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Abstract—Fracture orientation and in particular the fracture
strike play an important role in guiding the accurate estimation of
the orientation of in situ stress fields. Fracture strike can be
extracted based on the azimuthal seismic reflection responses.
Thus, the characteristics of seismic reflection responses varying
with fracture strike are critical for fracture strike estimation. In this
work, a set of vertical fractures with different strikes is introduced
into an isotropic host matrix based on the Schoenberg linear-slip
theory, and the azimuthal seismic reflection response is modeled
based on the reflection/transmission analysis at a plane interface.
The effect of fracture parameters, i.e., fracture density, fracture
aspect ratio, and fluid infill on the seismic reflection response, is
analyzed. The influences of fracture strike on the stiffness matrix
are simulated, and we further discuss the impacts on the P- and
S-wave velocities. The influences of fracture strike on the reflection
coefficient are depicted using the rose diagram method. The pro-
posed workflow is applied to real seismic reflection data. The
method is used to estimate the fracture strike with the seismic data
in the Sichuan Basin work area by assuming that all fractures are
vertically oriented, and the rose diagram is obtained close to the
target layer. The results show that the fracture strike predicted by
the method is in good agreement with the estimation based on the
well-bore imaging data.

Keywords: Fracture strike, fracture weakness, stiffness
matrix, azimuth, reflection coefficient, rock physics modeling.

1. Introduction

Fracture system is an important factor that affects
the production quality of shale reservoirs. They
generally play a role in the subsurface storage and
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transport channels for oil and gas. The accurate pre-
diction of fractures is key and has proved to be a
difficult point for shale gas reservoir developments
(Lietal., 2018; Lyu et al., 2017; Marfurt et al., 1998).
Specifically, the strike of fracture distributions is an
important target for seismic detection and explo-
ration. For shale reservoirs, reliable fracture feature
descriptions and accurate fracture spatial predictions
are helpful for improving efficient hydrocarbon
exploration and further optimizing the production and
development designs (Gong et al., 2021a, b).

Azimuthal anisotropy in rocks can result from the
presence of one or more sets of partially aligned
fractures with orientations determined by the stress
history of the formation. Thus, the anisotropy of
seismic reflection responses can be utilized to esti-
mate the fracture orientation (e.g., Sayers et al.,
2001). The model of real strata can be simplified to
be anisotropic along a single direction in engineering
applications, i.e., transversely isotropy (TI) medium.
With the development of fracture detection tech-
niques, fracture strike estimation based on seismic
reflection data has attracted increasing attention
(Long et al., 2011).

Since the start of the studies on natural fractures
of formations in the 1960s, fracture prediction
methods have gradually evolved. The presented
methods for predicting fractures include post-stack
attribute fracture and pre-stack seismic anisotropic
fracture predictions. Post-stack seismic attributes are
mainly the properties related to the amplitude, fre-
quency, waveforms, and other attributes extracted
from post-stack seismic data.

The coherence attribute was proposed by Bahor-
ich and Farmer (1995) to characterize the similarity
between adjacent data. It can be used to predict the
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fracture development zones and macroscopically
determine the development and distribution charac-
teristics of fractures. However, the ability to identify
fractures is limited. For the zones with developed
fractures, Lisle (1994) analyzed the relations between
the Gaussian curvature and open fractures measured
on an outcrop. The curvature attribute is an indirect
indicator to identify the locations of fracture devel-
opments. It indirectly and qualitatively describes the
development of fractures and reflects the fractures
caused by structural deformation. Dorigo (1996)
proposed the ant algorithm. Pedersen et al. (2002)
proposed a method of fracture identification using ant
tracking. Fractures can be effectively predicted and
described by retrieving these seismic properties (e.g.,
the coherence attribute, curvature attribute, and ant-
tracking body attribute). However, instead of char-
acterizing fracture distribution characteristics, the
aforementioned methods majorly focus on the
descriptions of large-scale faults (Marfurt, 2007).

