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Pore fluid effects on S-wave attenuation caused

by wave-induced fluid flow

Beatriz Quintal', Holger Steeb?, Marcel Frehner', Stefan M. Schmalholz®, and Erik H. Saenger’

ABSTRACT

We studied seismic attenuation of P- and S-waves caused by
the physical mechanism of wave-induced fluid flow at the meso-
scopic scale. Stress relaxation experiments were numerically
simulated by solving Biot’s equations for consolidation of 2D
poroelastic media with finite-element modeling. The experiments
yielded time-dependent stress-strain relations that were used to
calculate the complex moduli from which frequency-dependent
attenuation was determined. Our model consisted of periodically
distributed circular or elliptical heterogeneities with much lower
porosity and permeability than the background media, which con-
tained 80% of the total pore space of the media. This model can
represent a hydrocarbon reservoir, where the porous background
is fully saturated with oil or gas and the low-porosity regions are
always saturated with water. Three different saturation scenarios
were considered: oil-saturated (80% oil, 20% water), gas-satu-
rated (80% gas, 20% water), and fully water-saturated media.

Varying the dry bulk and shear moduli in the background and
in the heterogeneities, a consistent tendency was observed in
the relative behavior of the S-wave attenuation among the differ-
ent saturation scenarios. First, in the gas-saturated media the
S-wave attenuation was very low and much lower than in the
oil-saturated or in the fully water-saturated media. Second, at
low frequencies the S-wave attenuation was significantly higher
in the oil-saturated media than in the fully water-saturated media.
The P-wave attenuation exhibited a more variable relative beha-
vior among the different saturation degrees. Based on the mechan-
ism of wave-induced fluid flow and on our numerical results, we
suggest that S-wave attenuation could be used as an indicator of
fluid content in a reservoir. Additionally, we observed that
impermeable barriers in the background can cause a significant
increase in S-wave attenuation. This suggests that S-wave attenua-
tion could also be an indicator of permeability changes in a re-
servoir due to, for example, fracturing operations.

INTRODUCTION

Attenuation of seismic waves in partially saturated porous rocks
is of great interest because it recently has been observed that oil and
gas reservoirs frequently exhibit high P-wave attenuation, espe-
cially at low seismic frequencies (Rapoport et al., 2004; Chapman
et al., 2006; Quintal et al., 2011a). When well understood, attenua-
tion effects can help in the interpretation and inversion of seismic
data, especially for inferring pore-fluid type and saturation in a
reservoir. A good understanding of fluid effects on attenuation
can be achieved by systematic numerical (e.g., Rubino et al.,
2011) and laboratory (e.g., Paffenholz and Burkhardt, 1989; Behura
et al., 2009) studies. In this paper, we present a numerical study of

attenuation caused by the physical mechanism known as wave-
induced fluid flow (e.g., Pride et al., 2004).

At low seismic frequencies (1-100 Hz), wave-induced fluid flow
caused by fluid-pressure differences between mesoscopic-scale het-
erogeneities is a major cause of P-wave attenuation in a partially
saturated porous rock (White, 1975; Pride et al., 2004; Miiller
et al., 2010). The mesoscopic scale is the scale much larger than
the pore size but much smaller than the wavelength. A partially
saturated rock is approximated by a poroelastic medium with re-
gions fully saturated by one fluid and other regions fully saturated
by another fluid. This is frequently referred to as patchy saturation.
Mesoscopic-scale heterogeneities can also occur in the porosity
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and/or other solid frame properties, and they are taken into account
by (and generally referred to as) double-porosity models (Pride and
Berryman, 2003a, 2003b; Pride et al., 2004). Patchy saturation and
double porosity are two models for attenuation due to wave-induced
fluid flow at the mesoscopic scale.

Many analytical solutions have been derived to quantify P-wave
attenuation in media with patchy saturation or double porosity for
idealized geometries and distributions of the heterogeneities (White,
1975; White et al., 1975; Norris, 1993; Johnson, 2001; Pride and
Berryman, 2003a, 2003b; Miiller and Gurevich, 2004; Pride et al.,
2004; Vogelaar et al., 2010). Concerning S-wave attenuation, the
only analytical solution available has recently been derived by
Liu et al. (2009) for the attenuation of S-waves due to scattering
by mesoscopic-scale spherical inclusions embedded in an infinite
poroelastic media. In this solution, the results for S-wave attenua-
tion are superimposed by sharp peaks that represent resonances.
Numerical modeling is therefore an important tool to calculate
S-wave attenuation, in addition to P-wave attenuation, in media
with heterogeneities of complicated, realistic geometries (e.g.,
obtained from tomographic images of rock samples).

