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Use of AVOA data to estimate fluid indicator

in a vertically fractured medium
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ABSTRACT

Microstructural attributes of cracks and fractures, such as
crack density, aspect ratio, and fluid infill, determine the
elastic properties of a medium containing a set of parallel,
vertical fractures. Although the tangential weakness Ar of
the fractures does not vary with the fluid content, the normal
weakness Ay exhibits significant dependence on fluid in-
fill. Based on linear-slip theory, we used the ratio gAy/
Ap — termed the fluid indicator — as a quantitative mea-
sure of the fluid content in the fractures, with g representing
the square of the ratio of S- and P-wave velocity in the un-
fractured medium. We used a Born formalism to derive the
sensitivity to fracture weakness of PP- and PS-reflection co-
efficients for an interface separating an unfractured medium
from a vertically fractured medium. Our formulae reveal
that the PP-reflection coefficient does not depend on the 2D
microcorrugation/surface roughness with ridges and valleys
parallel to the fracture strike, whereas the PS-reflection co-
efficient is sensitive to this microstructural property of the
fractures. Based on this formulation, we developed a
method to compute the fluid indicator from wide-azimuth
PP-AVOA data. Inversion of synthetic data corrupted with
10% random noise reliably estimates the normal and tan-
gential fracture weaknesses and hence the fluid indicator
can be determined accurately when the fractures are liquid-
filled or partially saturated. As the gas saturation in the frac-
tures increases, the quality of inversion becomes poorer. Er-
rors of 15%-20% in g do not affect the estimation of fluid
indicator significantly in case of liquid infill or partial satu-
ration. However, for gas-saturated fractures, incorrect val-
ues of g may have a significant effect on fluid-indicator
estimates.

INTRODUCTION

Studies on characterization of fractured reservoirs have consid-
ered three distinct models to represent cracks and fractures under
different conditions. These include i) linear-slip model (Schoen-
berg, 1980; 1983; Schoenberg and Sayers, 1995), which is equiva-
lent to thin parallel layers (Wu et al., 2005); ii) aligned, but isolated
cracks (Hudson, 1980; 1981; Schoenberg and Douma, 1988); and
iii) cracks hydraulically connected with pores (Thomsen, 1995;
Hudson et al., 1996). Bakulin et al. (2000) demonstrated that these
three models of fractures lead to the same anisotropic properties of
the embedding medium. Hsu and Schoenberg (1993) introduced
the dimensionless quantities normal weakness Ay and tangential
weakness Ap for rotationally invariant fractures in the general
linear-slip model. These weaknesses represent various conditions
of fluid saturation. We further note that for fractures in presence of
equant porosity, frequencies used in seismic exploration for hydro-
carbon are low enough to allow squirting of fluid from cracks to
the equant pores and vice versa, leading to equalization of pressure
as the seismic waves propagate through the medium. This, in ef-
fect, increases the compliance of the fractures. On the contrary, in-
compressible fluids in isolated cracks decrease the compliance sig-
nificantly. An interesting observation from these previous studies is
that for weak fracture density, Ay does not depend on fluid satura-
tion, whereas Ay is significantly affected by fluid infill.

Conventionally, P- and S-wave traveltime data are used to esti-
mate the weak anisotropy parameters that are related to the excess
fracture compliances — a combination of fracture dimension, in-
teraction, and fluid properties (Grechka et al., 2003). Recently,
there has been a growing interest to determine the fracture infill
from kinematics of seismic-wave propagation in fracture-induced
anisotropic media. Some studies on the characterization of the fluid
saturation in fractured reservoir from observed seismic reflection
traveltimes and amplitudes have shown encouraging results. From
an Oman 3D experiment, van der Kolk et al. (2001) concluded that
the shear-wave splitting in a reservoir containing aligned fractures
is larger for gas-filled fractures than for fluid-filled fractures, in
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sharp contrast to the general belief that shear-wave splitting is in-
dependent of the nature of fluid filling the fractures. Angerer et al.
(2002) observed that the asymmetry in the time delays of con-
verted PS waves from a reservoir with horizontal interfaces is sen-
sitive to the fluid infill if the fractures are oblique. Grechka and
Tsvankin (2004) indicated that for oblique fractures, the shear-
wave splitting parameter becomes dependent on the fracture infill.
Reservoir characterization using kinematic attributes, such as azi-
muthal variation in normal moveout (NMO) velocity or traveltime,
requires a substantial reservoir thickness for the observed effects to
become appreciable. On the other hand, local variation in physical
properties of the rocks around an interface separating two different
media yield observable amplitude attributes such as AVO and
AVOA. The potential for using AVOA data to determine fracture
orientation and fracture density has been well established from
both a theoretical point of view (Riiger and Tsvankin, 1997; Riiger,
1998; Zhu et al., 2004; Chen et al., 2005) and application to field
data (Lynn et al., 1999; Gray and Head, 2000; Hall et al., 2002).
Several workers investigated the effects of fluid infill on AVOA
(Sayers and Rickett, 1997; MacBeth, 1999; Shen et al., 2002).
However, AVOA data have not been extensively used to character-
ize the fracture infill quantitatively. Liu et al. (2001) showed that P-
and converted S-wave AVO analysis can discriminate pore fluids in
a fractured reservoir. In the present work, we show that PP-AVOA
data can be directly inverted for fluid content in the fractures. To
achieve this objective, we express the approximate (linearized) PP-
and PS-reflection coefficients in terms of the fracture weaknesses
instead of Thomsen parameters. We use a Born formalism (Shaw
and Sen, 2004) to derive the sensitivity of AVOA to fracture weak-
nesses. We show that if the fracture weaknesses are small, inver-
sion of PP-AVOA data yields reliable estimates of the (fracture)
weaknesses of a medium with a set of rotationally invariant verti-
cal fractures. Our results also show that PP-AVOA is insensitive to
the microcorrugation/roughness on the fracture plane with ridges
and troughs parallel to fracture strike, whereas the PS-AVOA con-
tains this important information on the fracture microstructure.

