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ABSTRACT

Heavy oils have high densities and extremely high viscosities,
and they exhibit viscoelastic behavior. Traditional rock physics
based on Gassmann theory does not apply to materials saturated
with viscoelastic fluids. We use an effective-medium approach
known as coherent potential approximation �CPA� as an alterna-
tive fluid-substitution scheme for rocks saturated with viscoelas-
tic fluids. Such rocks are modeled as solids with elliptical fluid in-
clusions when fluid concentration is small and as suspensions of
solid particles in the fluid when the solid concentration is small.
This approach is consistent with concepts of percolation and crit-
ical porosity, and it allows one to model sandstones and uncon-
solidated sands.We model the viscoelastic properties of a heavy-
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il-saturated rock sample using CPA and a measured frequency-
ependent complex shear modulus of the heavy oil. Comparison
f modeled results with measured properties of the heavy-oil
ock reveals a large discrepancy over a range of frequencies and
emperatures. We modify the CPA scheme to account for the ef-
ect of binary pore structure by introducing a compliant porosity
erm. This dramatically improves the predictions. The predicted
alues of the effective shear modulus of the rock are in good
greement with laboratory data for the range of frequencies and
emperatures. This confirms that our scheme realistically esti-

ates the frequency- and temperature-dependent properties of
eavy-oil rocks and can be used as an approximate fluid-substi-
ution approach for rocks saturated with viscoelastic fluids.
INTRODUCTION

Growing demand for hydrocarbon energy sources has renewed in-
erest in production from bituminous and heavy-oil reservoirs.
eavy-oil reserves account for more than 6 trillion barrels-in-place
orldwide — triple the world’s reserves of conventional oil and gas

Batzle et al., 2006�. However, the high viscosity of heavy oils
akes them difficult or impossible to produce using conventional

echnology. A variety of methods currently used by the industry aim
t lowering the viscosity by injecting heat or chemical solvents.
hermal recovery methods have been the most efficient in heavy-oil
roduction, with recovery rates as high as 80%. Injected heat alters
he already-complex physical properties of the heavy-oil reservoirs,
uch as seismic velocity, density, and attenuation. Tracking these
hanges with time-lapse seismic techniques can considerably im-
rove recovery efficiency.Appropriate rock-physics modeling is im-
ortant for quantitative interpretation of the changes in seismic re-
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ponse due to alterations in reservoir and fluid properties during pro-
uction.

Seismic fluid-substitution modeling using Gassmann’s equation
Gassmann, 1951� is routine in analyzing and interpreting seismic
elocities and amplitudes �Smith et al., 2003�. Given pore, frame,
nd fluid properties of a rock, Gassmann’s equation can be used to
redict the bulk modulus of a rock under quasi-static conditions. The
orresponding dynamic moduli can be obtained from Biot’s theory
f poroelasticity �Biot, 1956�, an extension of Gassmann’s theory to
nite frequencies. One important result of the Gassmann/Biot theory

s that the effective shear modulus is identical to the frame shear
odulus. In other words, the existence of the fluid has no effect on

he effective shear modulus of the rock.
As known from laboratory measurements �Nur et al., 1984; East-

ood, 1993; Schmitt, 1999; Batzle et al., 2006; Behura et al., 2007;
an et al., 2007a�, heavy oils exhibit viscoelastic behavior such that

heir moduli are frequency and temperature dependent. Oil that be-
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E116 Makarynska et al.
aves like a Newtonian liquid at low frequencies can act as a nearly
lastic solid at high frequencies. In between these extreme cases,
ave propagation in heavy oil is dispersive and exhibits strong at-

enuation. Indeed, the heavier the oil, the more long-chain or high-
arbon-number molecules present, resulting in higher viscosity. Al-
hough viscosity is influenced by pressure and gas content, it is pri-

arily a function of oil gravity, composition, and temperature. De-
ending on temperature conditions, heavy oil can have a finite shear
odulus even at seismic frequencies, making Gassmann/Biot’s po-

oelastic constitutive equations inapplicable to heavy-oil rocks.
When a rock is saturated with heavy oil, its behavior also becomes

iscoelastic �Behura et al., 2007�. A dramatic decrease of compres-
ional velocities in heavy-oil sands with increasing temperature has
een observed in laboratory experiments �Tosaya et al., 1987�. De-
pite the fact that this decrease was in part caused by the abnormally
igh pressure in the experimental setup, the main factor responsible
or the velocity decrease is change in fluid properties with tempera-
ure.