Masson and Pride (2007) propose a methodology to numerically
calculate P- and S-wave attenuation due to wave-induced fluid flow
in a unit cell (representative elementary volume [REV]) containing
mesoscopic-scale heterogeneities. They suggest a quasi-static creep
test to solve Biot’s equations for wave propagation (Biot, 1962) in
poroelastic media using the finite-difference method. Recently,
Rubino et al. (2009), Wenzlau et al. (2010), and Quintal et al.
(2011b) have also presented quasi-static numerical strategies to cal-
culate seismic attenuation due to wave-induced fluid flow. Rubino
et al. (2009) compute oscillatory compressibility tests in the
frequency domain and solve Biot’s dynamic equations for wave
propagation using the finite-element method. Wenzlau et al.
(2010) compute relaxation tests to solve Biot’s equations for wave
propagation using Abaqus software (Dassault Systemes), which
incorporates the finite-element method. Quintal et al. (2011b) com-
pute creep tests using the finite-element method to solve Biot’s
equations for consolidation (Biot, 1941) of poroelastic media in
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Figure 1. Unstructured finite-element mesh of the unit cell. Black
and grey elements inside and outside the circular heterogeneity have
different petrophysical properties (Tables 2 and 3). The spatial re-
solution of the mesh is higher close to the interface between the
heterogeneity and the background.

the displacement-pressure (u-p) formulation. No inertia terms ap-
pear in the equations for consolidation, the computed attenuation is
solely due to flow of the viscous fluid, which is controlled by the
gradient of the pore-fluid pressure. Excluding the inertial forces at
low seismic frequencies is a valid approximation because they are
negligible for typical properties of rocks and saturating fluids at
these frequencies (e.g., Bourbié et al., 1987). In this paper, we
use the algorithm described by Quintal et al. (2011b) to compute
the frequency-dependent seismic P- and S-wave attenuation caused
by wave-induced fluid flow at the mesoscopic scale.

Pore-fluid effects have been studied for P-wave attenuation in
patchy-saturated models where the rock frame is homogeneous
and heterogeneities occur in fluid saturation. For such models,
P-wave attenuation can be significant when one of the two fluids
is much more compressible than the other and the more compres-
sible fluid saturates the medium in small amounts, such as around
10% (Quintal et al., 2009). In such patchy-saturated models with a
homogeneous rock frame, S-waves are not attenuated (e.g., Pride
et al., 2004). Attenuation of S-waves occurs as a consequence of
heterogeneities in the solid frame but is also function of fluid prop-
erties (Berryman and Wang, 2001). According to Berryman and
Wang (2001), external shear boundary conditions can lead to local
compression in some regions containing liquid; because the liquid
can support compression (but not shear), it stores some of the en-
ergy resulting from the shear boundary conditions. Therefore, the
pore fluid has an influence on the attenuation of S-waves. Although
some authors have calculated S-wave attenuation due to wave-
induced fluid flow in media of heterogeneous solid frame (e.g.,
Masson and Pride, 2007; Liu et al., 2009; Rubino et al., 2009;
Wenzlau et al., 2010), a systematic study on the effects of the pore
fluid on S-wave attenuation has not been presented so far. This is
necessary for a better understanding of S-wave behavior in fluid-
saturated rocks and its possible applications.

In this article, we combine fluid-saturation heterogeneities
(patchy saturation) with rock-frame heterogeneities (double poros-
ity). The main objective is to study the effect of the pore fluid on
P- and S-wave attenuation. Our model consists of periodically dis-
tributed circular or elliptical heterogeneities with much lower por-
osity and permeability than the continuous background medium,
which contains 80% of the total pore space of the medium. The
heterogeneities are always fully saturated with water, whereas
the background medium is fully saturated with gas, oil, or water.
Our model can be representative of a hydrocarbon reservoir where
water preferentially saturates regions of small pores but the hydro-
carbon (gas or oil) saturates areas of reasonably high porosity. We
compare attenuation in two media with high degrees of hydrocarbon
saturation (80% oil or gas, 20% water) with a medium fully satu-
rated with water, paying special attention to the S-wave attenuation.

METHODOLOGY

We use the finite-element method to solve Biot’s equations for
consolidation (Biot, 1941) in the u-p formulation (Zienkiewicz and
Shiomi, 1984). Using the u-p formulation allowed us to implement
the boundary condition for zero fluid flow (undrained test) in the
weak formulation of Biot’s equations. Therefore, all of our simula-
tions are performed over a numerical model with undrained bound-
aries. The algorithm uses an unstructured mesh (e.g., Figure 1) with
Delauney triangulation (Shewchuk, 2002). Each triangular element
with quadratic shape functions consists of seven nodal points on
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Pore fluid effects on S-wave attenuation L15

which the solid displacements and fluid pressure are calculated. The
spatial resolution of the mesh can strongly vary. Such an unstruc-
tured mesh makes the algorithm accurate for simulations in media
with heterogeneities of arbitrary geometries. Additionally, time in-
crements of variable length make the algorithm computationally ef-
ficient for the applied boundary conditions. In our simulations, the
length of the time increments is constant during the first 0.1% of the
total simulated time, and afterward it increases linearly with time.
Very small time steps at the beginning are necessary to accurately
resolve the complex moduli at high frequencies; the total time
should be large enough to ensure accuracy at low frequencies.
The algorithm is described in detail by Quintal et al. (2011b). They
perform benchmark tests showing that the algorithm is accurate and
stable, and that it is well suited to determine the complex moduli
over a very broad frequency range (i.e., at least six orders of
magnitude).

