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ABSTRACT

Recent work in hydrocarbon reservoir monitoring has fo-
cused on developing coupled geomechanical/fluid-flow sim-
ulations to allow production-related geomechanical effects,
such as compaction and subsidence, to be included in reser-
voir models. To predict realistic time-lapse seismic signa-
tures, generation of appropriate elastic models from geome-
chanical output is required. These elastic models should in-
clude not only the fluid saturation effects of intrinsic, shape-
induced, and stress-induced anisotropy, but also should in-
corporate nonlinear stress-dependent elasticity. To model
nonlinear elasticity, we use a microstructural effective-medi-
um approach in which elasticity is considered as a function of
mineral stiffness and additional compliance is caused by the
presence of low-aspect ratio displacement discontinuities.
By jointly inverting observed ultrasonic P- and S-wave ve-
locities to determine the distribution of such discontinuities,
we assessed the appropriateness of modeling them as simple,
planar, penny-shaped features. By using this approximation,
we developed a simple analytical approach to predict how
seismic velocities will vary with stress. We tested our ap-
proach by analyzing the elasticity of various sandstone sam-
ples; from a United Kingdom continental shelf �UKCS� res-
ervoir, some of which display significant anisotropy, as well
as two data sets taken from the literature.

INTRODUCTION

During the past 15 years, the use of temporal variations in seismic
roperties �4D or time-lapse seismic� has become an important tool
n locating zones of unproduced hydrocarbons, improving drilling
trategies, and increasing production. Specifically, time-lapse seis-
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D41
ic has been used as a tool for identifying zones of fluid replacement
e.g., where hydrocarbons have been replaced by water during pro-
uction�. However, it is becoming increasingly clear that fluid sub-
titution alone cannot account for all observed temporal variations
f time-lapse seismic data �see, e.g., Hatchell and Bourne, 2005�.
or example, observation of large-scale subsidence at Ekofisk �e.g.,
uilbot and Smith, 2002� and other highly compressible reservoirs,
ellbore failures �e.g., McLellan, 1996�, and fault reactivation have
ighlighted the importance of considering geomechanical effects in
eservoir modeling.

Although well developed and routinely applied in tunneling and
ining industries, the use of geomechanics in the hydrocarbon in-

ustry is relatively recent. An important development in the hydro-
arbon industry is the coupling of fluid-flow effects within the reser-
oir with geomechanical deformation of the reservoir and surround-
ng nonpay units �e.g., Dean et al., 2003�. Minkoff et al. �2004� apply
oupled fluid-flow/geomechanical simulation to show how produc-
ion can reduce pressure inside a reservoir, resulting in compaction,
urface subsidence, and reduction of P-wave velocities. Along with
odeling production-induced compaction, coupled fluid-flow/geo-
echanical simulators are beginning to be used to study other prob-

ems such as repressurization and inflation caused by CO2 or steam
njection, fault-reactivation/top-seal failure, and stress arching and
xtension in the overburden.

To relate geomechanical simulations to time-lapse seismic obser-
ations, we must have a method capable of adapting geomechanical
utput �e.g., in situ stresses and strains, changes in porosity, and the
ovement and properties of fluid within the reservoir� into a dynam-

c elastic model for seismic forward-modeling applications �e.g., ray
racing, full- and/or directional-wave solutions�. Several methods
re available to account for effects of fluid properties and changes in
orosity on seismic properties.At low frequencies �e.g., that of most
eismic waves�, the Gassmann equations �Gassmann, 1951� are val-
d and are used widely, and this approach has been extended to in-
lude anisotropic rocks �Brown and Korringa, 1975�. However, we
lso must account for changes in elasticity of reservoir and nonpay
ocks caused by changes in the applied stress and strain.
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D42 Verdon et al.
Effects of stress and/or strain on rock elasticity are observed em-
irically to be nonlinear �e.g., Nur and Simmons, 1969�. The stress
ependence of seismic velocities is strong at low-confining stresses
ut weakens as confining stresses increase. The most common ex-
lanation for this observation is that at low pressures, seismic veloc-
ties are dominated by changes in number density of small cracks or
iscontinuities between grain boundaries. At higher pressures, these
racks close and velocities increase but become less dependent on
tress. Many approaches have been used to account for this nonlin-
arity, including empirically determined relationships �Minkoff et
l., 2004�, Hertz-Mindlin contact forces �e.g., Makse et al., 1999�,
hird-rank elasticity tensors �e.g., Prioul et al., 2004�, and micro-
tructural modeling.