The basic requirement for AVOA analysis is true-amplitude 3D
data with wide azimuthal coverage (Williams and Jenner, 2002).
When the azimuth-offset distribution is sparse, a common practice
is to stack amplitude data into azimuth sectors. Jenner (2002) em-
phasized the importance of accounting for NMO velocity in esti-
mating the correct azimuthal AVO response in such cases. Angerer
(2003) developed a workflow to isolate the azimuth-dependent
anisotropic signal from the macro-binned and azimuth-sectored
seismic amplitudes observed over wide azimuths. Luo and Evans
(2004) put forward a strong argument for using multiazimuth AVO
instead of narrow-azimuth data for reliable fracture mapping. Shen
et al. (2002) observed that the effects of the elastic properties of the
background rocks often mask the AVO responses from fractures.
Thus, meaningful fracture characterization using AVOA requires
isolation of the contribution from the fractures to the observed am-
plitudes.

In this paper, we propose a method that uses full-azimuth AVO
data. We assume that the orientation of the vertical fractures and
the physical parameters of the unfractured background rocks have
been determined from conventional methods, e.g, well log data,
NMO velocity, or conventional AVO analysis. Our numerical ex-
periments on noise-corrupted synthetic AVOA data for different
cases of fluid-saturated, vertical fractures, viz. gas-, partial-, and
brine-filled, embedded in an isotropic host medium show that both

the normal and the tangential fracture weaknesses can be estimated
reliably. Because g, the square of ratio of S- to P-wave velocity in
the host medium, is a priori information in our procedure, we in-
vestigated the effects of error in the assumed value of this ratio.
The results show that 15-20% errors in g do not affect the estimate
of fluid indicator significantly when the fractures are fully or par-
tially saturated with liquid. However, the same is not true for dry or
gas-saturated fractures.

THEORY

We follow Grechka et al. (2003) to express the stress-dis-
placement relationship across a set of equi-spaced, parallel, verti-
cal fractures represented by general slip (Schoenberg and Sayers,
1995). Assuming that the traction o across the fracture plane is
continuous, the discontinuity of the slip vector is

u = hKo, (1)

where h denotes fracture separation. The excess compliance matrix
K has the form

Ky Kyu Kay
K=|Kwy Ky Kygl. (2)
Kynv Kyn Ky

The notation of the components of K indicates the meaning of the
excess compliances (Bakulin et al., 2000). For example, Ky is the
ratio of discontinuity in displacement component [u,;] normal to
the fracture plane to the normal stress o, per unit spacing of the
fractures. Similarly, the tangential compliances Ky and Ky are re-
lated to the shear stresses oy, and o3, respectively. The off-
diagonal compliance elements represent cross-coupling between
normal displacement and shear stress, or the tangential component
of displacement and normal stress. Kyy represents the coupling be-
tween [u,] and o3, or between [u;] and o7;. Nonvanishing Kyy im-
plies that the normal and shear slips are coupled, which may arise
from microcorrugation or roughness of fracture surfaces. For frac-
tures with compliances that are invariant under rotation about an
axis normal to the fracture plane, Kyy = Kyg = Kyy = 0, and Ky
= Ky = Kr. The ratio of the normal to the tangential excess com-
pliance Ky/Ky is an indicator of the fluid content (Schoenberg and
Sayers, 1995). This factor tends to zero for fluid-saturated fractures
(Kx = 0) and is nearly a unity if the fractures are dry or gas-
saturated (Ky = Ky).

We consider a homogeneous isotropic medium with Lame’s pa-
rameters A and u in which are embedded a set of parallel, vertical
fractures adequately represented by general slips (equation 1). Be-
cause of the presence of the fractures, the stiffness matrix is modi-
fied as follows (Schoenberg and Sayers, 1995; Sayers and Rickett,
1997):

C=(A+2w[C"-C], 3)

with
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where g = /(A + 2u) is the square of the ratio of S-wave velocity

express the reflection coefficient directly as a function of the frac-
ture weakness:

R(6,¢) = R*™(6) + R™(6,¢;4), (5)

where 6 is the angle of incidence, ¢ is the azimuth of the seismic
line with respect to the symmetry axis of the fracture system, and A
represents the vector of fracture weakness given by

AT = (Ay, Ay, Ay, Ay, Axs Ave). (6)