Laboratory experiments provide evidence of the complex proper-
ies of heavy-oil rocks. In particular, Han et al. �2007a, 2007b, 2008�
tudy various effects on the compressional- and shear-wave veloci-
ies of heavy-oil sands, such as rock texture, pore-fluid properties,
ressure, and interaction between pore fluids and rock-frame proper-
ies at different temperatures. Han et al. �2007b� also test Gassmann
redictions against experimental data for a range of temperatures.
hey indicate that as temperature decreases below 60 °C, heavy oil
ecomes dispersive and Gassmann estimates no longer match the
ata. Viscoelastic behavior of the oil violates Gassmann theory. In-
eed, Gassmann theory is based on Pascal’s Law, which states that,
n the absence of body forces, fluid pressure is the same throughout
he pore space. This law is not applicable to viscoelastic media. Bi-
t’s theory is not applicable to heavy oils either because it ignores the
iscoelastic phenomenon by neglecting the fluid shear stress in the
icroscopic �pore-scale� constitutive equations �Pride et al., 1992;
urevich, 2002�.
Several approaches to modeling effective elastic properties of

ocks saturated with heavy oil have been proposed �Marion and Nur,
991; Eastwood, 1993; Tsiklauri and Beresnev, 2003; Leurer and
vorkin, 2006; Ciz and Shapiro, 2007; Das and Batzle, 2008;
urevich et al., 2008�. However, verification of these models using

ontrolled laboratory experiments was not possible. We propose an
lternative modeling scheme based on equivalent-medium theory
or rocks saturated with viscoelastic fluids. Comparison with labora-
ory data allows us to refine the scheme using the concept of dual po-
osity to obtain reasonable agreement between theory and experi-
ent. Our approach can be used for practical applications to produce

eliable estimates of effective frequency- and temperature-depen-
ent properties of heavy-oil rocks.

METHODOLOGY

ffective-medium model

Fluid saturation is an important parameter influencing the seismic
roperties of rocks. As mentioned, the effect of a Newtonian pore
uid on the elastic moduli of a rock can be predicted from the proper-

ies of dry rock and fluid compressibility using the Gassmann/Biot
heory. An alternative approach, which addresses the problem of es-
imating elastic moduli from knowledge of rock constituents and mi-
rostructure, is based on effective-medium theories �e.g., Hashin
nd Shtrikman, 1963; Budiansky, 1965; Hill, 1965; Mukerji et al.,
Downloaded 12 Sep 2010 to 138.67.12.178. Redistribution subject to 
995; Kazatchenko et al., 2004�. These theories allow one to com-
ute equivalent elastic properties of a mixture of two or more elastic
onstituents. Unlike the Gassmann/Biot theory, effective medium
heories require characterization of matrix and pore space geometry.
urthermore, at sufficiently low frequencies, these theories
schemes� can be applied to mixtures of viscoelastic constituents by
onsidering them as solids with frequency-dependent moduli. This
s known as elastic-viscoelastic analogy or the correspondence prin-
iple �Hashin, 1970; Haddad, 1995�. Hence, effective-medium theo-
ies can be applied to heavy-oil rocks.

To gauge the effect of viscoelasticity of the pore-filling material
n the overall rock properties, we use Berryman’s �1980, 1992�
cheme based on a self-consistent theory. This scheme is a self-con-
istent version of the average T-matrix approximation of Küster and
öksöz �1974� and is also known as coherent potential approxima-

ion �CPA�. CPA is a versatile mixing law of the theory of compos-
tes. It is known to provide reliable estimates of frame moduli of het-
rogeneous materials �Ogushwitz, 1985�. CPA uses the concepts of
lastic-wave scattering theory for the deformation of isotropic inclu-
ions and approximates the interaction of the inclusions by replacing
he background medium with an as-yet-unknown effective medium.
his means that the effect of many pores of a particular shape is giv-
n by solving the canonical problem of a single pore surrounded by a
niform medium with yet-unknown elastic properties of the porous
omposite. Milton �1985� proves rigorously that CPA is a realizable
ffective medium scheme, i.e., there exists a particular geometric ar-
angement of the constituents for which this scheme is exact.