Many microstructural models exist �e.g., Zatsepin and Crampin,
997; Shapiro and Kaselow, 2005� in which variations in micro-
tructural parameters are defined as a function of stress and related to
he overall elastic properties of the rock via an effective-medium

odel. In this paper, we consider the generalized effective-medium
pproach of Schoenberg and Sayers �1995�. In this approach, the
lasticity of a rock is evaluated in terms of the stiffness of its mineral
omponents and presence of low-volume displacement discontinui-
ies, which serve to increase compliance. This model is highly gener-
lized, and few assumptions need to be made about the discontinui-
ies. By assuming that discontinuities can be considered as rotation-
lly invariant cracks, we can extend the model by using the methods
vailable to describe such discontinuities �e.g., Sayers and Kacha-
ov, 1995; Hudson et al., 1996; Hall, 2000� and how they might vary
ith pressure �e.g., Tod, 2002�.
Following the approach of Tod �2002�, we develop a simple mod-

l to describe the change in elasticity of a rock as a function of the
tress applied to it. This approach is capable of considering anisotro-
y that develops because of intrinsic rock properties and as a result
f nonhydrostatic stresses. It also is capable of providing a frame-
ork within which we might consider damage caused by coring or

hermal effects. In a subsequent paper, we will integrate this effec-
ive nonlinear-elasticity approach with output from coupled geome-
hanical/fluid-flow simulations to generate elastic models for the
rediction of time-lapse seismic properties.

THEORETICAL BACKGROUND

Schoenberg and Sayers �1995� introduce an effective-medium ap-
roach to describe the compliance Sijkl of a damaged rock,

�ij � Sijkl� kl �1�

here �ij is the average strain over a volume caused by an applied
tress � kl. This approach is defined in terms of a matrix material and
random distribution of low-volume, poorly bonded discontinui-

ies. When a stress is applied across such a discontinuity, there will
e a difference in displacement between the faces — a displacement
iscontinuity �ui� — that is, proportional to the traction, ti � � ijnj,
n the discontinuity surface S. Hence, for a discontinuity with nor-
al n, the total displacement discontinuity �ui� is given by

�
S
�ui�dS � � ijnj . �2�

he total additional strain within a volume V, because of the pres-
nce of a set of discontinuities x, is written
�ij � Sijkl
b � kl �

1

2V
�

x
�

Sx

��ui�nj � �uj�ni�dS , �3�

here Sijkl
b is the background compliance of the rock matrix in the ab-

ence of discontinuities. This can be estimated by calculating the
oigt average moduli based on individual mineral elasticities and

heir relative modal proportions �Kendall et al., 2007� using

CV
b � �

i�1

N

fiCi
m, �4�

here CV
b is the effective or average stiffness, f i is the volume frac-

ion of mineral constituent i, and Ci
m is the mineral stiffness. In the

bsence of mineral-stiffness data, the stiffness CV
b can be estimated

rom the behavior of the rock at high pressures �Sayers, 2002�. Equa-
ion 3 can be rewritten as

�ij � �Sijkl
b � �Sijkl�� kl, �5�

here �Sijkl is the additional compliance caused by the presence of
isplacement discontinuities. For a set of displacement discontinui-
ies that are considered as planar features rotationally invariant
round n, �Sijkl is given by Sayers and Kachanov �1995� as

�Sijkl �
1

4
�� ik� jl � � il� jk � � jk� il � � jl� ik� � � ijkl,

�6�

here � ij is the Kronecker delta. The second- and fourth-rank ten-
ors � ij and � ijkl are given by

� ij �
1

V
�

x

BT
xni

xnj
xSx

� ijkl �
1

V
�

x
�BN

x � BT
x�ni

xnj
xnk

xnl
xSx. �7�

N
x and BT

x characterize the normal and tangential compliances across
n individual discontinuity surface. For a planar, penny-shaped
rack with radius r, in a drained, anisotropic rock with Young’s mod-
lus Ei and Poisson’s ratio � i �e.g., Turley and Sines, 1971�, BN and
T in the direction i normal to the surface are given by Sayers and
achanov �1995� as

BN �
16�1 � � i

2�r

3	Ei
, BT �

32�1 � � i
2�r

3	Ei�2 � � i�
. �8�

hese equations are equivalent to those provided by Hudson �1980�
or penny-shaped cracks in the limit that the infilling material has
ero bulk modulus.