R*(#) and R™i(6,¢;A) represent the isotropic and anisotropic
parts of the reflection coefficient, respectively. To linearize the re-
flection coefficients, we represented in an earlier work (Shaw and
Sen, 2004) a weak anisotropic medium as a volume of scatterers
embedded in a background isotropic medium. We used asymptotic
ray theory and the method of stationary phase to show that the scat-
tering function S(r,) corresponding to the singly scattered wave-
field relates to the linearized PP-reflection coefficient as

B and P-wave velocity « in the background medium, X = A/(A _ 1
+2u) = 1 — 2g, and the fracture weaknesses are Rpp(6) = 4p, cos? GS(rO), (7)
(A + 2Ky V(A + 2Ky with
N e v =
1+ (A+2uwK 1+ Vu(A +20)K
N w WKy S(r,) = Apé + Aciin Mijia» (8)
—_—
mKy V(A + 2p) Ky £= 4t 9)
AV = H= 7 it Ir=r>
1+ ,LLKV 1+ \r,u,(/\ + 2,LL)KNH
—_— M = 4 P; tPlr=r, (10)
j ik o
A —MKn V(A + 2Ky @
H™ 9 4 uKy H= 1+ \'/M()‘ + 2M)KVH. where p, is the density of the background medium and Ap and

As observed earlier, for a set of fractures with properties that are
invariant under rotation about the normal to the fracture faces,
Ay = Ay = Ay, say. Further, if the me-
dium has a very small fracture density,
the factor Ay/Ay varies proportionally to
Kyx/Ky (Table 1) and is a fluid indicator.

. fracture density.
In general, the stiffness of the fractured

Ac;j represent the perturbation in density and elastic stiffness, re-
spectively. p and t are the slowness and the polarization vectors,
respectively. The prime denotes the scattered wave. The position
vector r, is the point on a horizontal interface separating two weak

Table 1. Relation of fracture weaknesses with microfracture properties in commonly
used models for natural fractures in hydrocarbon reservoirs; e represents the

medium given by equation 3 represents a
monoclinic medium. Assuming that the
fractures can be represented by planar

Aligned cracks in
medium with equant
porosity

Thin, penny-shaped,
aligned cracks

discontinuities with no corrlllgation or sur- Linear-slip (Hudson, 1980) (Thomsen, 1995)
face roughness, the medium becomes model,
transversely isotropic with a horizontal (Schoenberg o

axis of symmetry (HTI). The AVOA over ~ Fracture and Sayers, Dry/gas-  Liquid-  Dry/gas- o

such media has been investigated exten- parameter 1995) filled filled filled Liquid-filled
swel)./ (Mal.hck“ and Frazer, 1991; Riiger, Normal (A + 20K de ~0 4o de
1997; 1998; Riiger and Tsvankin, 1997). weakness, AN m 3g(l - g) 3g(1 - g) q3g(1 )
Conventionally, the anisotropy of such . BN

.. . Tangential uKr 16e

media is represented by weak anisotropy weakness, AT T+ uKe e 3(3 - 29)
parameters (Thomsen, 1986) that have a e .

imple relationshi he f " Fluid indicator Kx 1 |+ 5s 3-2g
simple relationship to the fracture weak- A K, 8( 27-rf) 301 = )

nesses (Bakulin et al., 2000). Here, we
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(an)isotropic media, where Snell’s law of reflection for a source-
receiver pair is satisfied. Summation convention applies to equa-
tions 8 and 9. Comparing equations 3, 7, and 8 shows that the de-
pendence of the PP-reflection coefficients on fracture weaknesses
can be derived by collecting the coefficients 7; corresponding to
each weakness and simplifying the expression in the desired form
of incidence angle and azimuth (Appendix A). No approximations,
other than dilute fracture distribution and weak fracture compli-
ances (Ay, etc < 1) are required for the validity of equation 3.

If information on the isotropic medium in which the fractures
are embedded is known a priori, or estimated by established meth-
ods, equation 5 can be written, under the assumption of weak frac-
ture weakness, as

SR = ROX(i,60) — RE3(6) = AA, (11)

where the sensitivity matrix A is given by

A= Z[aN, ay, Ay, ANy, ANH> aVH]’ (12)

and for a given incidence angle and azimuth, the row elements of
A are given by

ay = (1 —2g)* + [(1 — 2g) + 2g(1 — 2g)cos 2¢]sin® 0
3,
+ |11 -2g+ 28 + 2g(1 — g)cos 2¢
1
+ Egz cos 4(;5} sin? #tan® 0
ay = — 2g(1 + cos 2¢)sin’ 0
_8 .2 2
ay = 2(1 — cos 4¢)sin” A tan> 0

any = 0
— . . ' .
any = 2Vg(1 — g)sin 2¢p sin? 6 + Vg[2(1 — g)sin 2¢

+ g sin 4¢]sin® ftan’ 0
ayy = O (] 3)
The linearized PP-reflection coefficients are insensitive to the mi-
crocorrugation or roughness in the fracture surface, because ayy
= 0. For rotationally invariant fractures, substituting equation 13
into 11 and rearranging the terms results in an expression for lin-
earized plane-wave PP-reflection coefficient in the form of equa-
tion 1 of Riiger and Tsvankin (1997), which has been extensively
used for azimuthal AVO analysis. We further observed that the dif-

ference of the P-wave reflection coefficient along and perpendicu-
lar to the fracture symmetry axes is

AR(6) = ROX¥(6,¢ = 0°) — RE(6,¢p = 90°)
= g[{(1 - 2g)A\ - Aq}sin® 6
+ (1 = g)Ay sin” G tan?® 4], (14)

which reduces to equation 16 of Sayers and Rickett (1997), for nor-

malized excess compliances (A + 2u)Ky and wKy much smaller
than unity.