For fracture prediction based on prestack seismic
data, the azimuthal anisotropy difference is exploited
(Crampin, 1981, 1985; Thomsen, 1986). With the
development of amplitude versus offset (AVO)
techniques, the amplitude versus angle and azimuth
(AVAZ) fracture detection methods have been
developed and gradually became important tools in
fracture detection technology. Different degrees of
fracture development affect the anisotropy in the
azimuth properties of reservoir rocks, and this feature
can be exploited to identify and predict fractures.
AVAZ fracture detection technique can quantitatively
reflect the fracture properties of a HTI (horizontal
transverse isotropic) medium (Afzal et al., 2022; Liu
et al., 2022; Pan et al., 2017).

Fracture characterization is usually based on the
concept of an effective medium model. The widely
used effective medium theories include the Hudson
model (Hudson, 1981) and linear slip model proposed
by Schoenberg (1980), which describes the case of a
HTI medium with a single set of vertically oriented
fractures. According to the approximate formulae of
the HTI medium P-wave reflection coefficients,
Riiger (1998) inverted the azimuth and azimuth

Pure Appl. Geophys.

anisotropy terms to predict the fracture direction and
development degree of the HTI medium (Schoenberg
et al., 1995). Riiger (2002) established the approxi-
mate equation of the azimuth AVO reflection
coefficients in a HTI medium.

In addition, Li (1999) proposed an approximation
for the reflection amplitudes of the HTI fractured
media with any azimuth. Mallick et al. (1998) esti-
mated fracture orientation and fracture density
according to the ellipse variations of amplitude with
azimuth. Al-Marzong et al. (2006) fitted the varia-
tions of AVO gradients at different orientations
regarding the observed orientation as an ellipse in the
polar coordinate system and applied the ellipticity to
characterize the development of fracture density.
Bacharch et al. (2009) extended the approximate
equations of reflection coefficients of a HTT medium
to those of an orthotropic medium. For a wide azi-
muth angle, an AVAZ attribute inversion based on
the orthotropic fracture model was performed with
pre-stack seismic data for fracture predictions.
Downton et al. (2010, 2015) used the Fourier series to
expand Ruger’s equation of azimuthal AVO reflec-
tion coefficient and predicted fractures based on the
second-order Fourier coefficients. Based on the pre-
stack azimuthal gathers, Yin et al. (2014) developed
an anisotropic gradient inversion method to predict
fractures. Wang et al. (2021) applied an azimuthal
Young’s modulus ellipse-fitting to predict fractures.
Liu et al. (2018a) performed the AVAZ property
analysis and fracture prediction of an orthotropic
media for tight oil reservoirs. In the absence of dif-
ferent fracture fluid fillings, the relation between
fracture properties and AVAZ responses was
analyzed.

In this study, we consider a two-layer model with
a single interface, in which the upper layer is an
isotropic medium, the lower layer is a HTT medium,
and the thickness of each layer is 50 m, to simulate
the seismic reflection response of the TI medium with
fracture-induced anisotropy, as shown in Fig. 1. The
parameters of the upper and lower layer are shown in
Table 1 and correspond to typical AVAZ responses.
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Schematic diagram of the single interface model I

As shown in Fig. 1, x1, x,, and z are the coordinate
axes in model I, respectively, § denotes the angle
between the fracture plane and the x, axis, ¢ corre-
sponds to the azimuth angle of the source-receiver
line, and ¢ = ¢ — f is the fracture azimuth angle.
Previous studies on the effective compliance matrix
mainly focused on the elastic media with fractures
parallel or perpendicular to the x, axis (Liu et al,,
2018b; Pan et al., 2016). Based on model I, we pro-
pose a fracture prediction method. It is related to a set
of vertical fracture systems with any development
direction in the host medium. First, based on the
linear slip model as given in Sect. 2.1, a fracture
stiffness matrix is constructed. Then, according to the
scattering theory as given in Sect. 2.2, the stiffness
matrix obtained is combined with the formula of P-
wave reflection coefficients of a HTI medium by
Shaw and Sen (2004, 2006) to calculate AVAZ
reflection coefficients. Finally, according to the
results of AVAZ analysis, a rose diagram is proposed,
and the fracture azimuth information is estimated
with the AVAZ attributes. This is the focus of the
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proposed method of fracture prediction. Besides, we
have added the analysis of factors affecting fracture
weakness, as shown in Sect. 2.3 and 3.1, and the
influence of B on the stiffness coefficients and
velocities as shown in Sect. 2.4 and 3.2. The fourth
part is given to verify the proposed method with the
field seismic data of Sichuan Basin work area.

