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Abstract

Since multi-component modelling provides an improved image of a target horizon, I
present a 9C-3D numerical modelling approach for comparison with real seismic data,
and synthetic data derived from fully elastic numerical methods. This modelling is posed
in the slowness domain due to its advantages over the time domain. To accomplish this
modelling, I extrapolate the known source wavefield from the surface to the reflector,
multiply it by the reflection coefficient, and then extrapolate back to the surface. As the
phase shift operator is prerequisite for performing this modelling, I compute the effective
ray parameter that is used to obtain vertical slowness, an essential parameter in order to
compute the phase shift operator. The presented modelling takes two data acquisition
geometries into account. The first corresponds to micro-seismic and walk-away vertical
seismic profiling (VSP) and the second corresponds to surface seismic methods. In order
to obtain multi-component data, I build a rotation matrix based on azimuth and dip be-
tween the grid point and P-wave polarization vector. The implementation of this matrix
on the extrapolated wavefield transforms the source polarization into the orientation of
multi-component geophone and yields the multi-component data that can be used for
analysis. Considering the first data acquisition geometry, the execution of the rotation
matrix takes place before the refection coefficient is multiplied. To execute the proposed
modelling for the second data acquisition geometry, it is necessary to obtain the reflection
(R) and transmission (7') coefficients in the plane wave domain. To do so, a normal for
each individual plane wave based on the local velocity and vector cross product of this
normal with the normal to the reflector are computed. This cross product yields a ray
parameter that presently is used to compute corresponding R and T coefficients for a
given plane wave.

For the sake of simplicity, I first consider isotropic media and follow the procedure de-
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scribed in above paragraph for a known SH wavefield. By considering this case, I reveal
a problem associated with the data acquisition geometry. Further, as seismic anisotropy
plays an important role in exploration field, I perform the proposed modelling for trans-
verse isotropic media (VTI: when axis of symmetry is vertical, HTI:when axis of sym-
metry is horizontal) in behalf of the generally occurrence of these media in geophysical
exploration field. To continue a 9C-3D modelling for anisotropic media, I obtain the R
and T coefficients in plane wave domain for VTT and HTT media. Additionally, the influ-
ence of anisotropy on amplitude versus offset (AVO) analysis is also examined. For HTI
media, [ present two more approaches for avoiding the problems associated with the pre-
viously proposed modelling. According to the first approach, I use a relationship between
the cosine of any angle with the horizontal axis and the angle of incidence considered
with respect to vertical, and azimuth. Further, this relationship leads to the effective ray
parameter for HTI media that is an essential component for the implementation of the
proposed modelling. In the second approach, I solve the Christoffel equation for obtain-
ing vertical slowness that is used to obtain the phase shift operator for the given media.
Authentication of modelling is demonstrated in light of the physical modelling presented
by another student of CREWES (Consortium for Research in Elastic Wave Exploration

Seismology) for orthorhombic media.
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The cross-line slices of the extrapolated wavefield using (a) second ap-

proach (b) first approach are analogous to each other and demonstrate

the authentication of the first approach too| . . . . . . . ... . ... ..

6.8

(a) Monochromatic extrapolated wavefield in plane wave domain at the re-

flector. (b) Monochromatic reflection coefficient as a function of horizontal

slowness component. |. . . . . .. ..o

6.9

(a) Cross-line slice (b) In-line slice of the extrapolated wavefield at the

surtace before rotation matrix is applied on 1t. Registered energy decreases

with offset). . . . . . . L

6.10

(a) Registered energy versus azimuth( REVA) analysis of P-wave at H1

component of 5C" geophones situated at the surface, indicates that energy

registration increases as azimuth increases from 0 to 90. Polarity reversal

occur on the either side of a line that bisects the circle along in-line direc-

tion. (b) REVA analysis of P-wave at H2 component indicates that energy

registration decreases as azimuth increases from 0 to 90. Polarity reversal

occur on the either side of a line that bisects the circle along cross-line

direction. (¢) REVA analysis of P-wave on vertical component reveal the

variation of recorded energy and polarity with azimuth. . . . . . . . . ..
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6.11

The obtained P-wave reflection coefficient along symmetry axis and normal

to it. The black and blue colors indicate the results obtained numerically

while red and green colors are corresponding to Ruger’s approach. |
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Chapter 1

Introduction

In this chapter, I will start from the role of seismic modelling in the exploration field,
then I will discuss the available methods for seismic modelling. The reason I have selected
the plane wave domain is also described in this chapter. How I accomplish the proposed
modelling in the plane wave domain, is also described in the current chapter. Further,
this chapter illustrates the importance of chosen models for present modelling. I finish
by demonstrating the considered data acquisition geometry and providing an outline of

thesis.

1.1 Role of seismic modelling in exploration

In seismic exploration, the main objective of the geo-scientist is to link the geology to
seismology. To do so, seismic modelling is one of the basic tools (Benxi et al.; 2009)).
Traditionally, seismic data and data from another sources are used to derive an indirect
description of a potential reservoir. Forward (seismic) modelling is a key to success to
an explorationist as it aids one in relating what one sees in the seismic data to what
one expects to see, based on the assumed geological model (Cameron et al., [1984). In
general, forward modelling is used to compare the seismic response of a given geological
model with actual data and the try to improve the match between these both data until
an acceptable level of accuracy is obtained (Sayersi and Chopra, [2009)). Further, the
importance of forward modelling resides in the fact that it is employed to design the
seismic acquisition parameters, improve the seismic processing approaches and validate

the seismic interpretation (Anderson and Cardimonay [1995)). It is used to simulate the



seismic field from the sources to scatters to receivers and generate the seismic records.

