D
numerical model, we represent partial saturation
with two horizontal layers, in which a thick lower
layer is fully saturated with water and a thin upper
layer is fully saturated with air (Tables 1 and 2).
Such a fluid distribution corresponds to that of the
interlayer flowmodel (White et al., 1975), and it is
shown in Figure 2. In our specific configuration,
the overall water saturation of the sample is 99%,
where the fully water-saturated layer constitutes
99% and the fully air-saturated layer constitutes
1% of the sample length. All boundaries of the
sample are closed or undrained.
The good agreement for attenuation and

Young’s modulus dispersion between the numeri-
cal result based on bulk measurements and the AS
(Quintal et al., 2009) for the interlayer flow model
validates the numerical approach for the case of
partial saturation (Figure 3a). In Figure 3b, we
show the local response of the attenuation and
Young’s modulus, determined at 25%, 50%, and
75% of the sample length. At 25% and 50% of
the sample length, the local attenuation is slightly
elevated relative to the bulk response, whereas at
75% of the sample length, the locally derived at-
tenuation is lower and appears to display two
peaks. In the Young’s modulus, the local responses
also show more variable frequency dependence
than the bulk response, corresponding with the
behavior of the attenuation curves, but they con-
verge to the low- and high-frequency limits of
the bulk measurement, as observed already for the
case shown in Figure 1. The convergence of the
limits is associated with the location of the strain
measurements in the regions fully saturated by
water.
Of course, the binary fluid distribution given

by the interlayer flow model does not well reflect
a fluid distribution achieved in the laboratory by
imbibition. As an approximation, it is reasonable
to assume that during imbibition of water into the
base of a sample, the water saturation would be
greatest at the bottom of the sample and gradu-
ally decrease toward the top of the sample.
Profiles C and D in Figure 2 describe such a type
of distribution while the overall water saturation
of the sample remains at 99%, with the rock and
fluid properties given in Tables 1 and 2. An ef-
fective single-phase fluid describes the gradual

Figure 2. Water-saturation distributions in the numerical models. The overall water sat-
uration for the White, profile C, and profile D is 99%. In the White profile, 99% of the
model length is fully water saturated, whereas the top 1% of the model length is fully air
saturated. Profiles C and D each have a layer fully saturated with water and a layer in
which the water saturation linearly decreases toward the top of the model, described by
an effective single-phase fluid (Quintal et al., 2017). The last model is fully water sa-
turated, and a horizontal fracture (the dotted cyan line) of 1 mm thickness is placed at its
center. The dashed yellow lines indicate the regions of 1 cm thickness over which the
stress and strain responses are averaged to represent a local measurement similar to a
strain gauge, located at 25%, 50%, and 75% of the sample length (L).

Figure 3. Attenuation and the real part of the Young’s modulus obtained from the AS of
the interlayer flow model (White et al., 1975) and the NS. The water saturation is 99%
with a distribution corresponding to the White profile in Figure 2, and all boundaries are
closed or undrained. AS and NS for (a) the bulk response and for (b) the local response at
25%, 50%, and 75% of the sample length (L).
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change in water saturation, in which the bulk modulus of such a
fluid is based on Wood’s (1955) law:

Kf ¼
�
Sa
Ka

þ Sw
Kw

�
−1
; (7)

where the subscripts f, a, and w correspond to the effective single-
phase fluid, air, and water, respectively. The symbols S and K refer
to the saturation and bulk modulus of the respective fluids, respec-
tively. Because only air and water saturate the rock model,
Sa þ Sw ¼ 1. The viscosity of our effective fluid is described by
Teja and Rice (1981) as

ηf ¼ ηa

�
ηw
ηa

�
Sw
: (8)

The two water distributions given by profiles C and D were pre-
viously used by Quintal et al. (2017) to interpret the laboratory mea-
surements by Chapman et al. (2016) and assess the potential impact
of open lateral boundaries on the data. Chapman et al. (2016) use
the forced oscillation method to measure the dynamic stress-strain
response of a partially water-saturated Berea sandstone. The cylin-
drical sample had a length of 25 cm and a diameter of 7.6 cm. In
their experimental setup, a calibrated strain gauge cantilever mea-
sured the bulk axial strain on the sample.
In Figure 4, we show the attenuation and Young’s modulus mea-