2. Basic Theory

2.1. Establishment of Rock Stiffness Matrix
with Vertical Fractures

Schoenberg (1980) proposed a model of an
incomplete bonding interface between two elastic
media. The displacement discontinuity, or slip, is
taken to be linearly related to the stress traction,
which is continuous across the interface. For isotropic
interface behavior, there are two complex frequency-
dependent interface compliances, Zy and Zr, where
Zy is the normal compliance, which is perpendicular
to the fracture surface, and Zr is the tangential
compliance, which is parallel to the fracture surface.

The effective elastic tensor of the fractured
medium (i.e., the sum of the elastic tensor of the
host matrix and that of the aligned fracture groups) is
related to Zy and Zr. For a set of parallel fractures
embedded in an isotropic host medium, the linear-slip
model can be applied, and the effective medium can
be considered as a transversely isotropic model with
its horizontal axis of symmetry perpendicular to the
fractures. In this elastic medium, the effective
compliance matrix can be determined as the sum of
the host compliance and the excess fracture compli-
ance due to the presence of fractures (Schoenberg &
Sayers, 1995).

Table 1

Parameters of model 1

Vpo Vso Vpoo Vsoo Density AN At Thickness
(km/s) (km/s) (km/s) (km/s) ( g/cm3) (m)

ISO 3.410 1.640 3.410 1.640 2.60 0 0 50

HTI 6.640 3.440 6.489 3.549 2.71 0.1291 0.2580 50
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According to the Schoenberg model, the stiffness
matrix C can be derived with the stiffness matrix of
the host rock and fracture system (Schoenberg &
Sayers, 1995),

C=5"'=(S+> 87", (1)
q

where S denotes compliance matrix of the effective
medium, S, is the compliance of the host medium, S¢
is the compliance of the fracture system, and g is the
ordinal number of the fracture system. In the Voigt
notation, the stiffness matrix C, of the isotropic

medium is
I+2u 2 A0 0 0
o A+2u 4 0 0 0
B Y A A42u 0 0 0
Co = 0 0 0 pu 0 0 » (2)
0 0 0 0 u O
0 0 0 0 0 u

where 1 and u denote the first and second Lamé
parameters of the host matrix without fractures.

A= Vigp = 2Vp, (3a)

w=Vgp, (3b)

where Vpg and Vg are the P- and S-wave velocities at
the vertical direction (although they are independent
with wave transmission direction for the isotropic
case), respectively, and p is density; these are given
in Table 1.

Then, the compliance matrix of the host Sy, can be
obtained. The development direction of the first g
groups of the fracture system is related to ff(¢). The
compliance matrix Sy with a set of fractures is

St S22 0 0 0 S

Si2 S22 0 0 0 S

0 0O 0 O 0 0
S5=10 0 o Su Sis 0|7 (4)

0 0 0 S84 Sss O

Sie S O O 0 S

(Schoenberg et al, 1999), and the specific
expressions of the components in Eq. (4) are

3Zn+Zy i Z_N

S =
11 3 2C

N — 7
osf+ N8 Hcosdp,  (5a)
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N —Zy

Sip = 3 (1 — cos4p), (5b)
Znsin2f ZIn — Z
Si6 = NS ﬁ-|- Nl indp, (5¢)
2 4
3n+2Zy 7 N — 7
S = DN Neosp+ 2 _eosap,  (5d)
8 2 8
3Zn+Z Z N — 7
Sn = INTAH Neosp+ N—Meosap, (5e)
8 2 8
Znsin2 N — 7
Sy = NSIN2B D=7 g (5f)
2 4
Zy(1 —cos2
Sas = Zv(l — cos2f) 5 J ) (52)
Zosi
§us = 2VSinB (5h)
2
Zy(1 2
Ss5 = 2+ cosf) +2COS ‘B)v (51)
IntZn In—7
Se6 = NEO N = cosdp, (5))

2 2

where Zy and Zy are the vertical and horizontal
tangential compliances, respectively. For a HTI
media,

Zy =7y = Zr. (6)
Thus, the stiffness matrix C of the HTI media

containing one groups of different fractures is
obtained.