A key property of CPA is that it is symmetrical with respect to the
onstituents. Each constituent is treated equally in the scheme,
eaning that no single constituent acts as a host to the others but that
more abundant constituent is the load-bearing one. Thus, a solid-
uid mixture is modeled as a solid with fluid inclusions of a particu-

ar shape when fluid concentration is small and as a suspension of
olid particles in the fluid when the solid concentration is small. This
roperty is consistent with the concepts of percolation and critical
orosity �Nur et al., 1995� and allows one to model situations when
eavy oil is a pore-filling fluid and when it is part of the rock matrix.

CPA calculates the effective properties of a porous rock using
nown properties of the solid matrix, the pore fluid, and the pore as-
ect ratio. The implicit CPAformulas for bulk K and shear G moduli
f a two-component rock �one solid phase, one fluid phase� are

��Kf �K�Pf � �1����Ks�K�Ps�0, �1�

��Gf �G�Qf � �1����Gs�G�Qs�0, �2�

here � is porosity; Kf and Gf are bulk and shear moduli of the pore
ll, respectively; Ks and Gs are bulk and shear moduli of the matrix
grain� material, respectively; and P and Q are invariants of the Wu
ensor �Wu, 1966�. The components of this tensor depend on the as-
ect ratio of the pores and on the bulk and shear moduli of the pore —
ll, matrix material, and as-yet-unknown effective moduli K and G
f the composite. We use the expressions of the Wu tensor for sphe-
oidal inclusions of arbitrary aspect ratio � to describe the pore/grain
eometry of typical sandstones. These expressions are cumbersome
nd can be found in Berryman �1980� or Mavko et al. �1998�.

Equations 1 and 2 are coupled and can be solved by iteration:

Kn�1�
�KfPn

f � �1���KsPn
s

�Pn
f � �1���Pn

s , �3�
SEG license or copyright; see Terms of Use at http://segdl.org/
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Fluid substitution in heavy-oil rocks E117
Gn�1�
�GfQn

f � �1���GsQn
s

�Qn
f � �1���Qn

s . �4�

quations 3 and 4 can be used to estimate the effective elastic moduli
f a saturated rock. The iteration process requires a first guess of K1

nd G1, which can be calculated using the Voigt-Reuss-Hill average.
he scheme can also be used to calculate the dry-frame properties

Kdry, Gdry� by setting the bulk and shear moduli of the saturating fluid
o zero �rock with empty pores�.

omplex shear modulus of heavy oil

To apply CPA to calculate the effective properties of a rock satu-
ated with heavy oil, we need to know its complex temperature- and
requency-dependent shear modulus. For viscoelastic materials, the
hear modulus G is complex and represents the ability of a material
o store energy elastically and to dissipate it as a viscous fluid:

G�G�� iG�, �5�

here G�, in viscoelasticity theory, is a storage modulus and G� is a
oss modulus �Ferry, 1980�.

The frequency dependency of the complex shear modulus of
eavy oil can be approximated by Cole-Cole empirical dispersion
quations �Cole-Cole, 1941; Gurevich et al., 2008�, which relate
omplex shear modulus with shear moduli at the low- and high-fre-
uency limits, angular frequency, and relaxation time. The relax-
tion time depends on fluid viscosity, which is a function of tempera-
ure. According to Han et al. �2008�, the temperature dependency of
eavy oils can be described by three main stages, depending on the
il liquid point: liquid state, quasi-solid state, and solid state. This
ependency can also be approximated by empirical relationships
e.g., Beggs and Robinson, 1975�.

The dependency of properties of linear viscoelastic materials on
requency and temperature can be simplified by using the tempera-
ure-frequency superposition principle, which states that the disper-
ion curves for different temperatures are the same if the frequency is
ormalized by some temperature-dependent parameter �Williams et
l., 1955�. This means, for instance, that the Cole-Cole dispersion
quation can be used for all temperatures using the Beggs and Rob-
nson �1975� viscosity-temperature relationship.