Sayers �2002� provides a set of equations describing the stiffness
ensor of a rock in terms of the 6
6 compliance matrix Sij

b �the 81-
omponent tensor Sijkl

b is condensed using Voigt notation�, � ij, and
ijkl. Hall et al. �2007� extend these terms to include the presence of

n anisotropic background medium with orthorhombic symmetry,
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Anisotropic microstructural elastic modeling D43
he principal axes of which are aligned with those of � ij, finding that

C11 � ��S23
b � � 2233�2 � �S22

b � �22 � � 2222�

�S33

b � �33 � � 3333�� /D ,

C22 � ��S13
b � � 1133�2 � �S11

b � �11 � � 1111�

�S33

b � �33 � � 3333�� /D ,

C33 � ��S12
b � � 1122�2 � �S11

b � �11 � � 1111�

�S22

b � �22 � � 2222�� /D; �9�

C12 � ��S12
b � � 1122��S33

b � �33 � � 3333�
� �S13

b � � 1133��S23
b � � 2233�� /D ,

C13 � ��S13
b � � 1133��S22

b � �22 � � 2222�
� �S12

b � � 1122��S23
b � � 2233�� /D ,

C23 � ��S23
b � � 2233��S11

b � �11 � � 1111�
� �S12

b � � 1122��S13
b � � 1133�� /D; �10�

C44 � �S44
b � �22 � �33 � 4� 2233��1,

C55 � �S55
b � �11 � �33 � 4� 1133��1,

C66 � �S66
b � �11 � �22 � 4� 1122��1; �11�

D � �S11
b � �11 � � 1111��S23

b � � 2233�2 � �S22
b � �22

� � 2222��S13
b � � 1133�2 � �S33

b � �33 � � 3333��S12
b

� � 1122�2 � 2�S12
b � � 1122��S13

b � � 1133��S23
b

� � 2233� � �S11
b � �11 � � 1111��S22

b � �22

� � 2222��S33
b � �33 � � 3333� . �12�

Based on work by Gueguen and Schubnel �2003�, Hall et al.
2007� introduce an anisotropic normalizing factor hi, where

hi �
3Ei�2 � � i�
32�1 � � i

2� . �13�

hen � ij is multiplied by this factor, a nondimensional discontinui-
y-density tensor is returned, which is only a function of discontinui-
y number density, diameter cubed, and orientation distribution.
umming the diagonal components of � ij normalized by hi, it is pos-
ible to show that

�
i

hi� ii � � c, �14�

here � c � Nr3/V. N is the number of discontinuities in a volume
, and � c is equivalent to the nondimensional crack-density term
sed in many effective-medium theories, such as in Hudson �1980�,
udson et al. �1996�, and Thomsen �1995�.
nversion for scalar cracks

From equation 8, we can express the ratio

BN/BT � �1 � � i/2� . �15�

ayers and Kachanov �1995�define the scalar crack as BN/BT �1 to
implify various expressions and make elasticity estimates more
reatable. In making this simplification, they assume a rock with low
oisson’s ratio �� o �0.2�, where � ijkl will be at least an order of mag-
itude smaller than � ij and can be neglected. In this limit, any crack
et can be described by considering its contribution to the three or-
hogonal components of the second-rank tensor, �11, �22, and �33.
or instance, a random isotropic distribution can be described by
11 � �22 � �33 and transverse symmetry by �11
�22 � �33. Lat-
r, we will discuss effects of including � ijkl in the inversion proce-
ure.

Hall et al. �2007� develop an inversion procedure to determine � ij

ased on observed velocity measurements, assuming � ijkl � 0.
quations 9–12 are used to relate the observed stiffness tensor, as de-

ermined from velocity measurements, to the background stiffness
nd � ij. An iterative Newton-Raphson approach is used in which a
acobian matrix describes the variation of the modeled stiffness ten-
or with � ij. It is assumed that velocity measurements are aligned
ith principal axes of � ij.
Figure 1 shows results of this inversion procedure for several sam-

les from the Clair reservoir. Cores have been taken from depths of
784, 1788, 1909, 1950, and 2194 m. Individual samples will be re-
erred to hereafter by their depths. The background compliances
ere determined using the geomathematical method described by
endall et al. �2007�. X-ray texture goniometry �XRTG� and elec-

ron backscattering diffraction �EBSD� were used to assess the pre-
erred orientation of anisotropic minerals or crystal preferred orien-
ation �CPO�. Mineral modal proportions were measured using
uantitative X-ray diffraction �QXRD�. The left panels show the
est-fit crack-density � ij values normalized by hi, and the right pan-
ls compare back-calculated velocities with the observed velocities.
ack-calculated velocities generally show a reasonable fit with ob-

erved velocities, especially for P-waves �VP�. The fit for VP45 is poor.
all et al. �2007� suggest that this might be a result of difficulties in

utting and analyzing the core at 45°.

oint inversion for � ij and � ijkl

For the scalar crack assumption to be appropriate, rocks must
ave a low Poisson’s ratio, which is acceptable generally for reser-
oir rocks, and cracks must be flat, poorly bonded features. If there
re significant amounts of diagenetic clay or debris within cracks,
hen equation 15 might not be valid. To model how cracks are influ-
nced by pressure, we make the assumption that they are planar, pen-
y-shaped features without any fill �see next section�. By analyzing
he contribution of � ijkl, we can discuss how appropriate this as-
umption is.