The following differences exist between our work and that of
Sayers and Rickett (1997). We obtained expressions for both PP
and mode-converted (PS) linearized plane-wave reflection coeffi-
cients in terms of fracture weaknesses. To accomplish this, we used
a general-slip model to express the elastic coefficients of the frac-
tured medium in terms of fracture weaknesses and scattering
theory (Shaw and Sen, 2004) to linearize the reflection coefficient.
On the other hand, Sayers and Rickett (1997) defined the Thomsen
parameters in terms of the fracture compliances normalized with
respect to the isotropic background-rock elastic parameters, and
substituted these values in the expressions for linearized PP-
reflection coefficients only over HTI media (Riiger, 1998). These
two expressions are equivalent for a fractured medium with rota-
tionally invariant fractures. However, because our representation
of fractures is more general, the effects of microcorrugation on PP-
and PS-AVOA become apparent.

For mode-converted waves (PS), an equation equivalent to
equation 11 can be written as

SRps = RpS(6,4) — Rp3(6) = BA, (15)
where the sensitivity matrix B is given by

B - sin 6
2\"% cos £sin(6 + {)

[bN’bV’bH’ bNV’bNH’bVH] >
(16)

with

1
by = g(1 = 2g)(1 + cos 2¢)sin { cos ¢ + §g2(3

+ 4 cos 2¢ + cos 4¢)sin® Osin { cos {

by = — %(1 + cos 2¢)sin 26 cos 2¢
_8 TP
by = 2(1 — cos 4¢p)sin” @ sin £ cos ¢

bny = \"E cos ¢[{(1 — g) + g cos 2¢}sin Osin(2{ — 6)
— (1 = 2g)cos Hcos(2f — 6)]

by = Ve sin 2¢[(1 — 2g)sin ¢ cos ¢
+ 2g(1 + cos 2¢)sin’ @ sin £ cos {]

byi = g\g sin 2¢sin sin(2¢ — 7). (17)

Here, tan 7 = tan 6 cot ¢, and { represents the angle of reflection
for the converted SV wave.

Because, in general, byy is not zero, the linearized PS-reflection
coefficient (equation 17) is sensitive to the 2D microcorrugation or
roughness in the fracture surfaces with ridges and troughs parallel
to the fracture strike direction.
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RESULTS

We first investigated how the incompressibility of the fluid fill-
ing cracks affects the fluid indicator in a fractured reservoir with
isolated, penny-shaped cracks or with cracks hydraulically con-
nected to equant pores. The expressions for the normal weakness,
the tangential weakness, and the fluid indicator are summarized in
Table 1.

In the linear-slip model for fractures, the fluid indicator is given
by Schoenberg and Sayers (1995) as

K A
fluid indicator = —~ ~ g—N. (18)
Kr Ap

For aligned, penny-shaped cracks, the expression for the fluid indi-
cator simplifies to (Hudson, 1980)

o 7 5 |
fluid indicator = =| 1 + — | , (19)
8 2af

where f is the aspect ratio of the cracks, i.e., the ratio of the crack
aperture to crack diameter, and s = k'/k with « and «’ represent-
ing the incompressibility of the rock matrix and the inclusion fluid,
respectively.

For fractures that are hydraulically connected to equant pores,
we follow Thomsen (1995) and Bakulin et al. (2000) to write the
expression for fluid indicator as

3-2¢g

Gi— g (20)

fluid indicator =

where

-5
q= _ —
1 - §{1 - (Ap¢p + Ac¢c)}

21

Here, aﬁp and ¢, represent the fractional primary (equant) porosity
and the crack porosity, respectively. Although both the coefficients
A, =(3-2g)/2g and A, = (2 - 3g)/37f(1 — g) depend on the
background-medium properties, the latter depends, additionally, on
the fracture-aspect ratio. Note that Bakulin et al. (2000) identified
the factor q as the fluid indicator, which is simply the fluid influ-
ence factor of Thomsen (1995) scaled by (1 — s), under the low-
frequency approximation. For gas-saturated fractures, k' = 0, im-
plying q = 1 from equation 21. Under this condition, equation 20
reduces to

fluid indicator = 1 — g, (22)

where v is the Poisson’s ratio of the background medium. Equation
22 is a very simple and well-known result (Bakulin et al., 2000)
that has far-reaching implications for estimating fluid content.