Here, we applied this quasi-static finite-element algorithm to
relaxation tests on 2D poroelastic samples with mesoscopic-scale
heterogeneities. These tests yield the time-dependent stress and
strain, averaged for each time step over the area of the numerical
model. In a postprocessing step, we calculate the time derivatives of
the stress and strain, and convert them to the frequency domain
using a Fourier transform. The frequency-dependent stress and
strain rates are used to calculate the complex P-wave modulus
H, and the complex shear modulus p. This will be described in more
detail in the next section. From the complex moduli H and u, we
calculate the P- and S-wave quality factors

_ Re(H)
Or = T(E) (M)
and
Re(u)
= —0, 2
05 = 1) @)

respectively, where Re and Im denote the real and imaginary parts.
The inverse of the quality factor 1/Q is a measure of attenuation
(e.g., Carcione, 2007).

P- and S-wave attenuation in our experiments is caused by fluid
flow induced by pressure differences between regions of different
compliances, which are due to different fluid and/or solid frame
properties. Here, we calculate attenuation and dispersion in poro-
elastic medium with periodically distributed mesoscopic-scale
heterogeneities. For example, the REV of a medium containing per-
iodically distributed circular heterogeneities is the unit cell shown
in Figure 1. The numerical model in our experiments consists of a
single unit cell or a periodic distribution of unit cells.

MEDIA WITH CIRCULAR HETEROGENEITIES
Experimental setup

To calculate P- and S-wave attenuation for a medium containing
periodically distributed circular heterogeneities whose unit cell is
shown in Figure 1, we used two experimental setups for the relaxa-
tion experiments: uniaxial compression with constricting walls
parallel to the compression direction (Figure 2a) and simple shear
(Figure 2b). In each experiment, a time-dependent function
S(t) (Figure 3) is attributed at the boundary of the model to the

displacement, with direction and amplitude indicated by the arrows
in Figure 2.

In the uniaxial compression test (Figure 2a), the function S(#) is
attributed to the displacement in the z-direction at the top boundary
of the numerical model and zero is attributed to the displacement
in the z-direction at the bottom and to the displacement in the
x-direction at the left and right boundaries. We obtain from this ex-
periment the time-dependent normal strain and the total normal
stress in the z-direction, averaged over the area of the numerical
model in each time step. A partial time derivative is applied to these
results and, subsequently, the time-dependent normal strain and
stress rates in the z-direction are converted into the frequency do-
main, yielding &, and 6, respectively, used to calculate the com-
plex and frequency-dependent component of the stiffness matrix:

iz . (3)

The component Cs; is equal to the P-wave modulus H at 0° inci-
dence (angle between the wave vector and the vertical axis, or
Z-axis).

In the simple shear test (Figure 2b), the function S(z) is attributed
to the displacement in the x-direction at the top and bottom bound-
aries of the numerical model, with opposite signs, it is attributed
with a linear z-dependent amplitude (varying from the value at
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Figure 2. Sketch of the relaxation experiments: (a) uniaxial com-
pression in the z-direction and (b) simple shear. The arrows indicate
direction and magnitude of the displacements applied at the
boundaries.

<4+ <4—

a) 1F T T T T T T
“ /4 3 h Iy
0 N L 1 ! . L n
107° 107 107 107 107 107
Time [s]
b) 1F . — ; 5
©“ /4 h 4 Iy
0f ; . . . | ]
107 10° 107 107 107
Time [s]
C) 1F T ST P2 =
© 4 h 4 Iy
0 1 1 . . . . n
10° 107° 10 107 107 107
Time [s]

Figure 3. Evolution of the boundary conditions S(¢), normalized by
their maximum values, for the three experiments illustrated in
Figure 4. The functions S(#) are shown with time in logarithmic
scale. The times ¢, t,, t3, and #, at which the snapshots in Figure 4
were taken are indicated in the curves shown in (a-c), which, respec-
tively, refer to Figure 4a, 4b, and 4c.
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Figure 4. Snapshots at times ?;, t,, 3, and #, of the pore-fluid pres-
sure field P, the fluid velocity in the x-direction V, and the fluid
velocity in the z-direction V, normalized by their maximum values,
for three relaxation experiments: (a) a compression test with the nu-
merical model consisting of a single unit cell (i.e., one REV, Figure 1),
(b) a simple-shear test with the numerical model consisting of 25 unit
cells spatially arranged in a 5 X 5 array, and (c) a simple-shear test
with the numerical model consisting of a single unit cell. The evolu-
tion of the boundary conditions is shown in Figure 3. The frame prop-
erties are described by case A (Table 3). The saturation scenario
corresponds to oil saturation in the background (Table 2). The results
of the simulations illustrated in (a-c), are shown in Figure 5a, 5b, and
Sc, respectively (for case A and oil saturation).

the top to the value at the bottom) to the displacement in the
x-direction at the right and left boundaries, and the displacement
in the z-direction is fixed to zero at all the four boundaries.
Time-dependent shear strain and stress in the x-direction is obtained
from this experiment. A partial time derivative is applied to these
results and, subsequently, the time-dependent shear strain and stress
rates in the x-z-directions are converted into the frequency domain,
yielding &, and 6,,, respectively. We calculate the complex and
frequency-dependent component of the stiffness matrix with

A

16
Cy =22, 4
u=s “4)

A

Xz

where Cyy is equal to the shear modulus y at 0° incidence.