Hall et al. �2007� provide a method for estimating � ijkl from veloc-
ty measurements, based on Sayers �2002�. However, this method
ssumes that the contribution from � ijkl is small and is responsible
olely for the misfit between observed and back-calculated veloci-
ies from the inversion for � ij. We wish to test the assumption that

ijkl is small, and so we develop an inversion procedure in which � ijkl

s not required a priori to be small.
We assume that cracks are disc shaped, identical, and that � ijkl is

sotropic �to do otherwise would introduce impractical complexity
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iven that our principal aim is to evaluate the magnitude of � ijkl rath-
r than its orientation distribution�. We note that for such a distribu-
ion, we can rewrite equation 7 for � ij and � ijkl �Sarout et al., 2007�

� ij �
	Nr2

3V
BT� ij ,

� ijkl �
	Nr2

15V
�BN � BT��� ij� kl � 2�� ik� jl � � il� jk�� .

�16�

he nonvanishing components of � ij and � ijkl are

�11 � �22 � �33 �
1

3
�mm,

� 1111 � � 2222 � � 3333,
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igure 1. Inverted scalar crack densities and back-calculated velociti
eft-hand panels show � ij as a function of pressure. Right-hand pa
elocity data �symbols� and back-calculated velocities �lines� corres
d � ij values.
� 1122 � � 1133 � � 2233 � � 1212 � � 1313 � � 2323

�
1

3
� 1111, �17�

here

�11 �
	Nr2

3V
BT, �18�

� 1111 �
	Nr2

3V
BT�BN

BT
� 1	 , �19�

nd �mm is the trace of � ij��mm � �11 � �22 � �33�. By rearranging
quations 18 and 19, we can rewrite � ijkl in terms of � ij and the ratio
N/BT, such that

� 1111 �
1

3
�BN

BT
� 1	�mm.

�20�

Substituting this relationship, we can rewrite
equations 9–12 solely in terms of � ij and the ratio
BN/BT.

We then use an inversion approach similar to
that discussed for the scalar cracks above, but we
include a grid search over BN/BT to find the value
that minimizes the misfit between observed and
back-calculated velocities at each measured pres-
sure. The results of this inversion for the Clair
samples are shown in Figure 2. Figure 3a shows
optimum values of BN/BT determined via this
method.

We also perform the inversion for Berea �Lo et
al., 1986� and Penrith �Sayers, 2002� sandstone
samples. Because EBSD and XRTG information
is not available for these samples, Sij

b is deter-
mined from the behavior of samples at high pres-
sure after MacBeth �2004�. Results are shown in
Figure 4, with BN/BT plotted in Figure 3b. At high
pressures, observed stiffness tensors become
close to Sij

b ; hence, � ij becomes small, and our in-
version for BN/BT becomes less reliable. This
problem is not encountered by Clair samples in
which the observed stiffness is always well below
Sij

b .
Figure 3 gives an indication as to how appro-

priate the scalar crack assumption is. For a flat
crack with no infill, equation 15 suggests that
BN/BT should be between 0.8 and 1, depending
on the Poisson’s ratio of the background matrix.
Although there is some spread outside these
bounds, the majority of inverted BN/BT values are
found close to this range, indicating that the scalar
crack assumption is appropriate. It also is worth
noting that there appears to be no systematic vari-
ation of BN/BT with pressure, which is predicted
implicitly by the scalar crack assumption, further
strengthening our confidence in making it.
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Anisotropic microstructural elastic modeling D45
EFFECTS OF STRESS ON
CRACK DENSITY

