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Summary

Conventional fracture-characterization techniques op-
erate with the idealized model of penny-shaped
(rotationally invariant) cracks and ignore the roughness
(microcorrugation) of fracture surfaces. Here, we develop
analytic solutions based on the linear-slip theory to
examine wave propagation through an effective triclinic
medium that contains two microcorrugated, vertical,
orthogonal fracture sets in isotropic background rock.

The corrugation of fracture surfaces makes the shear-wave
splitting coefficient at vertical incidence sensitive to fluid
saturation, especially for tight, low-porosity formations.
Also, in contrast to the model with two orthogonal sets
of penny-shaped cracks, the NMO (normal-moveout) el-
lipses of all three reflection modes (P, S1, S2) are rotated
with respect to the fracture strike directions. Another
unusual property of the fast shear wave S; is the mis-
alignment of the semi-major axis of its NMO ellipse and
the polarization vector at vertical incidence.

Our model may adequately describe the orthogonal frac-
ture sets at Weyburn Field in Canada, where the axes of
the P-wave NMO ellipse deviate from the Si-wave polar-
ization direction. The results of this work can be used to
identify the underlying physical model and, potentially,
estimate the combinations of fracture parameters con-
strained by multiazimuth, multicomponent seismic data.

Introduction

Since fluid pathways are often formed by fracture net-
works and joints, seismic fracture characterization is an
important area of reservoir geophysics. [Bakulin et al.
(2000) outlined several practical approaches to estimat-
ing fracture parameters from surface seismic and VSP
(vertical seismic profiling) data. These papers, however,
are largely focused on the model of rotationally invari-
ant fractures (i.e., oblate spheroids), which have per-
fectly smooth surfaces and are often called “penny-shaped
cracks.” |Grechka et al.| (2003)) considered a single set of
the most general fractures allowed by the linear-slip for-
malism of [Schoenbergl (1980). Such “general” fractures
have rough (microcorrugated) surfaces and are described
by a compliance matrix that has nonzero off-diagonal el-
ements. The results of |Grechka et al. (2003)) show that
fracture rheology has a strong impact on the velocities
and reflection moveout of both P- and S-waves.

Many naturally fractured reservoirs, however, contain two
(or even more) systems of fractures. That is the case,
for example, at Weyburn field in Canada, where bore-
hole imaging reveals two dominant fracture sets, which
are approximately orthogonal to each other (Cardonal
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Fig. 1: Model of two sets of orthogonal vertical fractures. The
fracture strikes are parallel to the axes x1 and x2 of the Carte-
sian coordinate frame. Note that the linear-slip theory does
not account for the interaction of fracture sets.

2002). The assumption that both fracture sets are ro-
tationally invariant cannot explain the misalignment of
P-wave NMO ellipses and the fast S-wave polarization
direction observed in some parts of the reservoir. Mak-
ing the fractures microcorrugated can help to develop an
effective model that accounts for this anomaly without
introducing a third fracture system.

Here, we discuss seismic signatures of two vertical, orthog-
onal, microcorrugated fracture sets embedded in isotropic
background rock (Figure[l)). To gain insight into the in-
fluence of fracture rheology on seismic wavefields, we ap-
ply the weak-anisotropy approximation and linearize the
exact equations in the fracture weaknesses.

Effective medium

The two fracture sets considered here (Figure|l]) have mi-
crocorrugated surfaces and are described by the most gen-
eral compliance matrix K that has six independent ele-
ments (Grechka et al.| [2003]):

Ky Knv Knv
K=| Kyv Ky Kvy R (1)
Kng Kvw Kgm

where Ky is the normal compliance, and Ky and Kg
are the tangential compliances. The off-diagonal compli-
ance elements incorporate the influence of microcorruga-
tion of fracture surfaces. For rotationally invariant frac-
tures (penny-shaped cracks), the matrix is diagonal
and KV = KH.

Seismic signatures are convenient to describe in terms
of normalized compliances called fracture weaknesses
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(Grechka et al.l 2003)):
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where the subscript J denotes either V or H. The off-
diagonal weaknesses are defined as
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where I and J stand for N, V, and H.

According to the linear-slip formalism of |Schoenberg
(1980), the stiffness matrix ¢ of the effective model is
obtained by adding the compliance matrices of the two
corrugated fracture sets to that of the background and
inverting the resulting matrix. The matrix c linearized in
the fracture weaknesses is given by

C11 C12 C13  XC24 Ci5 Ci6
C12 C22 C23 C24 XCi5 C26
c— | 3 C23 €33 XC24 XCi5 C36 (5)
XC24  C24  XC24  Caq 0 ca6 |’
c15  XC15 XCi5 0 C55  Cs6
C16 C26 C36 C46 Cs6  C66
B A
X = —Q/———— .
(A+2p)

According to equation , the effective model has the
most general, triclinic symmetry (i.e., it does not have
axes of rotational symmetry or symmetry planes), with
only one vanishing elastic constant, c4s = cs4. Nonethe-
less, only 14 out of the 20 elastic constants are indepen-
dent because the effective model is constructed using two
Lamé parameters of the isotropic background (A and u)
and 12 fracture compliances (six for each fracture set). If
the fracture azimuth is unknown, it is also necessary to
introduce an orientation angle that defines the azimuth
of one of the sets.