Ci Cn Cis O 0 Ci

Cy Cpn Cyn O 0 Gy

|G Cxn Gz 0 0 Cs
C= 0 0 0 Cu Cy4i5 O (7)

0 0 0 GCs4 Cs5 O
Co1 Coo Ce3 O 0 Ces

2.2. TI Medium Reflection Coefficient Equation

Shaw and Sen (2004, 2006) linearized the P-P
wave reflection coefficients in a weakly anisotropic
media to characterize the fracture-induced weak
anisotropy. By combining the matrix obtained in
2.1 with it, i.e., combining the perturbation matrix
with the scattering theory, the PP reflection coeffi-
cient can be represented as (Shaw & Sen, 2004, 2006)
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Ree = 4pc os20< Pf-l—ZZACm,,nmn) (8)

m=1n

where Ap=p, — p; and AC = C, — Cy represent the
perturbations of density and stiffness matrices caused
by the fracture development, respectively. p; and p,
represent the densities of the upper and lower media
in the two-layer model, respectively. p, represents
the density of the host medium, and C; and C; are the
stiffnesses of the upper and lower media, respec-
tively. 0 is the incident angle, the two parameters ¢
and 7 are associated with the slowness vector p and
the polarization vectors t. &, , p and t are determined
as are shown in Appendix A.

2.3. Normal and Tangential Weakness
Equations of Fractures

Hsu and Schoenberg (1993) proposed the two
dimensionless parameters Ay and At to characterize
the changes in rock stiffnesses due to the presence of
fractures (Hsu & Schoenberg, 1993):

(A+2u)Zy
Ay=—"F"T"1T 9
N T (it 20)Zy %a)

uZy
Ap=———, 9b
g 1+ uZy ()

where Ay represents the variation of elastic parame-
ters induced by fractures in the direction
perpendicular to the fracture surface, and Ar denotes
the variation of elastic parameters induced by frac-
tures in the direction parallel to the fracture surface,
which is also called fracture weakness.

Schoenberg and Douma (1988) and Teng (1998)
neglected the high-order corrections and considered
the first-order correction of the Hudson model
(Hudson, 1981) and established the relation between
the linear slip model and the Hudson thin coin-shaped
model (Hudson, 1981).

A+2
AN:H- n

U33€7 (IOa)
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Ar=Uje, (10b)

where e denotes fracture density, and Us3 and U, are
the coefficients of the Hudson model, which can be
determined with

16(A+2 1
11:M—, (11a)
3(3+4p) 1+M
4(242p) 1
S Sl e o 11b
BT 3(04p) 14k (11b)

where M and k are the parameters related to the
fracture characteristics (Schoenberg & Douma,
1988).

_ 4p (A42u) 7 (12a)
Ty u(A4w)

_ K +(4/3)u](2+2u) ’ (12b)
T (A+ )

K = prfz’fv (133)

.“/ = pfvéf’ (13b)

where K" and 4 are the bulk and shear moduli of
fracture fluid, respectively. Vp; and Vg, are P- and S-
wave velocities of fluid, respectively. p; is fluid
density.

Substituting Eqs. 11(a)-12(b) sinto Eqs. (10a) and
10(b), we have

Av = 461 K43\’ (14)

3g(1—3) {1 T g ( L )]

16e
3(3—-2g) [1 + (3 2g) (ll://ﬂ |

where g=pu/(A42u), and y is fracture aspect ratio.

Ar =

(14b)

2.4. Elastic Wave Velocities in TI Medium

For a TI medium, the five wave propagation
velocities, i.e., Vpg, Vpas, Vpoy, Vsgo and Vgg, are
related to the stiffness coefficients. Ci; = Vggop,
Con = Viisp, Cy3=Vip, Caa=Vip, and
Cs5 = Véop, where Vpgg and Vggp are the P- and S-
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Table 2

Parameters of fracture

Fracture Fracture  Fluid P-wave S-wave
density  aspect density (g/ velocity of velocity of

ratio cm?) fluid (km/s) fluid (km/s)
0.1 0.1 0.9 1.2 0

wave velocities at the horizontal direction, respec-
tively, and Vpys is the P-wave velocity at the 45°
direction.