It is generally believed that the interaction of fractures with
equant pores decreases the fluid indicator. In other words, if frac-
tures are dry or gas-saturated, but are isolated, the fluid indicator
approaches unity. On the other hand, the same set of fractures with
the same state of fluid saturation behaves as though partially filled

when the fractures and equant pores in the host medium are hy-
draulically connected. To understand the interplay of the roles of
fluid, matrix, and fracture geometry, we designed a numerical ex-
periment based on a set of aligned, penny-shaped cracks with crack
density 0.05 and aspect ratio 0.01 embedded in an isotropic chalk
with P- and S-wave velocities 3620 m/s and 1810 m/s, respec-
tively. We computed the fluid indicator using equation 20 for val-
ues of s, the ratio of the incompressibility of the fluid infill and
rock matrix between 0 (dry/gas) and 0.3, for fractional crack poros-
ity varying between 0 (no cracks, all equant pores) to 1 (all cracks,
no equant pores) at an interval of 0.2. The solid lines in Figure 1
depict the variation of fluid indicator with s, which shows that the
fluid indicator increases, for a specific case of crack-pore interac-
tion, as the fluid becomes more and more compressible. On the
other hand, for any fixed value of s, an increase in crack porosity
decreases the fluid indicator, because of fluid flow between the
cracks and pores.

Next, we selected four sets of isolated cracks with aspect ratios,
0.1, 0.8, 0.5, and 0.3, and computed the fluid indicator from equa-
tion 19 for the same range of s. These results are depicted in Figure
1. The fluid indicator computed from equations 19 and 20 are
nearly the same over the entire range of selected s for appropriate
combinations of fracture-aspect ratio and fractional porosity, indi-
cating that the fluid indicator depends on a complex combination
of microstructural properties of fractures and the elastic properties
of the solid matrix and the fluid infill. However, if the fractures are
dry or gas-saturated, the value of the fluid indicator approaches
unity whether or not the fractures interact with pores. From these
results, it appears that characterizing gas-saturated fractures should
be easy and unambiguous. We discuss the practical difficulties in
estimating the fluid indicator in gas-saturated fractures in the fol-
lowing section.

To understand how the normal and fracture weaknesses affect
the PP-reflection coefficients at different incidence angles and azi-
muths, we selected an isotropic host medium with P-wave velocity
a equal to twice the S-wave velocity B, corresponding to g
= 0.25, common for sedimentary rocks. We used equation 13 to
compute the coefficients ay and ar = ay + ay for incidence angles
varying between 0° and 40° at intervals of 2° and for azimuths
varying between 0° and 90° at intervals of 5°. The results (Figure

1.07
Aspect ratio of
- isolated cracks
<0.84 + 0.10
Z ] 0.08
S 6. . 0.05
s - 0.03
3 Crack porosity =0%
20.4+ .
-
==
0.2 LTS
Crack porosity =100% o
0 T T )
0 01 ¢ 0.2 0.3

Figure 1. Variation of fluid indicator with the ratio of incompress-
ibilty of fluid and solid matrix. Solid lines refer to fractures hy-
draulically connected to equant pores with fractional crack poros-
ity shown at an interval of 20% computed by using equation 20.
The discrete symbols refer to aligned, but isolated, penny-shaped
cracks with aspect ratio indicated in the legend.
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2) show that the PP-reflection coefficients have greater sensitivity
to Ay than Ar. Note that the reflection coefficients along the frac-
ture strike direction (azimuth = 90°) are independent of the tan-
gential weakness. Further, Ay affects the reflection coefficients at
most incidence angles. On the other hand, the effect of Ay on PP-
reflection coefficients is prominent at large angles of incidence
only — a behavior similar to the effect of S-wave velocity on the
PP-reflection coefficient from an interface separating two isotropic
media. The reason can be found in the structure of equation 3,
which shows that the tangential weakness Ay of the fractures modi-
fies the shear modulus of the background isotropic medium only,
and does not affect the P-wave velocity in the unfractured medium.

To determine the accuracy of the linearized reflection coeffi-
cients expressed in terms of normal and tangential fracture weak-
nesses, we considered a set of rotationally invariant vertical frac-
tures with normal and tangential weaknesses 0.20 and 0.05, re-
spectively, embedded in an isotropic chalk (Shen et al., 2002) char-
acterized by P-wave velocity, S-wave velocity, and density of
3620 m/s, 1810 m/s, and 2420 kg/m?, respectively. We further as-
sumed that the fracture density is so weak that the density of the
fractured chalk is the same as that of the isotropic chalk in which
the fractures are embedded. We used equation 3 to compute the
elastic coefficients of the fractured medium and the reflectivity
method (Fryer and Frazer, 1984) to compute the exact PP-re-
flection coefficients from an interface separating the fractured me-
dium from the isotropic background. We considered a range of in-
cidence angles 0-40° and azimuths 0-90° for this purpose. We also
computed the linearized PP-reflection coefficients from equation 7
for the same range of incidence angles and azimuths. Figure 3
compares the exact and the linerarized PP-reflection coefficients.

a) go
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8 L 10.21
o
g L
e L 10.17
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"5' —{
E 1 10.13
N
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0.09
! 0.05
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b) Incidence angle (degree)
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©
o
o
(0]
=i
&=
5
£
<
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Figure 2. Dependence of linearized PP-reflection coefficient on (a)
normal weakness Ay and (b) tangential weakness Ar.