1.2 Seismic modelling methods

Physical modelling is an effective method to generate a seismic response using a labo-
ratory scale model (Cooper et al 2007). Considering the inconvenience and cost of a
field survey, it may be feasible to design and conduct a small seismic survey in the lab.
The assumption underlying the physical modelling is that scale models are built using a
real material with the same elastic properties as those of true geologic formations in the
Earth (Yang), 2003). After constructing a model, a source (a piezoelectric transducer), is
used to emit the seismic energy into the model, and the reflected wave-field is recorded by
receiver. The recorded data can then be processed and analyzed to compare with the real
field data. Historically, physical modelling was used because of a lack of adequate com-
puting technology for numerical modelling. The limitation of physical modelling resides
on the fact that the lab materials can not be exactly the same as the real sediments.

In numerical modelling one attempts to solve the wave equation for simulating wave
propagation in different media. Typically, numerical modelling methods are intended
to solve the partial difference equation by considering boundary and initial conditions
(Krebes|, [2004)). There are a number of numerical forward modelling methods available
and the choice of methods depends on a tradeoff between the accuracy necessary and
the desired computing time. Generally, the method that should be used is dictated by
the type of data to be modelled throughout, the aspects of the data that need to be
accurately modeled and the complexity of the model (Mellmani and Kunzinger, 1992).
Ray tracing and wave equation methods are two classes of seismic modelling. Ray trac-
ing methods are limited as these methods work for sufficiently smooth models whereas

we encounter with complex models in reality. This limitation can be overcome by using



the wave equation methods that solve the propagation problem over the entire model
(Mellmani and Kunzinger, 1992)). In this regard, there are many existing wave equation
solvers such as Kirchhoff and Born integral methods, finite-difference and finite-element
methods, and depth exploration method in frequency space domain (Benxi et al., 2009)).
Although, finite difference methods can provide very accurate results in the most com-
plex media, these methods have limitations imposed by computing time that is high in
two dimensions and very high in three dimensions (Mellmani and Kunzinger| (1992]).
Two methods, namely, Rayleigh Sommerfeld(RS) and Kirchhoff methods (Cooper et al.|
2008) have been adopted for forward modelling throughout in seismic exploration. Both
of these methods originated from optical diffraction theory (Ersoy, 2007).

Rayleigh Sommerfeld Modelling (RSM) is known as a 3D modelling technique and is
treated as an alternative to better known modelling techniques such as finite difference
and Kirchhoff (Margrave and Cooper, 2007). This modelling provides a high-frequency
seismic response that includes diffractor patterns. RSM can be more efficient than Kirch-
hoff modelling because it operates in frequency-wavenumber domain. In terms of com-
putational time, RSM takes O(NlogN) computing time while Kirchhoff modelling takes
O(N?) for 3D models (Cooper et al., |2008). In the past RSM was used to produce very
high frequency response but with no multiples, surface waves. Additionally, RSM was
limited to laterally but angle indipendent R and T coefficient. This work was elaborated
by Cooper and Margrave (2008) for RSM with AVO in order to produce a high frequency
seismic response that includes diffraction effects. By doing so the objective in modelling
in stratigraphic setting is obtained. To accomplish this work, ray tracing was used to
compute incident angle at reflecting interface. Presently, an approach is proposed for

RSM with AVO in the plane wave domain.



1.3 How to formulate RSM in plane wave domain

Basic geometry and result of Rayleigh-Sommerfeld theory are described by (Margrave
and Cooper, 2007)). Following this description, Rayleigh Sommerfeld modelling (RSM)
can be described in three major steps: 1) Extrapolation of source wave field from the
source to a datum reflector. 2) Multiplication of the extrapolated wavefield in step (1)
with a reflectivity function 3) Extrapolation of step (2) back to the surface. Presently, an
approach of going from spatial frequency domain into plane wave domain without 7 — p
transformation, is described. The preceding argument describes the importance of this
approach in order to derive RSM in the plane wave domain.

It is known that wavefield extrapolation in the x — ¢ domain involves two dimensional
convolution (Berkhout, [1982). Time can be replaced by temporal frequency or angular
frequency w and now convolution, in one dimension only, is involved in the extrapolation
process. The space variable x is replaced by the spatial frequency variable k, by a second
Fourier transformation and only multiplication is involved for extrapolation in the k, —w
domain. Now, an approach is invoked at this place in order to transform the wavefield
from r — w domain into plane wave domain.

A monochromatic wavefield can be transformed from space domain into spatial frequency

domain as

@ <E>w = /\If (@), e(ik'f)d}, (1.1)

where o is the dot product. Equation (1.1)) can be written as
P — (inQE> 7~
o(F) = /xp (@), (57 g, (12)

now using relation k = wp, where 7 is the slowness vector equation (1.2) is written as

o). = [ W@, P (13)



Thus using equations , , a monochromatic wavefield can be described in
the plane wave domain without using 7 — p transformation.

The importance of this approach in RSM is described presently. According to Rayleigh
Sommerfeld diffraction theory the source wavefield at any observation point can be de-

scribed as (Margrave and Cooper;, 2007))
U(x=P)=— Vo(zs)W(x, — 25)p(s)ds, (1.4)

where P is the observation point and @, = (2, Y, 2p), Ts = (Zs, Ys, 25) are the coordinates
of the screen (reflector) and observation point, respectively. W is the z derivative of the
Green’s function, p(s = (5, ys)) is the reflectivity function and d; = d,d,. Since equation
is convolution, it can be described in Fourier domain (Margrave and Cooper, 2007)
as

1 N ~ . .
U(z)=-— W (ku,ky,2p — 25) Wop (ku, Ky, 25) elk““kyydk:xdky. (1.5)

A

where ‘hats’ indicate 2D Fourier transform over x and y. As per equation Rayleigh
Sommerfeld modelling is just phase shift migration backwards (Margrave and Cooper),
2007)).

It is revealed from the above equations that Fourier transformation takes place in RSM.
Now using transformation by equations , 7 and , RSM can be described
in plane wave domain. Further, to accomplish the RSM it is necessary to obtain the

reflection and transmission coefficients in plane wave domain.