To perform fluid substitution for heavy-oil rocks, frequency- and
emperature-dependent complex modulus must be used in equations
and 4 instead of Gf.

omparison with known solutions for dry and
iquid-saturated rocks

Before applying CPA to heavy-oil rocks, we test its applicability
o the limiting case of Newtonian liquid/solid mixtures. Figure 1
hows CPA predictions for dry and water-saturated rocks with a
uartz matrix for a range of porosities and aspect ratios. The predict-
d bulk moduli are compared with the empirical model of Krief et al.
1990� and the Hashin-Shtrikman �HS� bounds �Hashin and Shtrik-
an, 1963�. The Krief et al. estimates of Kdry correspond more close-

y to the CPA estimates with � �0.2, which are consistent with val-
es of aspect ratios for sand-related pores reported in literature �e.g.,
u and White, 1995�. As expected, all CPA estimates lie within HS
ounds.

In Figure 2, we compare the difference between CPA estimates of
aturated and dry moduli �K�K � with Gassmann predictions for
dry

Downloaded 12 Sep 2010 to 138.67.12.178. Redistribution subject to 
uartz/water mixtures for realistic crack densities � � 0.5 �crack
ensity is related to porosity � and aspect ratio � of the spheroidal
rack by ��3� /4���. This comparison is important because any
ixture model for rock saturated with a viscoelastic substance must

e consistent with Gassmann equations when the pore-filling sub-
tance is a Newtonian fluid. At the same time, models based on iso-
ated ellipsoidal pores are not exactly Gassmann consistent because
uid pressure in the pores varies with their orientations �Thomsen,
985; Mavko and Jizba, 1991�. As can be seen from Figure 2, the
PAresults are in the best agreement with Gassmann predictions for

pherical pores and show the maximum deviation from Gassmann
stimates for relatively flat pores. For aspect ratios � �0.2–0.4 and
ypical porosities of up to 0.25, we observe satisfactory agreement
ith Gassmann predictions. The discrepancy is less than 1 GPa. We

hus conclude that CPAis approximately Gassmann consistent with-
n typical measurement errors.
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igure 1. Bulk moduli of dry �a� and saturated �b� quartz sandstone
ersus porosity. CPA estimates for different aspect ratios � �solid
ines�, Hashin-Shtrikman bounds �symbols� and Krief et al. model
dashed lines�. Comparison of CPA estimates of �a� dry bulk modu-
us of a rock with quartz matrix and �b� bulk modulus of a water/
uartz mixture. Hashin-Shtrikman bounds �HS� and Krief et al.
odel �Kr� for different aspect ratios and porosities.
SEG license or copyright; see Terms of Use at http://segdl.org/
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E118 Makarynska et al.
FLUID-SUBSTITUTION SCHEME USING CPA

If the effective pore aspect ratio � is known, the effective elastic
roperties of a rock can be computed by iterating equations 3 and 4.
ere, we assume that the rock structure can be approximated by el-

ipsoids with the same effective aspect ratio. Of course, pore geome-
ry of real rocks is more complicated and consists of pores of differ-
nt sizes and shapes. However, ellipsoids often are used to capture
ome essential properties of subsurface voids, providing simple pa-
ameterization of the enormous complexity of the real pore space.

For a given rock sample, the effective pore aspect ratio � can be
stimated from dry moduli �in Gassmann fluid substitution, Kdry is
he key input parameter as well�. Given Kdry, the effective aspect ra-
io � can be estimated by the inverse CPA scheme �equations 3 and
� with fluid moduli set to zero. The aspect ratio � can also be de-
ived using the inverse CPA scheme if we know the bulk modulus K
f the rock saturated with a fluid with known bulk modulus �e.g., wa-
er�.Alternatively, aspect ratio can be estimated from shear moduli.

Once � is estimated, we can calculate the effective moduli of a
aturated rock for any pore-filling material using the forward CPA
cheme. The CPA fluid-substitution workflow involves three steps.
irst, inverse CPA is used to estimate the effective � using known
ry or saturated bulk or shear modulus. Second, we obtain the fre-
uency- and temperature-dependent complex shear modulus of the
ore fill Gf from laboratory measurements. If such measurements
re not available in the range of temperatures and frequencies re-
uired, they can be interpolated using known empirical relationships
Cole-Cole, 1941; Beggs and Robinson, 1975� and the frequency-
emperature superposition principle �Williams et al., 1955; Ferry,
980�. Finally, we calculate the effective elastic moduli of a rock sat-
rated with viscoelastic fluid using the forward CPA scheme �equa-
ions 3 and 4� with the complex shear modulus of pore fill Gf.
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igure 2. Difference between water-saturated and dry moduli of a
ock with quartz matrix as a function of porosity and aspect ratio �
or crack densities � � 0.5: CPA �dashed lines� versus Gassmann es-
imates �solid lines�.
Downloaded 12 Sep 2010 to 138.67.12.178. Redistribution subject to 
COMPARISON WITH LABORATORY
MEASUREMENTS