The complex and frequency-dependent moduli H and y (equa-
tions 3 and 4) are used to calculate the P- and S-wave quality factors
(equations 1 and 2), respectively. Our main purpose is to quantify
fluid effects on P- and S-wave attenuation in media containing per-
iodically distributed mesoscopic-scale heterogeneities in the solid
frame (Table 3). In our model, the heterogeneities are circular
and characterized by low permeability and low porosity. They
are embedded in a continuous background medium of high perme-
ability and high porosity. The heterogeneities are always fully
saturated with water, and the background is saturated with oil,
gas, or water (Table 2). This model can represent a hydrocarbon
reservoir where water (the wetting fluid) is not displaced from re-
gions of small pores due to capillary effects. The unit cell of this
model is a 40-cm side square, and the radius of the circular hetero-
geneity is 16 cm (Figure 1). The circle occupies 50% of the unit cell.
Because of the different porosities in the heterogeneity and in the
background, the pore space in the background corresponds to 80%
of the total pore space in the medium. We perform simulations con-
sidering the background fully saturated with oil, gas, or water, cor-
responding to three saturation scenarios: oil-saturated medium
(80% oil, 20% water), gas-saturated medium (80% gas, 20% water),
and fully water-saturated medium. Four sets of parameters are con-
sidered for the solid frame of the rock, differing only by the bulk
modulus of the dry frame K ; and the shear modulus of the dry frame
Hq (cases A-D in Table 3).

The petrophysical parameters describing the solid frame (cases
A-D, Table 3) were arbitrarily combined to represent strong varia-
tions in the rock that could be related, for example, to the degree of

Table 1. Symbols used for the petrophysical parameters.

Symbol Definition

Py Density of the grains

K, Bulk modulus of the grains

[} Porosity

k Permeability

K, Bulk modulus of the dry frame
Ha Shear modulus of the dry frame
P Density of the fluid

n Viscosity of the fluid

Ky Bulk modulus of the fluid
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Pore fluid effects on S-wave attenuation L17

cementation and/or mineralogical composition. In case A, the solid
frame in the heterogeneity is much stiffer (larger K, and p,) than in
the background. In cases B and C, the solid frame in the heteroge-
neity is stiffer (larger K; and ;) than in the continuous background,
as in case A, but the contrasts in frame compressibility between the
heterogeneity and the background are lower than in case A. Case B
introduces a stiffer model (larger values of K, and u, in the two
regions), while case C introduces a more compliant model (lower
values of K, and y, in the two regions). In case D, opposite to cases
A-C, the solid frame in the heterogeneity is more compliant (lower
K, and py ) than in the continuous background.

For cases A-D and the three saturation scenarios, we perform
three sets of relaxation experiments: one set of uniaxial compression
tests (Figure 2a), where the numerical model is a single unit cell,
and two sets of simple-shear relaxation tests (Figure 2b), where the
two numerical models consist of (1) 25 unit cells spatially arranged
in a 55 array and (2) a single unit cell.

Simulations and results

Figure 4 shows snapshots of three relaxation experiments with
the oil-saturated medium and case A, for the pore-fluid pressure
field P, the fluid velocity in the x-direction V, and the fluid veloc-
ity in the z-direction V. The snapshots in Figure 4a correspond to a
compression test with a numerical model consisting of a single unit
cell (Figure 1). The normal strain and the total normal stress in the
z-direction obtained from this experiment are averaged over the area
of the unit cell. The snapshots in Figure 4b correspond to a simple
shear test with a numerical model composed of a 5 X 5 array of unit
cells. The shear strain and stress in the x-z-directions calculated
from this experiment are averaged over the area of only the single
cell located in the middle of the array. This is done to avoid the
effect of the undrained boundaries and to simulate a medium with
periodically distributed circular heterogeneities embedded in a
homogeneous background. The snapshots in Figure 4c correspond
to a simple shear test with a numerical model consisting of only one
cell (Figure 1). The shear strain and stress in the x-z-directions are
averaged over the area of the unit cell. Figure 4a, 4b, and 4c shows
the pore-fluid pressure differences (snapshots for P) induced by
compression and simple-shear as well as the corresponding fluid
flow (snapshots for V, and V). The time-dependent functions used
for the simulations illustrated in Figure 4a, 4b, and 4c are shown in
Figure 3a, 3b, and 3c, respectively. The snapshots correspond to the
times f, t,, 13, and ¢, indicated in Figure 3. The results from the
simulations illustrated in Figure 4a, 4b, and 4c respectively, are,
shown in Figure 5a, 5b, and Sc (only the curves for case A and
oil saturation) for the real part of the P-wave modulus H, and
the P-wave quality factor Qp (Figure 5a) and for the real part
of the shear modulus u, and the S-wave quality factor Qg
(Figure 5b and 5c).

The results from the uniaxial compression tests with a single unit
cell for cases A—D and the three saturation scenarios are shown in
Figure 5a for the real part of the P-wave modulus H and the P-wave
quality factor Qp. These results are equivalent to results from com-
pression tests with a numerical model consisting of an array of sev-
eral unit cells (not shown here). This is because in the compression
experiments, the pressure gradient is negligible at the boundaries
separating the unit cells in a periodic medium (e.g., Figure 4a)
and, consequently, the fluid flow across the boundaries is also neg-
ligible. Therefore, in this case, a single unit cell with undrained

boundaries is sufficient to approximate a medium with periodically
distributed circular heterogeneities embedded in a homogeneous
background.