1.4 Importance of different models and multi-component seismic in seis-

mic exploration

In seismic modelling, it is extremely important that we know how to synthesize a seismic

response that is as close as possible to what we measure in the real world (Anderson



and Cardimona; 1995)). Historically, Earth was treated as isotropic media for the sake
of simplicity but increasing demand for oil in world compels geoscientists for considering
the complexity of Earth. In reference to this, anisotropic models represents the Earth
at its most complex and play an important role in oil and gas exploration field in or-
der to improve the image of a target horizon (Grechka, 2009). Thus, it is reasonable
to expect anisotropic models to become the norm in future exploration. On consider-
ing anisotropy, the anisotropic models discussed presently are transverse isotropy with a
vertical axis of symmetry (VTI media), used to describe thinly layered media and shale
sequences (Thomsen, 2002)), and with a horizontal axis of symmetry (HTT media).

Conventional seismic surveys record primarily P-waves using vertical component geo-
phones while multicomponent seismic surveys record compressional and shear waves using
multicomponent geophones. Once the multicomponent data is recorded, the processing
of this data is the next step and it may be several times more intensive than conven-
tional P-wave analysis. The reward of this great effort is an improved understanding of
the subsurface image. Using multicomponent seismic, there have been encouraging re-
sults in imaging through gas-obscured areas, finding sand-rich zones in clastic sequence,
and determining fractures zones and orientations (Chopra and Stewart, 2010). Beyond
these, multicomponent measurements provide improved imaging, direct hydrocarbon and
lithology indication in the exploration stage, and facilitates improved reservoir illumina-
tion and characterization in development stage (Hardagel [1983). Thus, considering the
importance of multicomponent seismic, presently 9C-3D modelling has been taken into

account.



1.5 Consideration of data acquisition geometry

In order to perform the forward modelling, the relationship between the seismic sources
and receivers must be known. Presently, two major data collection geometries have
been taken into account for the proposed modelling. The surface seismic method, which
includes the reflection method in which both seismic sources and receivers reside on the
surface, is the first data collection geometry. The second geometry is used to measure
seismic wavefield directly at the reflecting interface while the source is at the surface.
This can be referred to walk-away vertical seismic profiling or VSP and can be used for

Micro-seismic modelling.

1.6 Organization of thesis

The thesis proceeds as:

e As it is required to obtain R and T coefficients in the plane wave domain for
accomplishing RSM in that domain, Chapter 2 is devoted to isotropic media and
demonstrates how to obtain R and T coefficients in the plane wave domain for
SH wave field for the sake of simplicity. This chapter yields the basic concept
behind the way of determining an effective ray parameter that is used for obtaining
R and T coefficients in the plane wave domain. The problem of a special case of
dipping interface has been solved in current chapter. As forward modelling plays an
important role to design the seismic acquisition parameters, the problem associated

with data acquisition is also revealed.

e Chapter 3 describes the implementation of our proposed 9C-3D modelling for VTI
media. This Chapter introduces the method of building rotation matrix that is

based on azimuth and dip between the grid point and polarization vector of P-



wave source and is applied on the extrapolated wavefield for obtaining the multi-
component data. The acquisition geometry for the multi-component data, and
registered energy versus offset and azimuth (REVO,REVA) analysis of a known

surface seismic source has been revealed in this chapter.

In Chapter 4, I obtain the R and T coefficients in the plane wave domain at a
boundary between two transverse anisotropic media with the vertical axis of sym-
metry (VTI) due to the importance of these coefficients for numerical computations.
As Thomsen’s parameters are essential for understanding the seismic waves signa-
ture in anisotropic media, the way of describing R and T coefficients in terms of
these parameters by following Graebner’s approach, has been delineated in current
chapter. Further, as the dependency of the reflected waves amplitude on offset has
proven to be a valuable exploration tool for direct hydrocarbon detection, I have
demonstrated the influence of anisotropy on P-wave reflectivity by considering the
three models characterized by the Class 1, 2 and 3 type of Gas-sand anomaly in this
chapter. A test of accuracy of the popular Riiger’s approximation is also delineated

here.

Fractures play an important role in hydrocarbon production as they determine the
pathways and volume of crustal fluid movement. The horizontal transverse isotropic
(HTT) is the simplest effective model of a formation that contain a single fracture
system. Further, in the continuation of 9C-3D modelling for VTT medium, I present
phase shift modelling for HTT medium by considering the first data acquisition
geometry in order to seek the dynamic and kinematic signature of the seismic waves
in HTT media. These analysis can be useful for fracture analysis. This modelling is
delineated in Chapter 5. However, in order to perform seismic modelling for HTI

media while considering the surface data acquisition geometry, I have implemented



constraint by using only P-wave in my studies. This constraint depends on the fact
that compressional data generally have better quality and are cheaper to acquire

and process than shear wave data.

e In order to perform phase shift modelling for HTT media, I have implemented a
constraint on a layer of infinitesimal thickness above the HTT media that its veloc-
ity is the maximum velocity of the lower HTT medium. To avoid this constraint, I
have presented two more approaches and these are described in Chapter 6. Accord-
ing to first approach, I use the relationship between the cosine of any angle with
the horizontal axis and the angle of incidence considered with respect to vertical
and azimuth. This relationship yields the effective ray parameter for HTI media.
After obtaining this parameter the vertical slowness is computed using Thomsen’s
parameters of equivalent VTT media of HTT media and effective ray parameter. In
the second approach, I solve the Christoffel equation for obtaining vertical slowness
that is used to obtain the phase shift operator for anisotropic media. Following the
second approach, I have described seismic modelling for an orthorhombic media to
test the accuracy of my modelling in reference to the physical modelling presented
by another student of CREWES. Further, numerical method of calculating the R
and T coefficients in the plane wave domain for HTI and orthorhombic media is

discussed in this chapter.

e Chapter 7 summarizes the conclusions of all chapters.
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Chapter 2

Plane wave reflection and transmission coeflicients for SH-wave.