We know from microstructural analysis �e.g.,
atzle et al., 1980� that cracks and discontinuities
re complex features, with rough walls, nonlinear
eometry, irregular intersections, and clay or di-
genetic infill. However, in the previous section,
e have shown that by modeling them as highly

implified, rotationally invariant, smooth �penny-
haped�, empty features, we still can approximate
he effective rock properties to a reasonable de-
ree of accuracy. We use this observation to our
dvantage to predict how the effective properties
ill be influenced by an applied stress field.
Hudson �2000� and Tod �2002� present analyti-

al models in which the aspect ratio and number
ensity of cracks are dependent on applied stress
nd fluid pressure. This model considers only
lastic deformation in which permanent deforma-
ion of pores into cracks and development of new
racks are not considered. Hence, when the stress
tate is returned to its original magnitude, the ma-
erial will relax to its reference state. In other
ords, this assumption will be appropriate only

s long as the rock does not undergo any plastic or
rittle deformation. However, this assumption
ight be sufficient for application to 4D seismic
odeling.
Hudson �2000� derives an expression for the

hange in aspect ratio � a of a penny-shaped crack
aused by a change in applied stress and/or fluid
ressure,

� a � �
2�1 � �b�

	�b
�� � ijninj � � w� Pfl�

�
a

Kb
� w� Pfl, �21�

here � � ij and � Pfl are the change in applied
tress tensor and fluid pressure; � w is the Biot-

illis parameter, assumed here for simplicity to
e unity; n is the crack normal; and �b and Kb are
he shear and bulk moduli of the matrix in the ab-
ence of compliant porosity, respectively. The
ight-hand term a� w� Pfl/Kb of equation 21 is
mall compared with other terms and can be ne-
lected �Hudson, 2000�. Integrating equation 21
ives

a � a0 �
2�1 � ��b

	�b
� c�n� , �22�

here a0 is the aspect ratio in the absence of an
pplied stress �or at a predefined reference stress�.
he effects of applied stress and pore pressure
ombine to give the effective crack normal stress
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� c�n� � � ijninj � � wPfl. �23�

or a crack with an initial aspect ratio a0, there will be a critical stress
here

a0 �
2�1 � ��b

	�b
� c�n� , �24�

nd the crack can be considered as closed. Tod �2002� assumes an
xponential distribution of initial aspect ratios. If this is the case,
rack density will decrease exponentially as cracks close under pres-
ure �van der Neut et al., 2007�, so that

� �� c� � � 0 exp�� cr�
c�n�� , �25�

here
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igure 4. Inverted second- and fourth-rank crack-density tensor
omponents and back-calculated velocities for the literature sam-
les: �a� Berea Sandstone, �b� Penrith Sandstone. Left-hand panels
how � ij and � ijkl as a function of pressure. Right-hand panels show
bserved velocity data �symbols� and back-calculated velocities
lines� corresponding to calculated � ij and � ijkl values. The legend
or this figure is the same as for Figure 2.
cr �
2�1 � �b�

	�ba0 �26�

nd � 0 is the crack density at a defined initial pressure �usually
MPa�.
As discussed in the previous section, by making the scalar crack

ssumption, we treat the overall crack distribution as three mutually
rthogonal aligned sets, each contributing to one of the nonzero
omponents of � ij. For each set, an initial crack density and average
spect ratio are defined. Hence, for any applied stress field, � ij is cal-
ulated using equations 25 and 26 to give

� ij � 
� 1�� c�n1�� /h1 0 0

0 � 2�� c�n2�� /h2 0

0 0 � 3�� c�n3�� /h3
� .

�27�

esults

Figure 5 shows results of modeling the P- and S-wave velocities
sing equations 25–27 for samples discussed in the previous section.
able 1 shows the best-fit initial average aspect ratios and crack den-
ities used to produce these models.

The fit between observed and modeled velocities is reasonable.
urthermore, initial aspect ratios range between 5
10�4 �a0 �5
10�3, which is a reasonable range of values expected for a distri-

ution of flat, penny-shaped cracks �Kuster and Toksöz, 1974�. Re-
ults from Figure 5 and Table 1 indicate that the nonlinear elastic be-
avior can be modeled based on the assumption that it is made of
tiff, nondeforming mineral grains and displacement discontinuities
n the form of flat, penny-shaped cracks with physically reasonable
nitial aspect ratio distributions.

DISCUSSION

nisotropy

Abenefit of our approach is the treatment of anisotropy. This mod-
l is capable of considering intrinsic anisotropy as well as stress in-
uced anisotropy. Most rocks are intrinsically anisotropic. This in-
rinsic anisotropy is derived from two sources: alignment of miner-
ls and alignment of fabrics.