Shear-wave splitting

The shear-wave splitting coefficient (’ys ) at vertical inci-
dence is defined as

2 2
S_VS _VS
Y= L 27

2z, ©)

where Vg1 is the velocity of the fast shear wave. Apply-
ing the second-order perturbation theory in terms of the

fracture weaknesses yields

1
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VS21>/ Vﬁb is the squared ratio of the back-

ground S- and P-wave velocities. As expected, v° at ver-
tical incidence vanishes when the two fracture sets are
identical. To the first order v° coincides with the split-
ting coefficient for rotationally invariant fractures, which
is controlled by the difference between the fracture densi-
ties of the two sets (i.e., by the difference between the tan-
gential weaknesses Ay, and Ay, ). However, if the second-
order terms are substantial, v° is also influenced by the
off-diagonal weaknesses Ay g, and Anv, (¢ = 1,2). Note
that the weakness Ay, depends on saturation and takes
different values for fractures filled with gas, brine, or oil
(Bakulin et al., |2000). Therefore, the vertical-incidence
splitting coefficient for microcorrugated fractures with rel-
atively large off-diagonal weaknesses may serve as an in-
dicator of fluid saturation.

As illustrated by Figure |2| the exact coefficient 'yS can
vary by as much as 50% over the entire range of plausi-
ble values of Anv, (Anv, was fixed). For a tight (non-
porous) host rock, Any, = 0 corresponds to fractures
filled with incompressible fluid such as brine, whereas
nonzero values of Ay, describe fractures at least par-
tially saturated with gas (Bakulin et al., [2000)). If the
host rock has pore space hydraulically connected to the
fractures, the weaknesses Anvy, do not necessarily van-
ish even for incompressible saturating fluids. Hence, for
porous rocks the variation of 'yS with saturation may be
less pronounced than that suggested by Figure 2] Also,
'ys becomes less sensitive to the off-diagonal compliances
and saturation for softer rocks (e.g., marine sediments)
with smaller values of gp.

where g, =

NMO ellipses for horizontal reflectors

Important information for fracture detection is provided
by reflection traveltimes, in particular by normal-moveout
(NMO) ellipses, which can be represented as

V;mzo(a) = Whi cosZ a + Wig sin 2a + Was sin? « , (8)
where Vimo is the NMO velocity measured for the azimuth
a, and W is a symmetric 2 X 2 matrix. For a homoge-
neous layer of arbitrary symmetry, W can be found from
the Christoffel equation (Grechka et al.,1999). To analyze
the NMO ellipses in a horizontal layer with two orthogo-
nal, microcorrugated fracture sets, we linearized the exact
equations in the fracture weaknesses [equations 7].
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Fig. 2: Variation of the vertical shear-wave splitting coeffi-
cient v° as a function of the weakness Anv;. The solid line
is the exact v° from equation @, where the velocities are
computed from the Christoffel equation; the dashed curve is
the approximation . The model parameters are Vp, = 3
km/s , Vg, = 1.5 km/s, Ay, = 0.5, Ay, = Ay, = 0.25 and
AnpH, = Aypm, = 0.1. Each weakness of the second fracture
set except for Ay, is equal to one-third of the corresponding
weakness of the first set; Ayv, = Anp, /3.

For P-waves, the elements of matrix W7 are:
W =V [1+ An, (1 - 4g7)

9)
(10)
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W =v? [1 + An, (1 - 4g7)

(11)

Equations @f show that only the presence of the
off-diagonal weaknesses can explain the misalignment of
the P-wave NMO ellipse with the fracture planes. If both
fracture sets were rotationally invariant, the matrices W
for all three modes (not just for P-waves) would be diago-
nal, and the axes of the NMO ellipses would be parallel to
the fracture strike directions. By contrast, for microcor-
rugated fractures all three NMO ellipses generally have
different orientations, and none of them is aligned with
the fracture azimuths (Figure [3)). For the model in Fig-
ure [3] the weak-anisotropy approximations for the NMO
ellipses (not shown here) are close to the exact solutions
for the full range of azimuths.

+AN1 (1 — 2gb)2 + 4gs AV2:| .

The orientation of the NMO ellipse of the Si-wave can
help to distinguish between the models with one or two
microcorrugated fracture sets. If the second set does not
exist, then the semi-major axis of the NMO ellipse of the
Si-wave is parallel to both the fracture strike and the fast
shear-wave polarization direction (Grechka et al., 2003).