2.1  Summary

The calculation of R and T coefficients at any interface is an important problem of
elastodynamic theory. Historically, the R and T coefficients have been obtained in several
domains according to their importance. It is known that for the isotropic case the R and
T coefficients depend on the acoustic impedance contrast and angle of incidence. The
angle of incidence can be computed by using cross product of two known unit normals.
In this approach, derived R and T coefficients will be in the plane wave domain. By
deriving R and T coefficients in the plane wave domain for 3D media, determination
of the dip and azimuth of the interface are avoided, and thereby, we avoid ray tracing
and exposure to caustics especially in anisotropic media. The problem that I solve,
in this regard, is problem of a special case of dipping interface and how to rotate the
plane wave coordinate system from that determined by the computational grid, and the
system determined by a dipping interface. Classical R and T coefficients in the plane
wave coordinates are worked out for reflectors aligned with the computational grid. For
non-aligned reflectors, those with dip and azimuth, computation of effective R and T
coefficients is not straight forward, for this the coordinate system must be rotated. To
do this, a normal for each individual plane wave based on the local velocity and vector
cross product of this normal with the normal to the reflector are computed. This cross
product yields a ray parameter that presently is used to compute the corresponding
R and T coefficients for a given plane wave. The importance of this approach is the

automatic adaptation of the R and T coefficients expression to the special case of a
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dipping interface. These coefficients can then be used to scale the amplitude component
of plane wave extrapolation across a reflector as is done in seismic forward modelling.
Another importance of the R and T coefficients in the plane wave domain, is their use in
Rayleigh Sommerfeld Modelling(RSM) of seismic data. In line and cross line traces are
required in order to model the plane wave inputs. Presently, the problem associated with
data acquisition is studied here by changing the number of cross line traces. Further, it
reveals the problem associated with data acquisition and the requirement of proper data

acquisition.

2.2 Plane wave domain approach to obtain the R and T coefficients

Historically, the calculation of R and T' coefficients for plane waves on a free surface and
at a welded contact interface was obtained by Zeoppritz (Borejko, [1996). This work was
elaborated by Aki and Richards (Aki and Richards, |1980). The analytic expressions of
the R and T coeflicients are known in term of the incident angle. The angle of incidence
is the angle, that of the incident and scattered plane make with the normal to the plane
reflector. The plane of incidence can be represented by the unit normal vector to the

plane wave in the propagation direction and can be computed as (Ferguson and Margrave,

2008)
. piitpaj+gk
p_\/2722’
p1t+p2tq

where pq,po are the input plane wave parameters and ¢ is the vertical slowness in the

(2.1)

incident medium. pq, ps, q are coupled according to a relation derived from the dispersion

relation as

4= V1= )= (o) 2:2)
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Figure 2.1: Schematic representation of unit normals to a plane wave and a horizontal
interface, the angle of incidence 6; is the angle between normal p and a. x;, X2 are the
horizontal coordinate axis and X3 is the vertical axis.

where v is the velocity of the incident medium. The unit normal associated with a

reflecting subsurface plane can be computed as
a = sin#, cos d)ai + sin 6, sin gbaj + cos 0,k. (2.3)

where 6, is the dip and ¢, is the azimuth of the normal to the interface. These two unit
normals are shown in Figure [2.1] This Figure shows two unit normal vector, p, normal
to the plane wave in the propagation direction, and &, is the normal to the horizontal
interface shown by shaded plane. Now, following simple vector calculus, the cross product

of these two unit normal vectors is used to obtain the angle of incidence 6; as

sinf; = [p x 4, (2.4)
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The sine of the angle of incidence is related to the slowness along the interface as

sinbr

P P x a|y/pf +p3 + g2 (2.5)

where pr is the slowness along the interface (ray parameter). Thus, the angle of incidence

pPr =

is obtained according to equation ([2.4). After obtaining the angle of incidence from
equation ([2.5)), this value is substituted in the known analytic expression (Kennett} 2001))

in order to obtain the R and T coefficients in the plane wave domain.

2.2.1 3D R and T coefficients for SH waves

It is known that evaluating the R and 7T coefficients is beneficial to interpret the field
records for lithology, fluid content etc by generating synthetic seismograms (Upadhyay,
2004)). Incident, reflected, and transmitted plane P- and S- waves make a pertinent sys-
tem. The assumption of two dimensional plane waves ensures our discussion for two
separate groups of waves (Slawinski, 2003). These groups are the coupled P- and SV-
waves, and the SH- wave. The analytical expression of the R and T coefficients for three
dimensional plane waves in elastic media were given by Borejko (Borejkol (1996). Gen-
eralized ray- integral representation of pertinent waves were illustrated in that paper.
Generalized ray integral representation of SH-wave for dipping structure was given by
Zieger and Pao (Pao et al.,[1984)). Further, assuming isotropy, the standard ‘2D’ formulas
(Krebes, 2004) can be used for any plane reflector regarding its 3D orientation. According
to seismic reflection theory, when an incident plane wave encounters the discontinuities in
the properties at a horizontal interface between two homogeneous layers, there both the
phenomenas: reflection from the boundary and transmission through the boundary take
place. The boundary conditions, the continuity of displacement and traction, are consid-
ered at the boundary to obtain the amplitude information of reflected and transmitted

waves. After applying these boundary conditions, R and T coefficients for SH-wave are
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known in terms of the angle (Krebes, 2004)). These expressions are transformed into plane

wave coordinates by estimating the angle of incidence using equation (2.5) and written

as
2 2
P1V1q1 — P2U54q2
Rspy = : 2.6
B p1o2q) + pavdes (2:6)
and
2 2
Tsn A1ty (2.7)

— p1viq+ pav3ge’

where p;, v; are the density and velocity of the incident medium, respectively. ps, vo are

the density and velocity of the refracted medium, respectively and ¢; is described as

1
Q1 (P) = U_1 1 (U1p1>2a (2.8)
and ¢o is described as
1
q2 (]7) = v—2 1-— (’ng[)2. (29)

2.2.2  Dipping interface problem

The above expressions of the R and T coefficients can be used for the special case of a
dipping interface. In this case, the normal to the interface (see the Figure would be
different from the horizontal one and can be computed from equation (2.3)). Figure
shows the tilted interface where a is normal to this interface. An assumption, that the
normal to the interface lies in plane of propagation, is considered here. This constraint is
applied to equation . This assumption ensures that SH wave is still decoupled from
P and SV waves (Sten and Wysession, 2002)). Now, the ray parameter for each individual
plane wave is computed according to equation and used in equations and
in order to obtain the R and T coefficients for dipping interface, respectively.