valde heavy-oil rock

We apply our CPA fluid-substitution scheme to Uvalde heavy-oil
ock from Texas, U.S.A. The laboratory measurements conducted
n this rock have been reported in the literature �Batzle et al., 2006;
ehura et al., 2007; Das and Batzle, 2008�.
The Uvalde rock is a carbonate saturated with extremely viscous

eavy oil with anAPI density of five �1.12 g /cm3�. It has porosity of
pproximately 25%, and permeability of 550 mD. A shear rheome-
er was used to measure the complex shear modulus of the rock at
emperatures ranging from 30°C to 350°C and frequencies ranging
rom 0.01 to 80 Hz. Then the oil was extracted and its complex
hear modulus was measured in the same frequency range and tem-
eratures ranging from 30°C to 250°C. The measured storage
odulus of the Uvalde rock and the extracted oil for the range of fre-

uencies and temperatures ranging from 30°C to 200°C are shown
n Figure 3. The missing data points have been interpolated. The

odulus of the heavy-oil-saturated rock shows a moderate depen-
ency on frequency and a strong influence by temperature. The stor-
ge modulus G� of the rock increases with frequency for tempera-
ures less than 150°C. At higher temperatures, the behavior of the
torage modulus G� is weakly dependent on frequency.

The trends observed for the rock shear properties look similar to
hose for the extracted oil. The Uvalde oil shows noticeable disper-
ion for temperatures less than 180°C. At low temperatures, the ex-
racted heavy oil supports a shear wave; but with increasing temper-
ture, its storage modulus decreases rapidly, similar to what is ob-
erved for the rock shear modulus. As in the case with the rock, at
igher temperatures the storage modulus of the oil Gf� is nearly inde-
endent of frequency. In general, Gf� increases with increasing fre-
uency for all temperatures. Therefore, we can conclude that the me-
hanical response of a heavy-oil rock with changing temperature and
requency is strongly influenced by the behavior of the pore-filling
il.

odeling with a single aspect ratio

Given that the measurements of the shear properties of the Uvalde
il and Uvalde rock are available, we use the fluid-substitution
orkflow described above. We first predict the effective elastic
roperties of the Uvalde rock saturated with the Uvalde oil using
PA. Then we compare the predicted storage modulus of the rock
ith laboratory data. We perform our modeling for the full range of

requencies and temperatures ranging from 30°C to 200°C. We
ake the physical properties of the grain material as those of calcite
Ks�60 GPa, Gs�30 GPa, density �s�2.71 g /cm3�. The dry
hear modulus Gdry of the Uvalde rock has not been measured, so we
nalyze the available values of the temperature- and frequency-de-
endent shear properties of the oil and rock to obtain Gdry. In our
nalysis, we assume that at high temperatures and low frequencies,
he pore fluid behaves as a Newtonian fluid and has no effect on the
ffective shear properties of the rock. Indeed, careful analysis of lab-
ratory data �Figure 3� shows that for temperatures over 120°C, the
hear modulus of the Uvalde rock is a real constant G�1.45 GPa.
his means the effective shear modulus G becomes identical to Gdry.
Next, we solve equations 3 and 4 to obtain � using the estimated

dry. Then we use the forward CPA to compute the frequency- and
emperature-dependent effective shear modulus of the Uvalde rock
SEG license or copyright; see Terms of Use at http://segdl.org/



s
e
m
t
s
m

m
r
d
m

C

b
o

W
�
t
�
m
0
w

o
t
c
p
fl
e
p
v
q

F
a
a

F
s
�
m
T

Fluid substitution in heavy-oil rocks E119
aturated with the Uvalde oil. In Figure 4a, we compare the calculat-
d effective shear moduli of the rock �symbols� with the laboratory-
easured moduli �lines�. We can see that CPA is unable to capture

he trend of the frequency and temperature dependency of the rock
hear properties, especially for low temperatures. The estimated
oduli are significantly lower than the measured ones.
In Figure 4b, we compare the predictions of the effective storage
odulus computed by the viscoelastic extension of Gassmann theo-

y �EG� �Ciz and Shapiro, 2007� with laboratory data. The EG pre-
ictions �symbols� deviate from the laboratory data �lines� even
ore than the CPAestimates �Figure 4a�.