3. Forward Modeling Analysis

Based on the theoretical analysis, the forward
simulation is performed. First, according to Tables 1
and 2, the influences of fracture parameters on frac-
ture weakness are analyzed. Then, different fracture
stiffness matrices are established according to dif-
ferent fracture strikes. The change of stiffness
coefficients and velocities regarding fracture strike is
analyzed. Finally, by setting the values or ranges of
incident angle, azimuth angle, and f, and using the
parameters given in Eq. 8 and Table 1, we can obtain
the change of P-wave reflection coefficient of model I
regarding incident angle and azimuth angle (AVAZ
responses). According to the change of reflection
coefficients with fracture azimuth, a rose diagram is
obtained to analyze the influence of fracture azimuth
on the reflection coefficient. Then, the fracture
properties are predicted.

3.1. Effects of Fracture Parameters on Fracture
Weakness

In fractured reservoirs, the effects of fracture
density, fracture aspect ratio, and fluid type on the
fracture normal and tangential compliances can be
used to characterize the reservoir characteristics to
support fracture parameter inversion. The analysis of
the influences of different fracture parameters on
fracture weakness provides a theoretical basis for the
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prediction of fracture density and fluid. The relevant
parameters in modeling are given in Table 2.

3.1.1 Effects of Fracture Density

Figure 2 shows fracture weakness versus fracture
density for four different fracture aspect ratios.
Figure 2a shows that in all four cases there is a
linear increase with the increase of fracture density,
but the slopes are different. The slope of Ay increases
with fracture density. In Fig. 2b, Ar increases with
the increase of fracture density as well; however, it is
not affected by the change of fracture aspect ratio. Ay
is more sensitive to the change of fracture density
than Ar.

3.1.2 Effects of Fracture Aspect Ratio

Figure 3 shows the effects of fracture aspect ratio on
fracture weakness for four different fracture densities.
From Fig. 3a, Ay increases with the increase of
fracture aspect ratio for all cases, and the slope
decreases with the increase of fracture aspect ratio.
The change of Ay becomes more significant when the
fracture density increases, and when the fracture
density equals to 0.01, Ay is almost unchanged.
Figure 3b shows that the change of fracture aspect
ratio does not affect the tangential weakness of
fracture, and it increases with fracture density.

3.1.3 Effects of Fracture-Filling Fluid

Figure 4 shows the effects of fluid density on the
fracture weakness regarding the different fluid P-
wave velocities. Figure 4a shows that Ay decreases
with the increase of fluid density or increase of fluid
P-wave velocity. As shown in Fig. 4b, Ay is not
affected by the fluid properties.

3.2. Rock Stiffness Parameters Regarding Fracture
Strike

For the analysis of the variation of rock stiffness
coefficients regarding fracture strike, the tangential
and normal fracture weaknesses in Table 1 are kept
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Relation between fracture weakness and fracture density under different aspect ratios. a When the aspect ratio of the fracture is 0.01, 0.05, 0.1,
or 0.2, the normal fracture weakness changes with the fracture density. b When the aspect ratio of the fracture is 0.01, 0.05, 0.1, or 0.2, the
fracture tangential weakness changes with the fracture density
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Figure 3
Relation between fracture weakness and fracture aspect ratio under different fracture densities. a When the fracture density is 0.01 g/cm?,
0.05 g/cm3, 0.1 g/cm3 , or 0.15 cm?®, the relation between the fracture normal weakness and the aspect ratio of fracture. b When the fracture
density is 0.01 cm3, 0.05 cm3, 0.1 cm3, or 0.15 cm3, the relation between the fracture tangential weakness and the aspect ratio of fracture

unchanged, and f is changed to obtain the different
stiffness matrices. Thus, we obtain the different
stiffness coefficients and the relations between the
stiffness coefficients and the velocities. By setting f
between 0° and 180°, we obtain the variations of
stiffness coefficients regarding the fracture orienta-
tion as shown in Fig. 5.