sured in the partially saturated Berea sandstone, submitted to 2 MPa
confining pressure, by Chapman et al. (2016) and the results of the
numerical simulations considering profiles C and D (Figure 2) with
closed or undrained boundaries. The numerically derived Young’s
modulus was offset from the one measured in the laboratory be-
cause the bulk and shear moduli of the dry frame (Table 1) do
not correspond precisely to those of the used sample; however,
the amplitudes of the dispersion were consistent. We therefore nor-
malize the Young’s modulus in Figure 4. The numerical and labo-
ratory results for attenuation are also in reasonable agreement with
respect to the frequency dependence and amplitude.
We now consider the local responses of attenuation and Young’s

modulus for profiles C and D at 25%, 50%, and 75% of the sample
length (Figure 5). The bulk response, already shown in Figure 4, is
shown again in Figure 5 for comparison. At 25% of the sample
length, for both profiles, the attenuation is significantly overesti-
mated with respect to the bulk response, and the Young’s modulus
is correspondingly more dispersive. At 50% of the sample length in
profile C, the attenuation curve displays two peaks. The Young’s
modulus is again more dispersive than the bulk response. In profile
D, the local attenuation at 50% of the sample length is overall neg-
ligible but it even shows some low negative values, and the Young’s
modulus is nondispersive. For both profiles at 75% of the sample
length, the attenuation is negligible, and the Young’s modulus is
nondispersive. In summary, attenuation and Young’s modulus de-
termined based on local strain measurements can deviate very
strongly from results based on bulk measurements. Furthermore,
for the same overall water saturation of 99%, but with a minor dif-
ference in how the fluids are distributed, not only the locally deter-
mined attenuation and Young’s modulus can be very different but
also the ones based on bulk measurements.
The results presented in Figure 5 indicate that locally measuring

the strain on a partially saturated sample can result in inferring fre-

quency-dependent attenuation, and Young’s moduli that differ sub-
stantially from the bulk response. Measuring the bulk strain on a
sample is challenging, and more commonly the local strain is mea-
sured by using strain gauges (e.g., Batzle et al., 2006; Adelinet et al.,
2010; Mikhaltsevitch et al., 2016; Szewzyck et al., 2016). Adam
and Batzle (2008) propose using multiple strain gauges at different
locations and taking an average of their responses to approximate
the bulk response. We test whether such an average would yield
attenuation and Young’s modulus results that resembled those ob-
tained with a bulk measurement for profiles C (Figure 6a) and D
(Figure 6b). As references for comparison, we again show the bulk
response and the local response at 50% of the sample length. For
both profiles, averaging the response of the three local measure-
ments at 25%, 50%, and 75% of the sample length significantly
improves the inferred attenuation and Young’s modulus with re-
spect to the bulk response. The result for Young’s modulus, in
particular, is close to the sensitivity that one can achieve in the
laboratory (e.g., Borgomano et al., 2017). The resulting attenuation
for profile C (Figure 6a) is comparable with the bulk response in

Figure 4. Attenuation and real part of Young’s modulus obtained
from the NS considering the bulk response for water saturation pro-
files C and D (Figure 2) corresponding to 99% total water satura-
tion. The laboratory data (LD) are from Chapman et al. (2016) for a
Berea sandstone sample with approximate water saturations of ap-
proximately 98% and 99%, subjected to 2 MPa confining pressure.
The Young’s modulus has been normalized with respect to its high-
est value.
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amplitude and matches well the transition frequency. In contrast, the
attenuation for profile D (Figure 6b) is improved but underestimated
with respect to the bulk response. Overall, by taking an average of

the local responses measured at the three locations, the inferred at-
tenuation and Young’s modulus are improved compared with that
based on local measurements at any of the three locations.

In Figure 6, we also show that the results based
on local measurements follow the Kramers-
Kronig (KK) relations (Mikhaltsevitch et al.,
2016), even for results that would seem physi-
cally improbable such as the negative attenuation
values obtained at 50% of the sample length con-
sidering profile D. The agreement with the KK
relations reflects that the local signature of fluid
pressure diffusion in such a heterogeneous sam-
ple is correct, but it merely and obviously cannot
reflect the physical phenomenon taking place
in the whole sample. In fact, attenuation and
dispersion measurements using the forced oscil-
lations method are based on the assumption that
the probed material behaves viscoelastically at
an observation (or measurement) scale, which is
larger than that where the dissipative fluid pres-
sure diffusion occurs (Jänicke et al., 2015).