In-line and cross-line slices of the R and T coefficients can be obtained using p, = 0,
p1 = 0, respectively. Recalling equation for ps = 0, the ray parameter is the same

as horizontal slowness (p;) in the 2D case and for p; = 0 it would be ps. Further, in-line
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Figure 2.2: Schematic representation of unit normals to a plane wave and a tilted in-
terface, the angle of incidence 6; is the angle between normalp and a. x;, x2 are the
horizontal coordinate axis and x3 is the vertical axis.

and cross line R and T coefficients can be obtained using equations (2.6) and (2.7)) with

different ¢; and ¢» from equations (2.8)) and (2.9). These equations are deduced and given

as
1
Q (P) = v_1
and
1
3 (P) = v—2
for the in-line, and
1
q (P) = v_1
and
1
¢ (P) = U—2

for the cross line.

1 - (U1p1)2;
1 - <U2p1)27
1 - (U1p2)2;
1 - <U2p2)2-

For the zero slowness, the R and T coefficients are the same for both the

(2.10)

(2.11)

(2.12)

(2.13)

in-line and
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cross line cases and are independent of frequency. These are given as

P1U1 — P2U2
Reyg=——""—"", 2.14
St P1V1 + P2v2 ( )
and
Ty = 2P0 (2.15)
P1U1 + P22
respectively.

2.3 Examples

Now to explore the R and T coefficients change with p; and p, for a horizontal reflector,
an example in which v; = 1500m/s and vy = 2500m /s with the same density across the
reflector is considered. Figure [2.3| shows the schematic representation of the 3D real and
imaginary part of the R and T coefficients, respectively obtained from equations
and . Presently, 512 in line and cross line traces have been taken into account for
a particular frequency of 40Hz. Considering the equations from to , the in
line and the cross line slices of the R and T coefficients are shown in Figure 2.4 At
zero slowness, the R and T coefficients attain the values as expected . As horizontal
slowness increases to larger values, the amplitude of the transmitted wave increases and
the reflected amplitude approaches zero. Recalling equation , the reflected amplitude
would be zero when horizontal slowness p; is equal to 1/ \/W (see the appendix A
for mathematical manipulation). Despite crossing a significant change in velocity, there
is no reflected wave for a plane wave at this horizontal slowness while the transmitted
wave has amplitude 1. Further, as the slowness value increases beyond to this particular
slowness, the amplitude of transmitted wave continues to increase. This amplitude of
the transmitted wave increase due to an increase in the horizontal orientation of the
transmitted wave. At the critical slowness, the transmitted wave would be horizontal.

This implies that the vertical slowness in the second medium will be zero. According
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Figure 2.3: a) Real part b) Imaginary part of reflection coefficient. ¢) Real part d)
Imaginary part of transmission coefficient for a horizontal reflector. 512 in line and cross
line traces are used.

to equation , this occurs at p; = 1/vy = 0.0004s/m. At this value of slowness,
the amplitude is 2 for the transmitted SH wave and 1 for reflected wave. Beyond the
critical slowness, there is no transmitted wave in the lower layer and ¢, is imaginary
in this situation. They are known as evanescent waves and their amplitudes decay with
depth. Due to the imaginary vertical slowness, the reflection and transmission coefficients

become complex beyond the critical slowness. Once the coefficients become complex, the

shape of the reflected pulse and transmitted pulse is modified (Kennett|, 2001)). Following

this theory, there will be a distortion of the reflected and transmitted pulses at p; > 1/vy
as depicted in Figure 2.4l Further, cross-line slices of the R and T coefficients can be
describe in light of the above description of the in-line slices.

Considering a dipping interface, Figure [2.5{shows the real and imaginary part of the 3D
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Figure 2.4: a) In line slice b) Cross line slice of the reflection coefficient. ¢) In line slice
d) Cross line slice of the transmission coefficient for a horizontal reflector. 512 in line
and cross line traces are used
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Figure 2.5: a) Real part b) Imaginary part of the reflection coefficient. ¢) Real part d)
Imaginary part of the transmission coefficient for a dipping interface. 512 in line and
cross line traces are used

R and T coefficients. This Figure differs from the Figure |2.3|in a way that the obtained
results are not symmetric any more with respect to the zero slowness. In line and cross
line slice of the R and T coefficients corresponding to the considered case are shown
in Figure [2.6] which illustrates that the R and T coefficient curves have been shifted
towards to the positive value of the slowness and have lost the symmetrical behavior
about the zero slowness as expected.