We observe that Ci;; does not vary with the
fracture strike. As the fracture strike changes, C;; and

C,, fluctuate, and both increase first and then
decrease to the minimum in the range from 0° to
90°. The former becomes maximum at 54°, and the
latter becomes maximum at 36°. The change in the
range from 90° to 180° is symmetrical to that from 0°
to 90°. Cy44 increases first and then decreases, while
Css has the opposite trend. They are much lower than
C11, C22 and C33.
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Variation curves of the stiffness coefficients regarding fracture
strike

Based on the equations in Sect. 2.4, three char-
acteristic angle-dependent P-wave velocities are
shown in Fig. 6. Vp, is a constant of 6547 m/s, and
not affected by the fracture strike.Vpgq is related to
the fracture strike and symmetrical at 90°, which
increases first and then decreases to a minimum of
6190 m/s in the range from 0° to 90°. Vpys also
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Relation among three P-wave velocities and fracture strike

increases first and then decreases from 0° to 90°, but
the minimum is 6196 m/s at 0°.

With the equations in Sect. 2.4, two characteristic
angle-dependent S-wave velocities are given in Fig. 7
regarding the fracture strike. Vgqq first decreases and
then increases, with the maximum of 3858 m/s at 0°
and minimum of 3440 m/s at 90°. When f is set at 0°,
Vsoo is consistent with that in model 1. Vg shows an



Vol. 180, (2023)

4500 T T T T T T
—— V99
—— Vg,

4000 [

Velocity(m/s)

3500 [

3000 . . . . . . .
0 20 40 60 80 100 120 140 160 180
B()
Figure 7
Relation between two S-wave velocities and fracture strike

Reflection coefficient
o o o o
2 9 o 9 o °© N
o (3, (3] [«>] (3] ~ (4]
L

o
»
L

0.35 =
0

100 0
200 20 10
300 30

400 40

Azimuth angle(®) Incident angle(°)

Figure 8
Variation of reflection coefficient regarding incident angle and
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opposite trend, and the maximum is 3858 m/s at 90°
fracture strike.

3.3. AVAZ Responses with Variable Fracture
Azimuth

The incident angle is considered to be between 0°
and 40°, and the azimuth angle is considered to be
between 0° and 360°. f is set to 30°. We obtain the
change of reflection coefficient of model I with
incident angle and azimuth angle (AVAZ responses)
using Eq. 8 and the parameters given in Table 1. This
is shown in Fig. 8. To be more intuitive, the change
of the reflection coefficient of model I with azimuth
angle is extracted from Fig. 8 when the incident
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angles are 10°, 20°, 30°, and 40°. Then, four sets of
polar coordinates of reflection coefficient varying
with azimuth angle are obtained, as shown in Fig. 9.

In Figs. 8 and 9, the reflection coefficient grad-
vally decreases as the incident angle increases.
Furthermore, the variation with azimuth angle is
small when the incident angle is small, and the rose
diagram is close to a circle, where the azimuthal
anisotropy of the reflection coefficient is weak. For a
larger incident angle, more significant azimuthal
anisotropy is observed. Thus, the P-wave reflection
coefficient at the anisotropic interface is related to the
incident angle or offset distance.

The long axis of the ellipse for the reflection
coefficient can be used to identify the azimuth of
fractures. With the fixed incident angle of 40°, and
the azimuth of the source-receiver line ¢ (from 0° to
360°), by varying f3, the azimuth ¢ can be obtained,
as shown in Fig. 10. The main difference between the
seismic AVAZ responses due to fracture disturbance
in the HTT model is related to the azimuth variation at
large incident angles. The long axis of ellipse
indicates fracture strike. When f§ changes within the
range < 90°, the predicted vertical fracture strike
varies.

4. Fracture Strike Prediction with Real Seismic Data

The fracture strike estimation with the proposed
method is performed on the field seismic data
acquired from the work area of Sichuan Basin,
southwest China. Figure 11 shows the pre-stack time-
migrated AVAZ gathers, which consist of 600 CDPs
for 400 lines, with incidence angles of 1°-30°and
azimuth angles of 0°~150°. The target fractured shale
reservoir is located at about 1700 ms. The solid red
line corresponds to the bottom of the target layer, and
the seismic horizon of the bottom of the reservoir is
shown in Fig. 12.