The results from the simple shear tests, for cases A-D and the
three saturation scenarios with a numerical model consisting of a
5 X 5 array of unit cells and from the simple shear tests for a single
unit cell are shown in Figure 5b and 5c, respectively, for the real part
of the shear modulus y and the S-wave quality factor Qg. In the
simple shear experiments, there is a significant pressure gradient
across the boundaries between unit cells in a periodic medium
(e.g., Figure 4b and 4c); therefore, the fluid flow across the bound-
aries is significant. This causes the results of the simple shear test
using a periodic model (5 X 5 array of unit cells, Figure 5b) to be
considerably different than the results of such a test using a single
unit cell (Figure 5c¢). The S-wave attenuation is significantly higher
when the numerical model consists of a single unit cell. Effectively,
the difference between the two models causing such an increase in
S-wave attenuation is the undrained boundary condition (e.g.,
Figure 4b and 4c). The numerical model consisting of a single unit
cell can represent a medium with periodically distributed circular
heterogeneities having impermeable barriers between the unit cells.

Table 2. Physical properties of the fluids (Batzle and Wang,
1992). Symbols are defined in Table 1.

Fluid Water Oil Gas
Pr (kg/m>) 1010 880 160
n (Pa-s) 0.001 0.02 2x 1075
K; (GPa) 2.4 1.4 0.04

Table 3. Physical properties of the solid frame. Symbols are
defined in Table 1.

Region Heterogeneity Background
ps (kg/m?) 2700 2700
K, (GPa) 40 48
D (%) 6 26
k (mD) 40 1000
Case A

K, (GPa) 36

ug (GPa) 32 2
Case B

K, (GPa) 36 10

uy (GPa) 32 8
Case C

K, (GPa) 10

uy (GPa) 8 2
Case D

K, (GPa) 4 10

uy (GPa) 2 8
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Figure 5. Numerical results for (a) the real part of the P-wave modulus H and the P-wave quality factor O p obtained from a compression test for a
numerical model consisting of a single unit cell (Figure 1); (b and c) the real part of the shear modulus u and the S-wave quality factor Qg obtained
from (b) a simple-shear test for a numerical model consisting of a 5 X 5 array of unit cells and from (c) a simple-shear test for a numerical model
consisting ofasingle unitcell. The petrophysical parameters forthe solid frame are given in Table 3 forcases A—D, and the fluid properties are givenin
Table 2. The legend terms refer to the three saturation scenarios: 80% gas, 20% water (G); 100% water (W); and 80% oil, 20% water (O).
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The numerical model consisting of a 5X 5 array of unit cells
(Figure 5b) represents a periodic medium having no such barriers
in the background. In this case, the effect of the undrained boundary
condition is avoided by using stress and strain fields only from the
single unit cell in the center of the model to calculate S-wave at-
tenuation. The impermeable barriers cause an increase of about one
order of magnitude in the S-wave attenuation and a shift of about
one order of magnitude of the Qg curves to lower frequencies.

In Figure 5b and 5S¢, we also observe that the real part of the shear
modulus y at the low-frequency (quasi-static) limit is independent
of the properties of the saturating fluid. However, for higher fre-
quencies, the value of Re(u) changes with changing fluid saturation.
This difference (i.e., dispersion) is a consequence of S-wave at-
tenuation, according to the Kramers-Kronig relations (Mavko
et al., 2009). Moreover, despite the differences in the rock-frame
properties in cases A—D or the presence of impermeable barriers,
we observe approximately the same relative behavior of the S-wave
attenuation among the three different saturation scenarios in
Figure 5b and 5c. In other words, all eight plots for Qg exhibit
a similar relative position of the three curves. One feature of this
relative behavior is that the S-wave attenuation in the gas-saturated
media is very low and much lower than in the oil-saturated or in the
fully water-saturated media. Second, at low frequencies, the S-wave
attenuation is significantly higher in the oil-saturated media than in
the fully water-saturated media, although the maximum value of
S-wave attenuation is higher in the fully water-saturated media.
More precisely, at frequencies equal to or lower than the transition
frequencies of Qg in the oil-saturated media, the S-wave attenuation
is about one order of magnitude higher in the oil-saturated media
than in the fully water-saturated media, and the transition frequen-
cies of Qg in the oil-saturated media are about 15 times lower than
the transition frequencies of Qg in the fully water-saturated media.
The transition frequency is the frequency at which the minimum
value of the quality factor occurs.

For the P-wave attenuation (Figure 5a), on the other hand, a more
variable relative behavior among the three different saturation sce-
narios is observed in cases A-D. For example, in two of the four
models, cases A and B, the P-wave attenuation in the gas-saturated
media is lower than in the fully water-saturated and in the oil-
saturated media, whereas in the other two models, cases C and
D, it is higher than in the fully water-saturated and in the oil-
saturated media. However, we observe one tendency in the relative
behavior of the P-wave attenuation between oil and full water
saturations: At frequencies lower than the transition frequency of
Qp for the oil-saturated media, the P-wave attenuation tends to
be higher in the oil-saturated media than in the fully water-saturated
media, although the maximum values of P-wave attenuation can be
higher or lower in the fully water-saturated media. More precisely,
for cases A-D, the P-wave attenuation in the oil-saturated media is
at least twice as high as in the water-saturated media at frequencies
equal to or lower than the transition frequencies of Qp in the oil-
saturated media.