In order to reveal the effect of the data acquisition geometry on the concluding results,
two more cases have been considered. In the first case, 128 cross-line traces are considered.
For performing the second case, 8 cross-line traces have been used. The number of in-
line traces does not change for both given cases and it is 512. Using 512 in-line and 128

cross-line traces, the in-line and cross-line slices of the R and T coefficients are shown
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Figure 2.6: a) In line slice b) Cross line slice of the reflection coefficient. ¢) In line slice
d) Cross line slice of the transmission coefficient for a dipping interface. 512 in line and
cross line traces are used
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in Figurd2.7l The obtained in-line slices follow the same pattern as in the previous
case. Further, on considering the cross-line slices of the R and T, it is demonstrated
that the R and T coefficients follow the expected value at zero slowness. The R and
T coefficients curve deviate from the expected behavior at the critical slowness as the
R and T coefficients are not attaining values of 1 and 2, respectively. This discrepancy
resides on the fact that there is no sample point used by MATLAB corresponding to the
critical slowness. As the sample rate is inversely proportional to the number of traces,
it is the 0.000019 s/m for the considered case. Now, following the theory, 0.000343
s/m is expected as the critical slowness while 0.0004039 s/m is the nearest point to the
critical slowness calculated by MATLAB. Additionally, in order to obtain the R and T
coefficients corresponding to all points in between two sample points, interpolation is
used by MATLAB. It is also demonstrated from Figure [2.4] and can be shown by theory
that there is a huge difference in the obtained value of the R and T coefficients affiliated
to the nearest slowness on either side of the critical slowness. However, MATLAB is not
sensitive to this type of contrast and comes up with underestimated results as shown in
Figurd2.7]

On continuation of the presented analysis, Figure [2.8 shows the in-line and cross-line
slices of the R and T coefficients obtained using 8 cross-line traces. The inspection of
the cross-line slices illustrates that the R and T coefficients follow the expected behavior
at zero slowness. As slowness increases, the distorted picture of the R and T coefficients
is obtained. Even though the density and the velocity of the reflector were consistent for
all cases in the current study, we obtain the distorted pattern of the R and T coefficients if
appropriate data acquisition geometry is not considered. Thus, data acquisition geometry
plays an important role in order to image the target horizon. The 3D reflection and
transmission as well as in-line and cross-line slices of the R and T coefficient for a

dipping interface are given by (Sharma and Ferguson, 2009b)
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1 0 1
P, S/

Figure 2.7: a) In line slice b) Cross line slice of reflection coefficient. ¢) In line slice d)
Cross line slice of transmission coefficient for a horizontal interface. 512 in-line and 128
cross-line traces are used.

2.4  Conclusions

The angle of incidence is obtained by using the cross product of two known unit normals.
This value of incident angle is used in the analytical expression of the R and T coefficients.
By doing this, the R and T coefficients have been obtained in the plane wave domain.
First of all, the R and T coefficients have been obtained for the reflector aligned with the
computational grid. Presently, it has been shown that obtaining the R and T coefficients
for the reflector non-aligned with the computational grid required an ordinary effort only.

The importance of this approach is an automatic adaptation of the R and T coefficient
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Figure 2.8: a) In line slice b) Cross line slice of the reflection coefficient. ¢) In line slice
d) Cross line slice of the transmission coefficient for a horizontal interface. 512 in-line
and 8 cross-line traces are used.
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expressions to the special dipping interface case. The power of this is, that no ray tracing
is required. The R and T coefficients obtained for the same number of in line traces but,
different numbers of cross line traces, show the deviation from the expected one. It
reveals the problem associated with data acquisition that make it necessary to acquire

the data correctly.
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Chapter 3

9C-3D modelling for VTT media.

3.1  Summary

For comparison with real seismic data, and with synthetic data derived from fully elastic
numerical methods, I present a 9C-3D numerical modeling approach that is posed in the
slowness domain. The slowness domain approach has a number of advantages: 1) multi-
pathing with no internal reflection* simpler event registration”. 2) Parallelizable over
temporal frequency. 3) Stable. 4) High frequency. 5) Selectable propagating mode.6)
No discontinuity of slopes. Following the Fourier decomposition, wavefield extrapolation
proceeds as a set of distributed, monochromatic extrapolation steps in depth. 3D phase
shift operators in anisotropic media have been used to extrapolate a 3C' source wavefield
to each grid point. There, source polarization is transformed into the orientation of the
multicomponent geophone by applying a rotation matrix on the extrapolated field. The
polarization angle(dip) of compression wave computed from the incident angle that is the
angle between the slowness vector and the normal to each grid point and the horizontal
projection of the associated slowness vector at each grid point are the essential parameters
of the rotation matrix. Traveltimes in anisotropic media are accommodated though plane
wave transformation and phase shift, and a propagation angle is produced. For each
geophone component, the polarization angle is calculated from the propagation angle.
Finally, extract the desired component for analysis. My numerical results demonstrate

that all 9 source-receiver combinations are reliably estimate using my procedure.
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3.2 Introduction

Seismic anisotropy plays an important role in oil and gas exploration field in order to im-
prove the image of target horizons (Grechka, 2009)). Consequently, it is less forgiving and
more detrimental to our data acquisition and processing efforts to ignore the anisotropy.
It has been demonstrated that wavefield propagation through anisotropic media deviates
from the isotropic case (Aki and Richards, [1980)) and is composed of two parts: kine-
matic and dynamic. Of interest here is the kinematic analysis of wave propagation in
anisotropic media. The use of travel time information to infer anisotropy of the subsur-
face and to image seismic data motivates this choice. In order to attain this information

it is worth to review wave-field propagation in the transverse isotropic media.

3.3  Wave propagation in transversely isotropic media

Dealing with anisotropy in the oil and gas industry contains two main objectives at
the exploration and field development stages. In exploration, we would like to improve
the velocity model by estimating anisotropy from available seismic data and migrate
the data using this model in a hope to improve the image of target horizons compared
to the image obtained by using the best isotropic velocity model (Grechkal, 2009). As
long as it happens our job is done and we do not care about the physical reason of
anisotropy. Conversely, we do want to find out the physical reason for the measured
anisotropy at the field development stage. In consequence, a sound understanding of the
basic principles of seismic wave propagation in anisotropic media and the ability to model
the main characteristics of propagating waves are required. The equation of motion for

a transversely isotropic solid can be represented as

82Ui o 87’1']'
p 5’152 - &cj’

(3.1)
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where the u; are the components of particle displacement,the 7;;are the stresses and p is
the density of the corresponding medium and 7, j=1,2,3.
To solve equation [3.1]in a unique fashion, the displacement vector u and the stress tensor