As is shown in Fig. 12, there is an anticline in the
target area due to the lateral tectonic compression. In
general, the fractures can be described qualitatively
by using waveform-similarity-based attributes, such
as the coherent bodies, 3D curvature, ant tracking,
and other attribute bodies. Although these properties
do not characterize the geometric properties or
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Four groups of reflection coefficients varying with azimuth angle. a Rosette with incident angle of 10° and reflection coefficient changing with
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30° and reflection coefficient changing with azimuth angle. d Rosette with incident angle of 40° and reflection coefficient changing with
azimuth angle

orientations of the fractures, they can be used to
approximately describe the spatial distribution of
fractures. Figure 13 shows the ant-tracking attribute
of the target area following a previously presented
method (Randen et al., 2001; Pedersen et al.,
2002, 2003; Zhao et al., 2018). It indicates many
fractures in the target area, especially around the
anticline location. The red solid curves in Fig. 12
indicate anticline location. Comparing Figs. 12 and
13 shows that many fractures are developed at the
locations around two flanks of the anticline.

In the following, we neglect the lateral variations
of the fracture dip angle and assume that all the
fractures are vertical fractures since they are mostly

high-angle fractures in the target area. This is con-
sistent with the assumptions of rock physical
modeling in this work, so the proposed model is
applied to perform the fracture strike estimation.

Based on the analysis, the long axis of the rosettes
of AVAZ gathers corresponds to the strike of frac-
tures. It provides the possibility to use AVAZ seismic
data to estimate the strike. The rosettes of seismic
data are produced in the vicinity of the target layer
corresponding to the red curves in Fig. 11, and the
rosettes are given in Fig. 14.

To improve the signal-to-noise ratio, we consider
the partially stacked data in ranges of 0-10°, 10-20°,
and 20-30° as the near-, medium- and far-angle
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AVAZ responses with variable azimuth. a AVAZ response with variable azimuth angle when f is 0°. b AVAZ response with variable azimuth

angle when f is 15°.c AVAZ response with variable azimuth angle when f is 30°.d AVAZ response with variable azimuth angle when f is

45°.e AVAZ response with variable azimuth angle when f§ is 60°.f AVAZ response with variable azimuth angle when f is 75°.g AVAZ
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incidence data, respectively. Figure 14 shows that the layer for the entire work and estimate the fracture
fracture strikes are majorly distributed at around strikes. The arrows in Fig. 15 correspond to the
200°. Figure 15 also shows the estimated maximum fracture directions within the target layer. The
horizontal principal stress, which is estimated by directions of faults and fracture developments are
using the method presented by Li et al. (2022). generally along the northeast direction.

Similarly, we analyze the seismic data at the target
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Three-dimensional depth domain seismic horizon of the reservoir bottom
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Figure 13
Ant-tracking attribute of the target area

To verify the validity of the proposed method, we
compare the interpretation results on the basis of
well-bore imaging logs with the predicted fracture
strikes. Well B with the black dashed box in Fig. 15
is considered for the comparative analysis.

Figure 16 shows (a) bulk and (b) shear moduli, (c)
density, (d) normal and (e) tangential fracture
weaknesses, (f) fracture density, (g) fracture filling
fluid indicator 1/Fc, (h) differential horizontal stress
ratio (DHSR), (i) fracture strike, and (j) volume
contents of minerals, with (Huang et al., 2022)

’

K
oy’

Fe=1-0"+ (15)

and

DHSR = 2~ (16)
OH

where Cb denotes shear modulus, oy is maximum
horizontal principal stress, and oy is minimum hori-
zontal principal stress. The areas with a high fracture
density, high DHSR, and high 1/Fc (at around
2.4-2.42 s) indicate high-quality gas-bearing frac-
tured reservoirs.