Fractured media

Heterogeneities in a sample can also arise in
the solid frame of the rock and not only from
the distribution of different fluids. To investigate
the impact of a fracture on the local and bulk re-
sponses of attenuation and Young’s modulus, we
performed numerical simulations on a 3D cylin-
drical model considering full water saturation
(Table 2). All boundaries of the model are again
closed or undrained. The fracture is approxi-
mated as a very thin layer having a much more
compliant, more porous, and more permeable
solid frame than the embedding background that
has properties of Berea sandstone with a rela-
tively low permeability of 5 mD (Table 1).
The fracture is placed at the center of the model
with a thickness of 1 mm, and it is orientated
perpendicular to the vertical axis (Figure 2).
We once again validate our numerical results

by comparing the bulk numerical response to the
AS of the interlayer flow model (White et al.,
1975; Quintal et al., 2009). With the presence
of a fracture, the model no longer behaves iso-
tropically, and thus we cannot calculate the
Young’s modulus from the P-wave and shear
moduli using relationships for isotropic elastic
materials, as done before. Therefore, we first
compare the numerically and analytically derived
P-wave modulus and corresponding attenuation
(Figure 7a), successfully validating our 3D
numerical scheme. The amplitude of P-wave at-
tenuation in a medium fully saturated with a
liquid and containing fractures, which are
perpendicular to the direction of deformation,
is mainly controlled by the contrast in compress-
ibility between the solid frame of the background
and that of the fracture (Müller et al., 2010; Ru-

Figure 5. Attenuation and real part of Young’s modulus obtained from the NS for water
saturation profiles (a) C and (b) D (Figure 2), corresponding to 99% total water satu-
ration, considering the bulk and local responses at 25%, 50%, and 75% of the sample
length (L).

Figure 6. Attenuation and real part of Young’s modulus obtained from the NS for the
water saturation profiles (a) C and (b) D (Figure 2) corresponding to 99% total water
saturation. We consider the bulk response and local response at 50% of the sample
length (L), and the average of the local responses at 25%, 50%, and 75% of the sample
length (L). Results obtained based on the KK relations (Mikhaltsevitch et al., 2016)
applied to the NS of the local and averaged responses are also shown.
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bino et al., 2014). The characteristic frequency of the attenuation
peak is controlled by the permeability and length of the embedding
background and by the viscosity of the saturating liquid (Brajanov-
ski et al., 2006).
In Figure 7a, we also show the local responses at 50% and 75% of

the sample length for the P-wave modulus and the corresponding
attenuation. Because of the symmetry of our model, we do not show
the response at 25% of the sample length, which is identical to
that at 75%. The average response comprises the three local mea-
surements as previously done for the partially saturated models
(Figure 6). As expected, the local responses deviate substantially
from the bulk response for the attenuation and P-wave modulus.
Unlike for partial saturation (Figure 6), the average of the local re-
sponses also significantly deviates from the bulk response.
The Young’s modulus and the corresponding attenuation are

computed as well by changing the boundary conditions applied
to the curved lateral surface of cylindrical model, allowing for un-
constrained horizontal displacements. We observe that the local re-
sponses and their average also differ substantially from the bulk
response (Figure 7b), similarly as observed for the P-wave modulus
case (Figure 7a).

CONCLUSION

The numerical results show that the local and bulk measurements
of attenuation and Young’s modulus differ substantially for partially
saturated and fractured samples. Such a response is expected be-
cause the dissipative fluid pressure diffusion in these models takes
place across portions of the samples that are much larger than the
portion probed in the case of local measurements. Experimental set-

ups using the forced oscillation method are there-
fore limited with respect to the types of samples
and fluid distributions that they can investigate if
the strains are measured locally. Furthermore,
given the small number of such experimental set-
ups available, it becomes difficult to independ-
ently verify some experiments.
As a possible solution for setups capable of

only measuring local strains, we investigated
whether the bulk response could be approxi-
mated by averaging the local responses from
three locations along a sample. For the partially
saturated samples, using a simplified fluid distri-
bution, the bulk response could be approximated
by such an average. For the fractured sample,
which was fully water saturated, taking the aver-
age of three local measurements was not suffi-
cient to obtain a reasonable approximation of
the bulk results.
It should be noted that the dimensions of the

samples considered here are those of the largest
samples that can be measured with the currently
available experimental setups based on the
forced oscillation method. The differences be-
tween the local and bulk responses are obviously
more pronounced for larger samples if we con-
sider a single size of strain gauges. For smaller
samples, the averaging approach should lead
to better results because larger fractions of the

samples are probed by the local measurements. However, measur-
ing the bulk response is in any case undoubtedly preferred.
From a different perspective, the strong deviations that local mea-

surements exhibit compared with bulk measurements could be help-
ful in assisting in the interpretation of laboratory measurements. For
example, a combination of measuring local and bulk strains on a
sample could perhaps be used to distinguish between microscopic
and mesoscopic sources of attenuation and modulus dispersion.
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