T are related to each other as given by Hooke’s law and can be expressed as

Tij = Cijki€kl, (3-2)

where ¢ is the fourth-rank stiffness tensor and €;;=3( du;/0x; + Ou;/z;), and i, j=z,y,

or 1,2,3. The substitution of equation [3.2] into equation [3.1] yields the wave equation as

32ui GQuk
= Cip—— . 3.3
P ot? Cighl 0,07 (3.3)
Its standard solution is a harmonic plane wave of the form
U = AUkeiw(ndj/Vit), (34)

where U is the polarization vector, w is the angular frequency, n is the unit wavefront
normal and V' is the phase velocity. Substitution of the plane wave solution into

equation leads to the Christoffel equation (T'svankin|, 2001)

Gy — pV? G2 G13 Uy
Go Ga — pV? Gas U, | =0. (3.5)
G G2 Gisz — PV2 Us

with Gi=c;jumn;n.

The Christoffel equation (3.5]) is the most important equation for analysis of wave phe-
nomena in anisotropic media. In fact this equation is treated as an eigenvalue-eigenvector
problem for the symmetric, positive definite matrix G. The positive definiteness of ten-
sor ¢ ensures the positive definiteness of G while its symmetry is the consequence of the
symmetry of the stiffness tensor. Since the kinematic and dynamic signature of body

waves for HTT media can be obtained from known analysis of VTI media, I consider a
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transversely isotropic medium where the z axis coincides with the normal to the plane
of transverse isotropy and can be treated as the axis of rotational-symmetry. However,
it is known that such a medium can be characterized by five elastic constants (Slawin-
ski, 2003) and using these constants in equation , the eigenvalues of the Christoffel

equation can be obtained from

which yields a cubic equation for pV2. The Christoffel equation yields three possible
values of the phase velocity which belongs to the P-wave and two shear waves for a
given phase direction n. Therefore, the S-wave is splitted into two modes with different
velocities and polarizations. However, the three eigenvalues of G(n) are the squared

phase velocities of the three body waves and can be expressed as

V(0) = %[(Cn + ca4) sin®(0) + (33 + caa) cos®(0) + D), (3.7)
V2(0) — i[(cn - caq) sin®(8) + (s + ca1) cos>(6) — D, (3.9)
V2(0) = %[066 sin?(0) + ca4 cos?(0)], (3.9)

where
D = ([(e11 — c4q) sin?*(0) — (c33 — caq) c0s*(0)]* + 4(c13 + c44)? sin®(0) cosQ(G))l/Q. (3.10)

The complexity of these equation is a main problem to use of anisotropic model for
seismic exploration but it can be reduced by using Thomsen’s parameters (Thomsen),
1986a)). These parameters play an important role for understanding seismic signatures

in anisotropic media and can be expressed as

ap =,/ 2, (3.11)
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Cs5
Bo= —, (3.12
0 ; )

where g, By are the P-wave and S-wave velocities along the rotational-symmetry axis

and anisotropy can be characterized by the dimensionless coefficients

C11 — €33

= 22 3.13

=52 (3.13)
Ce6 — Cs5

= — 3.14

o (3.14)

and
(c13 + ¢55)* — (33 — ¢55)2
2033(033 - 055)

5:

(3.15)

The instinctive application of the coefficients € and v is clear as they vanish in isotropic
media. Thus, the magnitude of the P and SH-wave anisotropy can be measured from the
values of € and . The intuitive appeal of the coefficient d is not as transparent as those
of € and v and might seem unexpected. The significance of § becomes apparent once it
is noticed that

d?V,
3 0; lo—o= 20avg. (3.16)

Consequently, ¢ is not just an arbitrary combination of the elastic coefficients. Instead,
the curvature of the P-wave velocity function at the vertical is governed by §. It also
governs the P-wave normal moveout velocities from horizontal reflectors and plays a key
role for seismic reflection data (Grechkal, 2009). On being acquainted with Thomsen’s

parameters, the phase velocity expression of the body waves can be expressed as

V2(0) = aj[lL + esin® 6 + D*(0)], (3.17)
042 a2
Vé,(0) = Bi[1 + —2esin® 0 — — — D*(9)], (3.18)

Eh P
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Vay(0) = B3[1 + 2vsin’ 6], (3.19)
where
Do) =21 - Py 2 g 2e+4<1_“_§+6)6 012 — 1)}, (3.20)
= 2 ag (1 B fé_§)2 S11 COS (1 B §_§>2 S11 . .
0 0

Once the eigenvalues of the Christoffel equation are known from equations [3.17] and
[3.19, the corresponding eigenvectors U can be computed from any two equations of the
three equations of the Christoffel equation [3.5] Since the Christoffel equation is real and
symmetric, the obtained polarization vectors of the body waves are mutually orthogonal
for any given phase direction n (Tsvankin, 2001). However, the polarization are generally
neither parallel nor orthogonal to the wavefront normal (Tsvankin| 2001).

Further, it is known that multicomponent seismic analysis is an effective technology for
risk reduction in exploration and development. In exploration stage improved imaging,
direct hydrocarbon and lithology indication can be offered by multicomponent measure-
ment while development setting facilitate improved reservoir illumination and character-
ization by multicomponent measurements (Grechka, |2009).

The importance of the anisotropy and multicomponent seismic over the isotropy and sin-
gle component seismic motivates the author to model 9C-3D for the vertical transverse
isotropic (VTI) media. Here, VTI media is taken into account because of its simplicity

in the case of the anisotropic media beyond the isotropic media.