The fracture strikes interpretated based on the
well-bore imaging logs are given in Fig. 16i, which
shows that the fractures are developed along the
northeast direction. We highlight the seismic esti-
mation results corresponding to well B (black dashed
box), which is in good agreement with the results of
well-bore imaging logs.
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Rosette diagrams based on the real seismic data

5. Conclusion

Traditional seismic fracture strike prediction
method is based on the Riiger approximation to
analyze and invert fracture-related parameters. In this
work, a fracture strike estimation method is proposed
based on the Schoenberg linear slip model and scat-
tering theory. We derive the stiffness matrix by
introducing a set of fractures with different strikes

into the host matrix. Based on the scattering theory of
Shaw and Sen (2006), the P-P wave reflection of the
fractured model is modeled. When a P-wave propa-
gates in an HTI medium, the P-wave reflection
coefficient regarding azimuth can be approximately
described with an ellipse, and the long axis of the
ellipse may indicate the direction of fracture. The
proposed fracture strike prediction method achieves
the satisfactory results for estimating the fracture
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strikes with the seismic data from the work area of
Sichuan Basin, and the predictions are consistent with
the well-bore imaging results. The application indi-
cates that the proposed method is feasible for
predicting the fracture strikes in the complex HTI
formations.
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estsAppendix A: Calculation formulas of ¢ and n

in Eq. 6
t = [sin 0 cos @, sin 0 sin ¢, cos 0], (A — la)
t' = [—sinfcos ¢,sinOsin @,cos 0], (A — 1b)
1
p =—|[sinOcos @,sinfsinp,cos ], (A — lc)

Ol

1
p' = —[—sin6cos ¢, —sin Osin ¢, cos 0],

Olp
(A —1d)

& = t;t; = cos? § — sin” 0 = cos 20, (A —2a)

M = G D), (A —2b)

where the corresponding parameters 1, are

determined.

and

Pure Appl. Geophys.

ny, = sin* Ocos® ¢ /ag, (A —3a)

N1, = sin* 0sin® g cos® ¢ /ag, (A —3b)
113 = sin” 0 cos® O cos® ¢ /ap, (A —3c)
N4 = 2sin’ Ocos Osin p cos® ¢ /o, (A — 3d)
ns = —2sin’ O cos O cos’ ¢ /ay, (A —3e)
M1 = 2(sin* Osin ¢ cos’ ) /ay, (A —3f)
Ny, = sin* Osin® ¢ /ag, (A —3g)

1,3 = sin” O cos® Osin® ¢ /g, (A —3h)
Hpy = —2sin’ O cos Osin® ¢ /ay, (A —3i)

M5 = —2sin’ O cos Osin* pcos ¢ /ag, (A — 3j)
My = 2(sin* @sin® ¢ cos @) /ay, (A — 3k)

N33 = cos? H/a%, (A =31)

N34 = 2sin 0 cos’ Osin ¢ /ay, (A —3m)
N35 = —2sinf cos’® O cos ¢ /ay, (A —3n)
N3¢ = 2(sin® @ cos’ Osin @ cos ¢) /ay, (A —30)
N4y = —4sin’ 0 cos® 0 sin’ (P/"ﬁ7 (A —3p)
Nys = —4sin® Ocos® Osinpcos p/ai, (A —3q)
N4 = —4sin’ Ocos Osin® p cos @ /ag, (A —3r)
Nss = —4sin’ 0 cos® 0 cos? (p/ai, (A—3s)
Nse = —4sin® 0 cos 0 sin @ cos? qo/aﬁ, (A — 3t)
Nes = 4sin’ 0sin® @ cos” ¢ /ay, (A —3u)

M1 = N2y
M31 = N3,

( )

( )

N3 = N3, (A —4c)
a1 = Mia ( )
( )

MN42 = 24,
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N4z = N34, (A —4f)
51 = Mis» (A —4g)
M52 = Mas, (A —4h)
N53 = M3s, (A — 4i)
M54 = N4s, (A —4j)
He1 = Mie» (A —4k)
He2 = M26> (A —41)
Ne3 = N36, (A —4m)
Hea = Nae> (A —4n)
Nes = 56, (A —4o)

where ay, represents the P-wave velocity of the host
medium. and ¢ denotes the azimuth angle.
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