ompliant porosity

For additional insight into frequency- and temperature-dependent
ehavior of Uvalde rock, we compare storage moduli of the rock and
il as a function of temperature for different frequencies �Figure 5�.

igure 3. Variation of �a� storage modulus Gf� of Uvalde heavy oil
nd �b� storage modulus G� of Uvalde heavy-oil rock with frequency
nd temperature as measured by Behura et al. �2007�.
Downloaded 12 Sep 2010 to 138.67.12.178. Redistribution subject to 
e observe a substantial variation of the rock storage modulus G�

symbols� with temperature for different frequencies, contrary to
he relatively moderate variation of the oil storage modulus Gf�

lines�. For instance, G� �80-Hz frequency� varies from approxi-
ately 2 GPa up to 17 GPa, whereas Gf� varies from almost
to 1.2 GPa. This suggests that a simple mixing law, such as CPA
ith a single aspect ratio, cannot account for those observations.
The effect of porosity and fluids on elastic properties of rocks is

ften modeled using the binary structure of the pore space — rela-
ively stiff pores that occupy most of the pore space and relatively
ompliant �soft� pores present at grain contacts, responsible for the
ressure dependency of the elastic moduli.At high frequencies, fluid
ow does not have enough time to equilibrate pore-pressure gradi-
nts between the two pore types, effectively isolating compliant
ores from stiff pores and from each other. If a rock is saturated with
iscoelastic fluid, this effect may occur even at relatively low fre-
uencies, as considered in this study. When heavy oil is in a near-
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igure 4. Comparison of frequency- and temperature-dependent
torage modulus G� predicted by �a� CPA with a single aspect ratio
symbols� and by �b� extended Gassmann �symbols� with laboratory
easurements conducted on a Uvalde heavy-oil rock sample �lines�.
is temperature.
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E120 Makarynska et al.
lastic state, it cannot flow out of soft pores, stiffening the compliant
rain contacts. The presence of compliant pores may lead to addi-
ional dispersion of compressional and shear waves in heavy-oil
ocks because of the dependency of the normal stiffness of these
ontacts on the storage modulus of the pore fill �Mavko and Jizba,
991�. Poor performance of both CPA with a single aspect ratio and
G may be explained by the presence of compliant pores in the rock
atrix.

odeling with two aspect ratios

To account for the effect of double porosity, we introduce the
ompliant porosity terms to equations 3 and 4:

0 50 100 150 200
0

5

10

15

20

f (Hz)

Temperature (oC)

G
'

(G
P

a)
f

0.01
0.05
0.25
1.26
6.31

31.62

igure 5. Laboratory measurements of storage moduli G� of Uvalde
eavy oil �lines� and Uvalde heavy-oil rock �lines with symbols� for
range of frequencies and temperatures.
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igure 6. Comparison of frequency- and temperature-dependent
torage modulus G� predicted by CPA with two aspect ratios �sym-
ols� with laboratory measurements carried out on a Uvalde heavy-
il rock sample �lines�.
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Kn�1�
�sKfPn

fs��cKfPn
fc� �1���KsPn

s

�sPn
fs��cPn

fc� �1���Pn
s , �6�

Gn�1�
�sGfQn

fs��cGfQn
fc� �1���GsQn

s

�sQn
fs��cQn

fc� �1���Qn
s , �7�

here �s is stiff porosity that occupies most of the pore space, �c is
ompliant porosity present within the grains and at grain contacts,
nd � ��s��c.