The linearized PP-reflection coefficients match the exact reflection
coefficients over a wide range of incidence angles and azimuths.
The discrepancies between the two are largest for incidence angles
exceeding 30°, but are limited to 5-6% for this example.

Estimation of fluid indicator

Because our method requires the knowledge of the orientation of
the vertical fractures as well as information about the physical pa-
rameters of the overlying and unfractured background rocks, we
assume that these parameters have been determined from conven-
tional methods, e.g., well log data, NMO velocity, or conventional
AVO analysis. To estimate the fluid indicator, we first compute the
exact reflection coefficient Rp3!( 6) for the interface separating the
overlying medium from the isotropic medium in which fractures
are embedded, and subtract this from the observed amplitude data

2) g0

[o2]
o

Azimuth (degree)

w
o

10 20 30
Incidence angle (degree)

Linearized PP
| reflectivity

Azimuth (degree)

10 20
Incidence angle (degree)

(o2}
o

40

Azimuth (degree)

N
o

]
10 3
Incidence angle (degree)

Figure 3. Variation of reflection coefficients with angles of inci-
dence and azimuth: (a) exact reflection coefficients, (b) linearized
reflection coefficients, and (c) difference between linearized and
exact reflection coefficients.
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to isolate the effects of fractures on the AVOA. These data, SR
= R(0, ) — Rp(6), form the input to a linear least-squares in-
version to estimate the fracture weaknesses Ay and Ar:

A, =[ATAT'ATSR, (23)

where AT = [ AyAr].

Then, we use equation 18 to estimate the fluid indicator.

We used the exact formulation to generate PP-AVOA data for an
interface separating a shale from an isotropic chalk described in
Table 2 for four different fluid saturations, viz. 100% gas-saturated
and 10%, 30%, and 100% brine-saturated fractures. We varied the
incidence angle between 0° and 40° at intervals of 5° and consid-
ered azimuths varying between 0° and 90° at intervals of 15°. Us-
ing known parameters for the background medium, we isolated the
effects of the fractures on the observed PP-AVOA and added ran-
dom noise (Press et al., 1989) of 10% of the maximum amplitude
over the entire range of incidence angles and azimuths. We in-
verted these data for the fracture weaknesses Ay and Ar, and com-
puted the fluid indicator using a priori knowledge of g of the un-
fractured medium. Figure 4a shows the estimated fluid indicators
and their scatter for different fluid-infill models. The partial-
saturation cases (brine/gas) with fluid indicators 0.248 and 0.487
correspond to fractures having aspect ratio 0.01 and fracture den-
sity 0.023, with brine saturation of 30% and 10%, respectively. The
results are also tabulated in Table 3 for a quantitative appraisal.
The results show that inversion of P-wave AVOA data yields satis-
factory estimates of fracture weaknesses and fluid infill when the
fractures are brine-filled or partially saturated. For gas-saturated
fractures, the fluid indicator is underestimated.

Because there is uncertainty in g, we investigated the effect of
error in g on the estimation of fluid indicator. We repeated the ex-
periment described above for values of g varying between 0.2 and
0.3 at intervals of 0.01. For each value of g, we computed the fluid
indicator and the error estimates (Figure 4b). We observed that for
fractures that are partially or fully saturated with brine, an error up
to 15%—-20% in the value of assumed g does not affect the accuracy
of fluid indicator significantly. However, for dry or gas-saturated
fractures, an error in g may affect the fluid-indicator estimate to a
large extent if g is underestimated.

Table 2. Parameters of an interface separating an isotropic
medium from a fractured medium (after Shen et al., 2002;
MacBeth, 1999).

Medium Density, kg/m? a, m/s B, m/s

Shale 2300 2460 1230

Chalk 2420 3620 1810

Brine 1100 1710 —
a) gg -

100% Gas saturated

{

10% Brine saturated

o
o
1

Fluid indicator, gAN/AT
o
SN
1

30% Brine saturated

o
)
1

X

100% Brine saturated

0

T T T 1
0.00 0.05 0.10 0.15 0.20
Normal weakness, AN

b) 1.2 —
7 100% Gas saturated
]
> 0.8
. ;
s - . d) ¢ ¢ o
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e} 4 ¢
£ {2 T T
g 047 -
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Figure 4. (a) Fluid-indicator estimates from noisy synthetic AVOA
data for different conditions of fluid saturation, and (b) the effect of
error in g on the fluid indicator.

CONCLUSIONS
) ) Table 3. Inversion of PP-AVOA data to estimate fracture weakness and fluid

Because previous studies showed an indicator.
equivalence in the elastic properties of
commonly used models, we selected the N | T . Fluid indi
linear-slip th h . orma angentia uid indicator =
inear-slip theory to represent the macro weakness, Ay weakness, A g An/Ar
properties of the fractures. To quantita- Brine/eas
tively estimate the fluid content in a verti- saturation True Estimated True Estimated True Estimated

cally fractured reservoir, we selected the

ratio of the normal weakness to the tan-
gential weakness of the incipient frac-
tures, defined by linear-slip theory as a
measure of the fluid indicator. We showed
that for a wide range of the ratio of in-
compressibility of the fluid infill to the
background solid matrix, the two models,
viz. (i) isolated cracks and (ii) cracks in-

saturated

saturated

saturated

saturated

100% gas- 0.178
10% brine- 0.103
30% brine- 0.054

100% brine-  0.021

0.181 £ 0.002  0.053 0.071 £ 0.006 0.840 0.640 + 0.053

0.104 £ 0.001  0.053 0.060 = 0.003 0.487 0.436 + 0.021

0.054 = 0.001  0.053 0.055 +0.001 0.248 0.245 + 0.005

0.019 £ 0.001  0.053 0.037 +£0.001 0.099 0.131 + 0.001
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teracting with pores, are practically indistinguishable. From this,
we conclude that interpretation of a fluid indicator would lead to
ambiguity in models of crack porosity.