Alignment of mineral grains caused by depositional, deformation,
r diagenetic processes �CPO� has been well studied as a cause of an-
sotropy. Elongate or platy minerals, such as micas and clays, will
end to become aligned during deposition. Elasticities of these min-
rals can be highly anisotropic, with the principal axes of the elastic
ensor aligned with grain shape. By using the geomathematical mod-
l developed by Kendall et al. �2007� to evaluate the background
ompliance Sijkl

b , we can assess the contribution of CPO to the aniso-
ropy of a sample based on detailed petrofabric analysis. Equations
–12 limit us to cases in which the principal axes of the compliance
ensor and � ij are aligned. This should not pose a problem for vertical
ransverse isotropy �VTI� systems as long as one of the principal
tress axes is aligned vertically. However, more complicated aniso-
ropic symmetries will need to be dealt with carefully.

Shape-preferred orientation �SPO� anisotropy also is related to
lignment of fabric during sedimentary deposition and/or diagene-
is. If platy or elongate grains are deposited so that there is a prefer-
ntial alignment between grain contacts, there will be an increase in
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isplacement discontinuities in this direction and hence an increased
ompliance. This effect is demonstrated best by Clair samples 1784
nd 1788 �Hall et al., 2007�. These samples are rich in mica, and
laty grains are orientated with normals parallel to the z-axis. In this
ase, we expect to find a greater number of grain boundaries with
ormals parallel to the z-axis than to the x- or y-axis. As a result, VPz

s reduced greatly �Figure 1�, and our inversion for � ij indicates that
33 is larger than �11 and �22. Because the preferred orientation of
ineralogic axes and grain boundaries will not be affected greatly

y in situ reservoir stresses �unless these are of sufficient magnitude
o cause deformation or failure of mineral grains�, we refer to the an-
sotropy they cause as static anisotropy.

Effects of nonhydrostatic stresses on anisotropy also are expected
o be important. For example, effects of uniaxial stresses on seismic
nisotropy have been documented �e.g., Scott and Abousleiman,
004; Sayers and Schutjens, 2007�. When the applied stress is uniax-
al, cracks with faces perpendicular to the principal stress axis will
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lose, although those parallel will open or remain unaffected. As a
esult, velocities will be faster in the direction parallel to maximum
tress. Because the stress field within and around reservoirs is likely
o be nonhydrostatic, it is important that any model used to estimate
eismic velocities is capable of incorporating these effects. For ex-
mple, Herwanger and Horne �2005� model seismic anisotropy
aused by a triaxial stress field based on third-order elasticity theory
Prioul et al., 2004� to explain shear-wave splitting observations
rom the Valhall and Ekofisk fields.

Here we consider nonhydrostatic stresses by resolving the in situ
tress field in terms of stresses normal to modeled crack faces. This is
hown in Figure 6. Figure 6a shows results of a hydrostatic compres-
ion test on a sample of Berea Sandstone �Scott and Abousleiman,
004�, and best-fit � 0 and a0 values used to back-calculate velocities.
cott and Abousleiman �2004� then perform a uniaxial strain test on
similar core sample. Details of the uniaxial test are shown in Figure
b and c, with results plotted in Figure 6d. The � 0 and a0 values cal-

30 40
re (MPa)

09

50 100
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Figure 5. Velocities calculated as a function of hy-
drostatic stress calculated using equations 25–27
�lines�, shown with observed velocity values �sym-
bols�.
10 20
Pressu

19

Press

B



c
p
c
a

t
o
a

T
t
s

S

1

1

1

1

F
p
fi
p
�

D48 Verdon et al.
ulated for the hydrostatic case �given in Table 2� then are used to
redict velocities for the uniaxial case. It can be seen that with appli-
ation of this uniaxial stress, the velocity of P-waves along the main
xis increases rapidly with pressure, whereas those perpendicular to

able 1. Best-fit initial average crack-aspect ratios (a0) and de
he Clair and literature samples used to calculate velocities as
tress shown in Figure 5.

ample Crack set a0 � 0 Sample Crack set

�11 0.0014 0.165 �11

784 �22 0.0018 0.155 2194 �22

�33 0.0012 0.440 �33

�11 0.0019 0.315 �11

788 �22 0.0044 0.280 Berea �22

�33 0.0014 0.475 �33

�11 0.0007 0.345 �11

909 �22 0.0008 0.295 Penrith �22

�33 0.0009 0.300 �33

�11 0.0014 0.190

950 �22 0.0004 0.150

�33 0.0008 0.195
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igure 6. �a� Observed and back-calculated P- and S-wave velocities
ression of Berea Sandstone. �b� and �c� Details of the uniaxial exper
t parameters �� 0� and a0� for the hydrostatic case are used to model th
erimental data �symbols� are from Scott and Abousleiman �2004� �

— V , � — V , � — V �.
P45 Sxy Syz
he main axis increase more slowly. These effects are predicted by
ur model, and the fit is particularly good for faster P-waves �VPx�
nd fast S-waves �VSyz� as well as for P-waves at 45°.