MEDIA WITH ELLIPTICAL HETEROGENEITIES
Experimental setup

We now investigate the effect of anisotropy on S-wave attenua-
tion by replacing the mesoscopic-scale circular heterogeneities in
the previous periodic model (with no permeability barriers) with
elliptical ones. We calculate S-wave attenuation as a function of

the incidence angle for media containing periodically distributed
elliptical heterogeneities whose unit cells are shown in Figure 6.
The shear modulus at 0° incidence can be obtained with the simple
shear experiment (Figure 2b) and equation 4. For calculating the
shear modulus at different incidence angles, we assume that the
medium with elliptical heterogeneities is a vertically transversely
isotropic (VTI) medium (e.g., Wenzlau et al, 2010). The viscoelastic
behavior of a 2D VTI medium is described by four independent
components of the stiffness matrix, Cy;, Cs3, Cy4, and C;3, which
are used to calculate the shear modulus as a function of the inci-
dence angle (Appendix A). To calculate the four components of
the stiffness matrix, we perform the two relaxation experiments
shown in Figure 2, which yield C3; and Cyy (equations 3 and 4),
and two additional experiments shown in Figure 7.

In the uniaxial compression test shown in Figure 7a, the function
S(1) is attributed to the displacement in the x-direction at the right
boundary of the numerical model and zero is attributed to the
displacement in the x-direction at the left boundary and to the dis-
placement in the z-direction at the top and bottom boundaries.
Time-dependent normal stress and strain in the x-direction are ob-
tained from this experiment. A partial time derivative is applied to
these results; subsequently, the normal stress and strain rates in the
x-direction are converted into the frequency domain, yielding 6.,
and & . We then calculate the complex and frequency-dependent
component:

Q>

Ci=7. ®)

X.

A

m:
=

In the mixed test shown in Figure 7b, a biaxial compression is
simulated by attributing S(¢) to the displacement in the z-direction
at the top boundary, S(#)/2 to the displacement in the x-direction at
the right boundary, and zero to the displacement in the z-direction at
the bottom boundary and to the displacement in the x-direction
at the left boundary. Time-dependent normal stress and strain in
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Figure 6. Unstructured finite-element meshes of the unit cell con-
taining an elliptical heterogeneity with aspect ratio a = 2 (top) and
a = 3 (bottom). Black and gray elements inside and outside the het-
erogeneity have different petrophysical properties (Tables 2 and 3).
The spatial resolution of the meshes is higher close to the interfaces
between the heterogeneities and the backgrounds.
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x- and z-directions are obtained from this experiment. A partial time
derivative is applied to these results; subsequently, the normal stress
and strain rates in the x- and z-directions are converted to the fre-
quency domain, yielding 6,,, 6., &, and &_. Using C3;3 and Cy,
obtained in the previous experiments, we obtain the complex and
frequency-dependent component:

Clléxx - C33§zz (6)

Exx — &2

Ciz=

(e.g., Picotti et al., 2010).

The complex and frequency-dependent modulus y as function of
incidence angle is calculated using the four components of the stiff-
ness matrix Cy;, Cz3, Cy, and Cy3 as described in Appendix A
(equations A-3 and A-4). The S-wave quality factor as function
of incidence angle is calculated from u, using equation 2.

As for the media with circular heterogeneities, the elliptical het-
erogeneities are characterized by low permeability and low porosity,
embedded in a background medium of high permeability and high
porosity. The properties of the solid frame are those of case A
(Table 3). The unit cell is a rectangle with the greater side equal
to 40 cm, and the major semiaxis of the elliptical heterogeneity
is 16 cm (Figure 6). By varying the minor semiaxis of the ellipse,
two aspect ratios a (major semiaxis divided by minor semiaxis), are
considered: a = 2 and 3 (Figure 6). For both cases, the elliptical
heterogeneity occupies 50% of the unit cell, which is achieved
by accordingly setting the length of the shorter side of the rectangle.
The pore space in the background corresponds to 80% of the total
pore space in the medium. We perform simulations for media
having heterogeneities always fully saturated with water and the
background fully saturated with oil, gas, or water (Table 2), corre-
sponding to three saturation scenarios: oil-saturated medium (80%
oil, 20% water), gas-saturated medium (80% gas, 20% water), and
fully water-saturated medium.

Simulations and results

Simulations are performed for a medium consisting of periodi-
cally distributed elliptical heterogeneities of two aspect ratios
(Figure 6), embedded in a homogeneous background. For each as-
pect ratio and each saturation scenario, four relaxation tests
(Figures 2 and 7) are performed. The compression tests (Figures 2a,
7a, and 7b) are performed with a numerical model consisting of a
single unit cell. The normal strains and stresses calculated from the
compression tests are averaged over the area of the unit cell. The

’ RAR

t
bt

?

L7

Figure 7. Sketch of the relaxation experiments: (a) uniaxial com-
pression in the x-direction and (b) mixed compression test. The ar-
rows indicate direction and magnitude of the displacements applied
at the boundaries.

simple shear tests (Figure 2b) are performed with a numerical model
consisting of a 7 X 7 array of unit cells for a = 2 and with a numer-
ical model consisting of a 9 X 9 array of unit cells for a = 3. The
shear strains and stresses calculated from the simple shear tests are
averaged over the area of only a single unit cell located in the center
of the model. This is done to avoid the effects of the undrained
boundary condition on the S-wave attenuation, as discussed in
the previous section.