We investigated the sensitivity of the linearized PP- and PS-
reflection coefficients to the normal and tangential weaknesses. We
represented the elastic properties of a set of vertical, parallel frac-
tures embedded in an otherwise isotropic medium by general slips.
The simple relationship of the linearized reflection coefficients
from a weak anisotropic media to the singly scattered wavefield al-
lowed us to derive expressions for the sensitivity of PP- and PS —
reflection coefficients to fracture weakness. We observed that the
PP-AVOA does not contain information on the weakness Ayy that
defines 2D microcorrugation or fracture roughness with ridges and
valleys parallel to the fracture strike direction. On the other hand,
PS-AVOA is sensitive to this parameter. Furthermore, the tangen-
tial weakness does not contribute to either the PP — or the PS-
reflection coefficients along the direction of the fracture strike. Our
method for estimating fluid indicator uses full-azimuth AVO data
from which the contributions of the fractures have been isolated.
Least-squares inversion of synthetic data corrupted with 10% ran-
dom noise for different cases of fluid saturation in the fractures
shows that the estimated fluid indicators agree reasonably with the
assumed values. For dry or gas-saturated fractures, there is a sys-
tematic over-estimation of the tangential weakness that results in
an underestimate of the fluid indicator. We conclude that errors up
to 20% in g for the unfractured host medium, which is a priori in
our method, do not affect the fluid-indicator estimate significantly
if the fractures are fluid-filled or partially saturated. As the gas
saturation of the fracture increases, inaccuracy in g affects the
fluid-indicator estimate significantly.
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APPENDIX A

SENSITIVITY OF LINEARIZED REFLECTION
COEFFICIENTS TO FRACTURE WEAKNESS

To derive the expressions for sensitivity of linearized PP and PS-
reflection coefficients to the fracture weaknesses, we rewrite the
second term in the right hand side of equation 8 as Xf_ ;3¢ _ ,C{;Ey,
where the elements of the two 6 X 6 matrices C’ and E’ are given
by

Cyy = Acy (A-1)

and
Ejj = 7 (A-2)

with
I[=ig;+ (O -i-j)1 - & (A-3)

and

J=kéq+ (9 -k-D(1 - 8. (A-4)

& and & are Kronecker delta.

We explain the procedure through an example. From equations
3,4, 7,8, and A-2, the sensitivity of the normal weakness of the
fractures to the linearized PP-reflection coefficients is given by

A + 2/1' ! ! ! ! !
4p, cos? 9[E11 + x(Ej, + By + E{; + E3))
+ X*(E) + Efy + Bl + EL)]. (A-3)

The polarization vectors corresponding to the incident and the
reflected waves are given by

t = [sin 6 cos ¢,sin @ sin ¢p,cos 6] (A-6)
and
t'" = [~ sin O cos ¢,— sin Osin ¢,cos 0],  (A-7)

respectively. Similarly, the corresponding slowness vectors are

1
p = —[sin 6 cos ¢,sin Osin ¢,cos ] (A-8)
a

and
1 . . .
p’ = —[- sin fcos ¢,— sin sin ¢,cos 6]. (A-9)
a
Thus,
/ ™, Loy 2
B}y = 7o = 6P3tiPilear, = 2| 6'sin” ¢ cos” ¢.

(A-10)

In a similar way, we write the expressions for Ej; corresponding to
PP reflections from a horizontal interface as

E, = sin* 6 cos* ¢ E;=-Eq,
E,, = sin* sin® pcos’ ¢ By =— By
E;z= sin? @ cos® 0 cos? ¢ Ep3=-Exy

E4 = 2 sin® fcos fsin ¢ cos® ¢

Eyy = — 4 sin” @ cos® Osin” ¢
E;s = — 2sin’® fcos Hcos’ ¢
E,s = — 4 sin? § cos® @sin ¢ cos ¢

Ec = 2 sin* #sin ¢ cos® ¢
E4 = — 4 sin’ @ cos #sin® ¢ cos ¢

Ey =Ep E51 =- EIS
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E22 = Sin4 6 Sin4 ¢ E52 = - E25

E,; = sin® @ cos? #sin® ¢

Es; = - E35
E,4 = — 2 sin® @ cos @sin’ ¢
Esy = Eys
E,5 = — 2 sin’ §cos #sin® ¢ cos ¢
Ess = — 4 sin” @ cos® 0 cos® ¢