P-wave reflection coefficient

Another seismic signature that can be effectively used in
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Fig. 3: Exact NMO ellipses for a horizontal layer that con-
tains two vertical, orthogonal sets of microcorrugated frac-
tures. The semi-major axes of the ellipses are marked by
arrows. The strike azimuth of the dominant (first) fracture
set is 90°. The parameters are Vp,=2 km/s, Vg,=1 km/s,
Ay, = 025, Ay, = Ay, = 012, Any, = Ang, = 0.17,
and Ay g, = 0.12. Each weakness of the second fracture set
is equal to one-third of the corresponding weakness of the first
set.

fracture detection is the azimuthally varying reflection
coefficient, in particular the AVO (amplitude variation
with offset) gradient responsible for small- and moderate-
offset reflection amplitudes. We consider an isotropic inci-
dence halfspace above the triclinic medium described by
equation and assume a weak contrast in the elastic
properties across the interface and weak anisotropy (i.e.,
small fracture weaknesses) in the reflecting halfspace. The
weak-contrast, weak-anisotropy approximation for the P-
wave reflection coefficient in arbitrary anisotropic media
is derived in [Vavrycuk and Psencik|(1998). By combining
their general result with the linearized stiffness coefficients
for our model, we find the P-wave reflection coefficient
Rpp as a function of the phase incidence angle 6:

Rpp(f) = A+ Bsin®0 + C'sin® 6 tan® 6. (12)
Here, A is the normal-incidence reflection coefficient that
is not influenced by anisotropy, B is the AVO gradient,
and C is the so-called “curvature” (large-angle) term.
Both B and C can be separated into the isotropic and
anisotropic parts, with the anisotropic part of the AVO
gradient (Bani) obtained as

Bani(¢) = go {— [(1 — 295) An, + Avy]cos® ¢
- 2%/% (AnH, + Anns) (1 —2gy) sin2¢
+ [AVz —2Av, — (1 - 295) ANQ] sin” (;b} s (13)

where ¢ is the azimuthal phase angle measured from the
xi1-axis. There are interesting similarities between equa-

tion and equations @, for the P-wave NMO
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Fig. 4: Azimuthal variation of the P-wave AVO gradient for
our triclinic model computed from equation . The strike
azimuth of the dominant fracture set is 90°; the direction of the
largest gradient (black arrow) is close to 25°. The parameters
are VPb/VSb = 37 ANl = 0257 Avl = AHl = 0.12, and
Anp, = 0.05. Each weakness of the second fracture set is
equal to one-third of the corresponding weakness of the first
set.

ellipse. First, Bani(¢) traces out a curve close to an el-
lipse in the horizontal plane, with B_,%(¢) being exactly
elliptical. Second, the only off-diagonal weaknesses ap-
pearing in the linearized equations for both the reflection
coefficient and NMO ellipse are Ay, and Axp,. Third,
the “principal direction” of the curve Bani(¢) is rotated
with respect to the horizontal coordinate axes (i.e., with
respect to the fracture azimuths) only when Ang, # 0 or
Anm, # 0. Furthermore, the rotation angle of both the
NMO ellipse and AVO gradient is controlled by the sum

AN, + ANH,-

The example in Figure [] illustrates the orientation and
the quasi-elliptical shape of the AVO gradient from equa-
tion (L3). If the weaknesses Ayp, and Anp, are set to
zero, the direction of the largest (by absolute value) AVO
gradient is perpendicular to the dominant fracture set.
Despite the small values of Anxg, and Anm,, the con-
tribution of the off-diagonal weaknesses is sufficient for
rotating this direction by about 25°.

Discussion and conclusions

We studied seismic signatures of an effective triclinic
medium formed by two sets of vertical, orthogonal
fractures with microcorrugated surfaces embedded in
isotropic host rock. By applying expansions in the frac-
ture weaknesses (normalized compliances), we derived
closed-form analytic expressions for shear-wave splitting,
the NMO ellipses of horizontal reflection events, and the

P-wave reflection coefficient. Due to the presence of the
off-diagonal weaknesses related to the roughness of frac-
ture surfaces, the vertical shear-wave splitting coefficient
~% varies with fluid saturation, and the NMO ellipses
of all three modes are rotated with respect to the frac-
ture strike directions and one another. For P-waves, the
principal azimuthal directions of both the NMO ellipse
and AVO gradient depend on the sum of the off-diagonal
weaknesses Ang, and Ang,. If Avg, = Anvm, = 0,
then the NMO ellipse and AVO gradient are aligned with
the fracture strike directions, as is always the case for
penny-shaped cracks.

Although the fracture compliances for our model cannot
be resolved individually even from the complete stiffness
matrix (Grechka and Tsvankin, [2003), our results can
help to estimate certain parameter combinations and ver-
ify whether the underlying physical model is appropri-
ate. For example, analysis of the NMO ellipse of the fast
shear wave S; suggests a simple way to distinguish be-
tween models with one and two microcorrugated fracture
sets. For a single set of fractures, the semi-major axis
of the Si-wave NMO ellipse and the polarization vector
of the Si-wave at vertical incidence are parallel to each
other and to the fracture strike. This is no longer the
case for the model with two fracture sets where the angle
between the polarization vector and the semi-major axis
of the NMO ellipse for the S;-wave can reach 20-30°.
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