In Figure 8, we show the real part of the shear modulus x and the
S-wave quality factor Qg as functions of frequency at 0° (left) and
45° (right) incidence. The incidence angle is the angle between the
wave vector and the (vertical) z-axis of symmetry. We observe ap-
proximately the same relative behavior of the S-wave attenuation
among the three different saturation scenarios for a =2 and 3
and for 0° and 45° incidence. The plots for Qg look similar with
respect to the relative position of the three curves (three saturation
scenarios), and similar to the plots for Qg in Figure 5 (for circular
heterogeneities). The S-wave attenuation in the gas-saturated media
is very low and much lower than in the oil-saturated or in the fully
water-saturated media. At low frequencies, the S-wave attenuation
is significantly higher in the oil-saturated media than in the fully
water-saturated media, although the maximum value of S-wave at-
tenuation is higher in the fully water-saturated media. At frequen-
cies equal to or lower than the transition frequencies of Qg in the
oil-saturated media, the S-wave attenuation is about one order of
magnitude higher in the oil-saturated media than in the water-
saturated media, and the transition frequencies of Qg in the oil-
saturated media are about 12 times lower than the transition
frequencies of Qg in the water-saturated media.

In Figure 9, we show the minimum values of Qg and the frequen-
cies at which they occur, referred to as transition frequencies f;, as
functions of incidence angle for the three saturation scenarios. We
can observe that the discussed relative behavior of the S-wave
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Figure 8. Numerical results for the real part of the shear modulus y
and the S-wave quality factor Qg as functions of frequency, at 0°
(left) and 45° (right) incidence. The media contains periodically
distributed elliptical heterogeneities with aspect ratios a = 2 and
3 (indicated in black and gray, respectively). The three saturation
scenarios (Table 2) are considered: gas-, water-, or oil-saturated
background (dotted, dashed, or solid lines, respectively). The solid
frame properties are described by case A in Table 3.
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attenuation among the three different saturation scenarios takes
place at all incidence angles.

At 0° incidence, the S-wave attenuation decreases with increasing
aspect ratio (Figures 8 and 9). This is also the case when the aspect
ratio a = 1 (circular heterogeneity, Figure 5b). At 45° incidence, the
S-wave attenuation in Figure 9 is highest and the minimum values
of Qg and their transition frequencies have the lowest dependency
on the aspect ratio, with the minimum values of Qg decreasing
slightly with increasing aspect ratio. The minimum values of Qg
and the transition frequencies at 45° incidence for a = 2 and 3, re-
spectively, are 316 at 275 Hz and 294 at 288 Hz for the gas-
saturated medium, 10.8 at 191 Hz and 10.4 at 209 Hz for the fully
water-saturated medium, and 15.5 at 11.5 Hz and 14.5 at 11.5 Hz
for the oil-saturated medium. Notably, the S-wave attenuation can
be very high in the oil-saturated medium and in the fully water-
saturated medium at 45° incidence.

DISCUSSION

The S-wave attenuation in this study is caused by flow of the pore
fluid between the heterogeneity and the background. For the oil-
saturated rock, fluid flow between the water-saturated heterogeneity
and the oil-saturated background due to simple shear is shown in
Figure 4b and 4c. In these simple shear experiments, the displace-
ments in the x-direction applied at the top and bottom boundaries of
the REV with different signs (Figure 2b) induce pore-fluid pressure
differences (snapshots for P in Figure 4b and 4c). The resulting
fluid pressure gradient causes flow of the pore fluid (snapshots
for V, and V, in Figure 4b and 4c), which is responsible for energy
loss (i.e., attenuation). The resulting S-wave attenuation is shown in
Figure 5b and Sc.

At the quasi-static limit in Figures 5b, 5c, and 8, our results for
the shear modulus p are independent of the properties of the
saturating fluid. This is predicted by Gassmann’s theory for the
quasi-static mechanical behavior of fluid-saturated isotropic rocks
(Gassmann, 1951; Berryman, 1999). For higher frequencies, our
results for the value of u depend on fluid saturation, which is pre-
dicted by Berryman and Wang (2001) by applying an effective med-
ium theory to poroelastic media consisting of a heterogeneous solid
frame. Even though the effective medium theory is a low-frequency
method, it is pertinent to a higher frequency band than the quasi-
static limit. At these higher frequencies, Berryman and Wang
(2001) discuss that the external shear boundary conditions can lead
to local compression in some regions containing liquid. Because the

0[]

liquid can support compression (but not shear), it stores some of the
energy resulting from the shear boundary conditions; therefore the
shear modulus depends on fluid properties. In this study, we explain
such frequency-dependent fluid effect on the value of u (i.e., dis-
persion) by attenuation of S-waves due to wave-induced fluid flow.