The model does not accurately predict the slower P- �VPz� and
S-wave �VSxz� velocities above a confining pres-
sure of 20 MPa. The model predicts that as con-
fining pressure increases, crack sets oriented par-
allel to the main axis will close gradually and lead
to increasing velocity of slower waves. What is
observed is that the anisotropy becomes locked in
�Scott and Abousleiman, 2004� and velocities do
not increase further. The reason for the locking-in
mechanism remains unclear, and thus any im-
provements to our analytical model will require
understanding of this mechanism. It is possible
that this failure arises partly because of our as-
sumption that all deformation occurring is elastic.
Scott and Abousleiman �2004� observe signifi-
cant amounts of acoustic emissions at higher
stresses for a triaxial stress test, indicating that in-
elastic deformation indeed is occurring. It also
might be possible that crack-crack interactions
are affecting deformation in the manner similar to
that described by Batzle et al. �1980�.

Time-lapse seismic data can show an asym-
metry in the P-wave velocity/effective-stress re-
lationship �VP/� eff� between stress-up �compac-
tion or pore-pressure depletion� and stress-down
�extension or pore-pressure increase� effects
�e.g., Hatchell and Bourne, 2005�. Observations
indicate that the increase in VP caused by an in-
crease in � eff is smaller than the decrease caused
by an equivalent � eff decrease. The nonlinear na-
ture of our stress-velocity model means these ef-
fects are accounted for to an extent. However, it
could be argued that modeled asymmetry be-
tween stress-up and stress-down effects is not as
large as those observed by Hatchell and Bourne
�2005�, particularly at higher stresses, in which
the rate of change of the velocity/stress gradient
�d2VP/d� eff

2 � is lowest �Sayers, 2007�. If a degree
of irreversible deformation, such as cement
breakage, occurs when the rock is moved from its
initial stress state, then this will increase the
asymmetry, because the decrease in compliance
caused by a stress increase will be canceled by the
additional compliance induced by inelastic defor-
mation. In the following section, we consider �in
a qualitative sense only� how we might deal with
inelastic damage within the framework outlined
in this paper.

Coring and damage

It is becoming increasingly clear among rock
physicists that using velocities measured on
cored samples might not be representative of ve-
locities of in situ reservoir rocks. Tests comparing
synthetic sandstones �e.g., Holt et al., 2000� and
comparison of cored samples with well-log mea-
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urements �e.g., Furre et al., 2007� indicate that in situ rocks general-
y have higher velocities and lower stress sensitivity. The explana-
ion forwarded for this is that coring of the sample causes large de-
iatoric stresses that create permanent damage in the sample. Al-
hough this effect is compensated for to some extent because cores
enerally sample more competent zones of a reservoir and they
ight miss larger-scale fractures that could increase stress sensitivi-

y, it is of interest to consider how to account for damage caused by
oring or other mechanisms within the framework of our model.

MacBeth and Schuett �2007� demonstrate the effect that damage
an have on a sample; however, in this case, the damage is caused not
y coring but by thermal expansion of grains during heating. Figure
shows measurements of ultrasonic P- and S-wave velocities from
otliegend Sandstone samples before and after they have been dam-
ged by heating. Assuming the isotropic background compliance
iven by MacBeth and Schuett �2007� and an isotropic � ij, we use
quations 25 and 26 to find the optimum values of � 0 and a0 that min-
mize misfit between observed and modeled velocities.

Table 3 shows the values of � 0 and a0 used to calculate the mod-
led velocities in Figure 7. It is clear that differences between dam-
ged and undamaged samples can be accounted for solely by the in-
rease in the initial crack density. Thus, the potential exists to re-
ove effects of coring damage from our estimates of stress-depen-

ent elasticity for in situ rocks. At present, however, we cannot esti-
ate how much damage the coring process will cause. Hence, we

annot estimate how much we should decrease our estimates for � 0

hen upscaling from laboratory measurements to in situ rocks.
The treatment of SPO anisotropy and core damage serves as an in-

ication of how we might interpret the physical meaning of crack
ensity and aspect ratio. We note at this point that these terms have
een developed as theoretical parameters to model stress-dependent
lasticity. However, they do appear to have a correlation, if only in a
ualitative sense, with physical observations such as alignment of
longate or platy grains or the degree of damage done to a sample.
his correlation strengthens our confidence in the conceptual validi-

y of the microstructural approach for modeling nonlinear stress-de-
endent velocities. It is an interesting and as yet unanswered ques-
ion whether petrofabric analysis techniques can develop quantita-
ive estimates of microstructural parameters independently from ve-
ocity observations.