E,q = 2 sin* @sin® ¢ cos ¢
Esq = 4 sin® fcos 6 sin ¢ cos ¢
E;; =E;; Eg =Egg
E; =Ey Eg = Eg
E;; = cos* @ Eg = Ey
E;y = 2 cos’ Osin @sin ¢ Egy = — By
E;s = — 2 cos® fsin Hcos ¢ Egs = — Eg
E;6 = 2 sin® @ cos? fsin ¢ cos ¢
Eg = 4 sin* @sin” ¢ cos” ¢,

where

Bp= L 1i=1.2 .6
IJ— 209 Y T A 9 e Y.
a

For mode-converted P-SV reflection, the coefficients Ef; = Ey/af,

LJ=1,2,...,6are

E,, = sin® @sin { cos { cos* ¢
E,4 = — sin” fcos 2 sin ¢ cos’ ¢
E,, = sin? @sin £ cos ¢ sin’ ¢ cos® ¢

E,, = — sin §cos 2{ sin’ ¢

E; = cos? #sin £ cos £ cos® ¢ Euy = — cos® fcos 2 sin ¢

E,4 = sin @ cos @ sin 2{ sin ¢ cos’ ¢
E, = — sin 26 cos 2 sin® ¢
E,s = sin 6 cos @sin 2{ cos® ¢
E4 s = —sin26cos 2{ sin ¢ cos ¢
E, = sin® @ sin 2{ sin ¢ cos® ¢
Eu6 = — 2 sin” @ cos 2 sin® ¢ cos ¢
E,; =E;, Es = —sin? fcos 2 cos® ¢
E,, = sin® @sin { cos { sin* ¢

Es, = — sin’ @ cos 2 sin® ¢ cos ¢

E,; = cos® 6

sin  cos { sin’ ¢ Es3 = — cos’ 0cos 2£ cos ¢

E,, = sin #cos fsin 2 sin® ¢ Esy = Eys

E,5 = sin @ cos @ sin 2{ sin” ¢ cos ¢

E
Es =
Esyp =

E;; = — cos?

Ess = — sin 26 cos 2{ cos” ¢
E,q = sin® @sin 2 sin® ¢ cos ¢
s = — 2 sin? @ cos 2 sin ¢ cos® ¢
— sin? @sin { cos £ cos®> ¢ Eg = Eg
— sin® @sin { cos £ sin® ¢ Eg = Eqg
Osin {cos{ Eg = cos’ @sin 2 sin ¢ cos ¢
E34 = — sin @ cos fsin 2{ sin ¢
Eg, = sin 26 sin 2¢ sin ¢ cos’ ¢
E35 = — sin 6 cos #sin 2{ cos ¢
Egs = sin 26sin 27 sin” ¢ cos ¢

E;6 = — sin? @sin 2 sin ¢ cos ¢

Egq = 2 sin® @sin 27 sin” ¢ cos’ ¢b.

Symbol(s)

u
Uy, Uy, U3

h

K

Ky, Ky, Ky ...
etc

o

012, 013, 023
A

C, Ch, Cf

X

A, A,

Ay, Ay, Ay ete.
R(6,¢)

R, R RI
Rig
JR, AR

S()
r
r,

APPENDIX B

NOTATIONS

Description

= Displacement discontinuity vector across a
fracture plane, also called slip vector

= Components of the slip along 1, 2, and 3
directions

= Separation between two fractures

= Compliance matrix

= Elements of excess compliance matrix

= Traction acting on the fracture plane

= Elements of stress tensor

= Lame’s parameters

= Elastic stiffness matrices of fractured
medium, background, and fractures,
respectively

= Square of the ratio of S- and P-wave
velocities in the background medium

=1-2g

= Fracture weakness vectors

= Elements of A

= Reflection coefficient at incidence angle 6
and azimuth ¢

= PP-reflection coefficients

= PS-reflection coefficients

= Difference of reflection coefficients between
two cases/two azimuths

= Scattering function

= Position vector of an arbitrary point

= Position vector of a specific point
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po = Density of background medium
Ap = Perturbation in density
AC = Perturbations in elastic stiffness parameters
t = Polarization vector
p = Slowness vector
¢ = Factor showing dependence of scattering
function on density perturbation
7, E, E’ = Factors showing dependence of scattering
function on perturbations in elastic
coefficients
A = Sensitivity (matrix) of PP-reflection
coefficients on fracture weakness
ay, ay, ayg etc. = Elements of the sensitivity matrix A
B = Sensitivity (matrix) of PS-reflection
coefficients on fracture weakness
by, by, by etc. = Elements of the sensitivity matrix B
c,a = Aperture and diameter of penny-shaped
cracks, respectively
f = (=c/a), aspect ratio of cracks
e = Fracture density

K, k' = Incompressibility of rock matrix and fluid
infill
s = (=«'/k)

q = Fluid indicator in case of cracks interacting

with equant porosity

@p, @. = Fraction of primary (equant) porosity/crack
porosity of total porosity

A,, A. = Factors governing the relative dominance of

primary and crack porosities in fluid indicator

= P-wave velocity in isotropic host rock

S-wave velocity in isotropic host rock

= Poisson’s ratio of isotropic host rock

< ™R
Il
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