The observed consistent tendency in the relative behavior of the
S-wave attenuation among the different saturation scenarios
(Figures 5, 8, and 9) is related to this unilateral frequency
dependence of u on fluid properties. Because its value at the
low-frequency limit is the same for all fluids, the fluid effect on
S-wave attenuation is only controlled by the high-frequency limit
of u but not by the low-frequency limit as long as the media only
differ in fluid saturation. The relative behavior of the P-wave at-
tenuation among the different saturation scenarios is more variable
and more complicated because both low- and high-frequency limits
of the P-wave modulus H depend on fluid properties.

It is known that a medium with a homogeneous frame, partially
(patchy) saturated with water and gas, may exhibit high P-wave at-
tenuation when it has a low gas saturation of around 10% (e.g., Quin-
tal et al., 2009) but very low P-wave attenuation for large amounts of
gas. However, when the medium has a heterogeneous frame (double
porosity) in addition to patchy saturation, as in our models, more para-
meters control the compressibility and fluid mobility (k/#) in the dif-
ferent regions, and the P-wave attenuation can be high for large (80%)
gas or even oil saturations, as we observe in Figure 5a for case D. In
case D, the P-wave quality factor in the gas- and in the oil-saturated
media is Qp = 5.7 and 12, respectively, at about 15 Hz.

CONCLUSIONS

Relaxation experiments have been numerically performed to cal-
culate P- and S-wave attenuation due to wave-induced fluid flow in
poroelastic media containing periodically distributed heterogene-
ities in a permeable homogeneous background. We have studied
the influence of undrained boundary conditions for numerical mod-
els consisting of a single unit cell or several unit cells of such a
periodic medium. No effect is expected for P-wave attenuation,
and a single undrained unit cell can be used to represent a medium
with periodically distributed heterogeneities. However, the un-
drained boundary condition causes a significant increase in S-wave
attenuation when the numerical model consists of only a single unit
cell. Shear relaxation experiments simulated to calculate S-wave
attenuation in a periodic medium with permeable homogeneous
background require numerical models composed of several unit
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cells or another type of boundary condition. This also shows that a
fluid-saturated medium will have significantly increased S-wave at-
tenuation in regions surrounded by impermeable barriers. This sug-
gests that S-wave attenuation could be an indicator of permeability
changes in, for example, fracturing operations.

We have explained the dependence of the shear modulus on the
fluid saturation at frequencies higher than the quasi-static limit by
S-wave attenuation due to wave-induced fluid flow at the meso-
scopic scale. The S-wave attenuation due to this mechanism in a
medium with heterogeneous solid frame exhibits a consistent ten-
dency in its relative behavior among different saturation scenarios
(80% oil, 20% water; 80% gas, 20% water; and 100% water). First,
the S-wave attenuation in the gas-saturated media is very low and
much lower than in the oil-saturated or in the fully water-saturated
media. Second, at low frequencies, the S-wave attenuation is sig-
nificantly higher in the oil-saturated media than in the fully
water-saturated media. This tendency is observed for media con-
taining periodically distributed heterogeneities, considering four
sets of rock-frame parameters and both circular and elliptical het-
erogeneities for different incidence angles.

The P-wave attenuation, which is more commonly used as a fluid
indicator, exhibits a more variable relative behavior among the dif-
ferent saturation scenarios, strongly depending on the rock-frame
properties. However, for four sets of rock-frame parameters and
circular heterogeneities, we observe one tendency in the relative be-
havior of the P-wave attenuation between oil- and full water satura-
tions: At low frequencies, the P-wave attenuation tends to be higher
in the oil-saturated media than in the fully water-saturated media.

Based on these relative behaviors of P- and S-wave attenuation,
we suggest that S-wave attenuation could be used as an indicator of
fluid content in a reservoir in addition to P-wave attenuation. For
example, spectral decomposition could be applied to seismic P- and
S-wave data to help distinguish between oil and water content be-
cause at low frequencies attenuation of P- and S-waves tends to be
higher in oil-saturated (80% oil, 20% water) media than in media
fully saturated with water, according to the physical mechanism of
wave-induced fluid flow.
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APPENDIX A
VOIGT STIFFNESS MATRIX FOR VTI MEDIA

Hooke’s law for a VTI, linear solid in Voigt notation is

Oxx Cll C12 C13 0 0 0 Exx

O'yy C12 Cll C13 O 0 O E'yy

o6z _|Cs Cs G 0 0 0 €z

oy 0 0 0 Cuy 0 0 ||2]

Oy 0 0 0 0 C44 0 2£XZ

Oy 0 0 0 0 0 Cell2ey
(A-1)

taking into account the symmetry of stresses and strains (Mavko
et al., 2009). Knowing that

Cii—Cyp

= A-2
C66 ) ’ ( )

the number of independent components of the stiffness matrix is
five. If the solid is viscoelastic, the components of the stiffness
matrix are complex. The heterogeneous poroelastic media in our
simulations behave viscoelastically. Because we consider 2D
VTI models in the x-z-plane, we only need to determine the four
components C;, Cs3, Cyy, and Cy3.

To calculate the shear modulus in the x-z-plane for a VTI med-
ium, we use

(Cyysin2 @+ C33c0820 + Coy — VM),  (A-3)

| —

l,[ ==
where

M = ((Cy; = Cyy)sin* @ — (C33 — Cy4)c08% 6)°
F(Cys + Cay)?sin? 20 (A-4)

and @ is the incidence angle, that is, the angle between the wave
vector and the z-axis of symmetry (Mavko et al., 2009).
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