Now the problem becomes more complicated because equations 6
nd 7 must be inverted to estimate three unknown parameters: com-
liant porosity �c, and aspect ratios of compliant and stiff pores �c

nd �s, respectively. For the fitting procedure, we use dry shear mod-
lus Gdry and saturated shear modulus G measured at 50°C and two
requencies, 0.08 and 15.85 Hz. We assume the grains can be de-
cribed by the aspect ratio �g�0.8 and keep it constant. The results
f the fitting or the inverse CPA are �c�0.1, �s�1, and �c

0.004.
Next, we use the estimated parameters in the forward CPAscheme

o predict the frequency- and temperature-dependent shear modulus
of the Uvalde rock. The results are compared with measurements

n Figure 6. We observe very good agreement between the CPA pre-
ictions �symbols� and the laboratory data �lines�. The only devia-
ion larger than the measurement error �approximately �2.09 GPa;
ee Behura et al., 2007� is observed at high frequencies for 30°C.

We also compute the shear quality factor Q �inversely proportion-
l to the attenuation coefficient� from the predicted complex effec-
ive shear modulus of the rock. Figure 7b shows Q predicted by CPA.
he general trend of estimated attenuation is similar to the measured
ne �Figure 7a�. However, the measured Q exhibits more significant
ariation with frequency.

DISCUSSION

The method described in this paper as well as other methods based
n effective-medium theories are based on analogy between elastici-
y and viscoelasticity. This analogy is limited to sufficiently low fre-
uencies such that the inertial terms in the equations of viscoelastici-
y are small and can be neglected �Hashin, 1970�. This limitation is
xpected to be satisfied at seismic frequencies but may no longer be
alid at higher frequencies where effects of squirt may become im-
ortant �Leurer and Dvorkin, 2006�.

We have described the CPAfluid-substitution workflow assuming
single aspect ratio. One can use a single aspect ratio when the range
f pore shapes does not vary significantly. This might be the case
hen compliant grain-to-grain contacts or intragranular porosity
oes not significantly contribute to overall rock stiffness — for in-
tance, well-consolidated rocks with welded grains or at high effec-
ive pressure when compliant pores are closed. However, in most
edimentary rocks, compliant pores �grain-to-grain contacts� with
ow aspect ratio contribute to the total porosity and are responsible
or the stress dependency of elastic properties. When compliant
ores are present in the rock matrix, introducing a second pore aspect
atio into the scheme becomes important.

Present work assumes that the porosity and geometry of the pore
pace of the rock matrix are the same for dry and oil-saturated rock,
egardless of oil rheology. We also assume that oil composition does
ot vary with temperature. These conditions may be violated in field
nd laboratory studies �Behura et al., 2007; Han et al., 2007a�. Note
SEG license or copyright; see Terms of Use at http://segdl.org/
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hat we do not examine the pressure and gas effect on moduli/veloci-
ies, which might be important in the recovery process.

CONCLUSIONS

We have used a self-consistent mixing method known as coherent
otential approximation as an alternative fluid-substitution scheme
or rocks saturated with viscoelastic fluids. First, CPA equations
ere inverted to obtain effective aspect ratio of a rock from dry mod-
lus. Then forward CPA with temperature- and frequency-depen-
ent moduli of viscoelastic pore fill were used to obtain saturated
oduli.
We tested CPA estimates of effective bulk moduli of a dry and a

ewtonian fluid-saturated rock against analytical solutions. CPA
redictions satisfy the Hashin-Shtrikman bounds and are approxi-
ately consistent with Gassmann equations and the Krief et al. mod-

l. A comparison with laboratory measurements revealed that CPA
ith a single aspect ratio is not adequate in predicting the frequency

nd temperature dependency of the effective shear modulus of the
valde heavy-oil rock.
We modified the scheme to account for the binary structure of the

ore space. Inverted CPA was used to estimate three unknown pa-

igure 7. Variation of quality factor Q of Uvalde heavy-oil rock with
requency and temperature �a� as measured by Behura et al. �2007�
nd �b� as predicted by CPAwith two aspect ratios.
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ameters: compliant porosity and aspect ratios of stiff and compliant
ores from the laboratory-measured effective dry and saturated
hear moduli at a single temperature and at two frequencies. In this
ase, CPA reproduced frequency- and temperature-dependent be-
avior of the shear modulus and attenuation of Uvalde heavy-oil
ock, proven by good agreement with laboratory data. This confirms
hat the proposed scheme provides realistic estimates of the proper-
ies of heavy-oil rocks and can be used as an approximate fluid-sub-
titution approach for rocks saturated with viscoelastic fluids.
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