orkflow

Figure 8 outlines the workflow we follow to
enerate elastic stiffness from geomechanical
imulation. Coupled fluid-flow/geomechanical
imulation generates information on the in situ
tress tensor, pore-fluid pressure, porosity, and
uid properties for each grid cell mapping the
verburden and reservoir �Figure 8a�. Ultrasonic
nd petrofabric analysis of core samples allows
s to evaluate the background compliance �Sijkl

b �
nd initial crack parameters �� 0 and a0� for repre-
entative lithologies �Figure 8b�. After the grid
as been populated with these parameters,
rained elasticities can be computed using the ap-
roach outlined in this paper �Figure 8c�. To in-
lude effects of fluids on the elasticity of an aniso-
ropic porous medium, the generalized anisotrop-
c Gassmann solution of Brown and Korringa

Figure 7. Ultr
ples 6 H and
Damaged sam
aspect ratio an
velocity with
1975� is used, in which we assume the majority of the pore space
onsists of equant �spherical� pores and microcracks do not contrib-
te significantly to the poroelasticity. This solution is valid in the
ow-frequency limit in which squirt flow �e.g., Chapman, 2003� does
ot occur, so it is assumed to be a suitable approximation for low-fre-
uency seismic energy �Figure 8d�. When elasticity has been com-
uted for each grid cell, the full 3D anisotropic elastic model can be
sed with ray tracing or waveform solvers to predict effects of geo-
echanical deformation on seismic observables �Figure 8e�.

able 2. Best-fit initial average crack-aspect ratios (a0) and
ensities (ò0) calculated from hydrostatic stress test shown in
igure 6a and used to calculate velocities for the uniaxial
tress experiment shown in Figure 6d.

a0 � 0

11 0.00031 0.250

22 0.00061 0.135

33 0.00061 0.140

able 3. Best-fit initial average crack-aspect ratios (a0) and
ensities (� 0) used to generate predicted velocities in Figure
. Damaged samples show similar initial aspect ratios but
uch larger initial crack densities.

ample a0 � 0

H undamaged 0.005 0.07

H damaged 0.005 0.27

0 V undamaged 0.005 0.065

0 V damaged 0.005 0.3

P- and S-wave velocities measured before and after sandstone sam-
from MacBeth and Schuett, 2007� have been damaged by heating.
ow a much larger stress sensitivity at low pressures. Best-fit initial
k densities �Table 3� are chosen to model the observed variation of
asonic
10 V �
ples sh
d crac
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CONCLUSIONS

To relate geomechanical modeling to seismic observables, a rock-
hysics model is required that can relate changes in effective stress
pplied to a rock with changes in rock stiffness. Such a model should
e capable of empirically describing observed stress-velocity effects
uch as nonlinearity and stress-induced anisotropy. A model that is
imple to use and easy to parameterize also is preferable.

We develop a microstructural rock-physics model in which the
verall compliance is considered as a function of the compliance of
inerals and stiff spherical pores and the additional compliance

aused by the presence of low-volume, low-aspect ratio planar dis-
ontinuities. Inversions including the fourth-rank crack-density ten-
or are performed to test the suitability of the scalar crack approxi-
ation. Using this approximation, we model the stress-dependent

lasticity by considering the displacement discontinuities as three
utually orthogonal sets of low-aspect-ratio, penny-shaped cracks.
Our model has been calibrated experimentally using a set of sand-

tone samples from a UKCS reservoir and data sets from the litera-
ure. We demonstrate that velocity variations between �and within
nisotropic� samples are caused by differences in the initial number
ensity of compliant discontinuities.As such, our model is relatively
asy to parameterize and yet is capable of considering the effects of
nisotropy both, intrinsically within the rock framework and caused
y nonhydrostatic stresses.

Our model presumes that microcracks deform elastically. At high
tresses, in which inelastic deformation occurs, this might not be ap-
ropriate. By considering how damage affects the initial microcrack
istribution, we might extend our model to include inelastic defor-

a) b)

c)

d)

e)

igure 8. Summary of the workflow used to predict elasticity based
n coupled fluid-flow/geomechanical simulation.
ation. Although this serves to highlight the physical intuitiveness
f our model, it remains at present a qualitative approach only. Final-
y, a workflow is outlined, which illustrates the approach we will use
n a subsequent paper to integrate rock physics with output from cou-
led geomechanical/fluid-flow simulations, to generate elastic mod-
ls for the prediction of time-lapse seismic properties.
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