3.4 Theory

To investigate seismic wave interaction with anisotropic media, I extrapolate the wavefield
first and then apply a rotation matrix on this wavefield in order to obtain multicompo-

nent data. Now, two parts: phase extrapolation of a known source wavefield, and how
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to build the rotation matrix are discussed in the following section.
Wave field extrapolation in the plane wave domain insures efficiency in terms of compu-
tational time (Sharma and Ferguson, 2009b). Given a source type, the source wavefield

is extrapolated from the earth surface to the reflector as

Pz = poe 221 (3.21)

where ¢ is the spectra of the source wavefield at the surface obtained via the Fast Fourier
Transform (FFT)

(téwax%plf«%y%pQW)

of the source wavefield. Vertical slowness, ¢ is dependent on horizontal slownesses p;
and ps and seismic velocity through the scalar wave-equation. In anisotropic media, ¢
depends on a set of elastic coefficients - ag, Sy, 9, €, and ~ for transversely isotropic (TT)
media. The source wavefield pa, is the wavefield at depth Az after extrapolation, and ¢
is the vertical slowness and is known for the different seismic wave modes in anisotropic
media (Ferguson and Margrave, 2008)) and shown in Appendix B.

After extrapolation, the source wavefield resides on the reflecting plane. Together,
the polarization directions of P-; SV-, and SH-waves (compression, vertical shear, and
horizontal shear respectively) characterize a 3 dimensional co-ordinate system defined
here as the survey co-ordinate system, while the recording coordinate system is charac-
terized by the three component directions of a 3C' geophone.

To model the arrival of a 3C' wave, I rotate the co-ordinate system from the survey co-
ordinate to the recording co-ordinate system to register the source energy on the vertical,
in-line, and cross-line components. With the basic method of a co-ordinate system trans-
formation (Neufeld and Clayton, 2000)), I transform the survey coordinate system into
the recording system by a rotation of #; degrees about the x axis followed by a rotation

of ¢ degrees about the z axis.
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The polarization angle (6;) is the angle that the polarization vector of the incident com-
pressional wave makes with the vertical component of the 3C' geophone. From the basic
knowledge of wave propagation through anisotropic media it has been demonstrated that
the polarization direction of compression waves deviate from the propagation direction
but can be computed for a given propagation angle (Slawinski, 2003). Now to compute
the polarization angle (6;), the propagation angle(f) is computed first. Angle 6 is the
angle that the slowness vector of an incident plane wave makes with the vertical compo-
nent of a 3C' geophone and can be computed as described below. These angles (6, ¢) are
defined pictorially in Figure |3.1}

A hypothetical geophone indicated by three orthogonal blue lines are aligned with spa-

Figure 3.1: A hypothetical 3C' geophone at a grid point . “I” represents the normal to
an incident plane wave and azimuth is measured relative to y axis. Azimuth 0 indicates
the in-line direction and the cross-line direction is characterized by 90°.
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cial axes x, y, and z. The normal to an incident plane wave is indicated by the symbol
“I”, and the horizontal projection of “I” is indicated by H,. Azimuth ¢ is the angle
which the horizontal component y makes with H, and is indicated on this Figure. The
propagation angle # is the angle between the vertical component z and “I”.

The slowness vector p characterizes the direction of the incident wavefield and can
be computed using equation [2.1. The unit normal associated with a 3C' geophone at a
grid location is

a =sind, cos ¢, i+sin6, sin ¢aj + cos b, 1A<, (3.22)

where 6, and ¢, are the dip and azimuth of the normal to the interface respectively.
The angle 6 between p and a is then computed by a cross product according to

(Ferguson and Margrave, [2008)
sinf = |p x a, (3.23)

where x indicates a cross product. Note, though I restrict my discussion here to horizon-
tal interfaces 4=k for simplicity, I anticipate implementation of dipping interfaces as
an extension to this approach.

The propagation angle 6, once computed, is used to calculate the polarization angle
in terms of elastic coefficients (Slawinski, 2003)). I develop a relationship between these
two angles in terms of Thomsen parameters (Thomsen, 2002) according to
. (a?(0) — B sin®6 — o cos?0)

V]2 = 32 [02[26 + 1] — B3] sinf cos

0, = tan™

(3.24)

where 6; is the polarization angle of P-wave if a () is considered as the P-wave velocity
and by conceiving « (6) as the shear wave velocity it is polarization angle of SV-wave ,
6 is the propagation angle computed from equation [3.23] The P-wave polarization angle
can be computed from the known polarization angle of the SV-wave (6sy/) by subtracting

90 to (Asy) (Tsvankin|, 2001). Now, given #; and a known source, effective 3C' recording
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Dy, is computed

1 0 0
Do, =10 cos# sing | W, (3.25)
0 —sinf; cosb;
where W describes the known source type. Generally, a 3C' source wavefield is written

in matrix form as (Ferguson, [2009)

w=ls |, (3.26)

where S;, Sy and P are the cross-line, in-line and vertical components of the source

respectively. A vertical source wavefield, for example, is written

W=1o0 |. (3.27)

Figure depicts four 3C' geophones positioned at grid points 200 m below a source posi-
tion. In this Figure, 1, 2, 3 and 4 describe the four quadrants of a circle whose periphery
traces the azimuth from 0 to 360° and has the in-line and the cross-line directions as
horizontal and vertical axes. Rotation ¢, degrees about the x axis (H;) is anti-clockwise
for geophones to the left of the source and clockwise for geophones to the right. So,
I adopt the convention of a positive angle for anti-clockwise rotation and negative for
clockwise rotation (Neufeld and Clayton, 2000).

Azimuth ¢ is the angle between one of the horizontal geophone components and the
plane made with the source, and it is calculated from the input parameters of a plane
wave. Following a rotation of #; degrees about the x axis, the source waveform is rotated

¢ degrees about the vertical axis. A rotation ¢ about the vertical axis is computed and
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Depth:

offset(m)

Figure 3.2: Schematic representation of considered model and positioning of 3C geo-
phones at reflecting surface. 1, 2, 3 and 4 describe the four quadrant of a circle whose
periphery trace the azimuth from 0 to 360° and has y and x axis as horizontal and vertical
axis, respectively.

is written as
cos¢ sing 0
Dy=1 —sing cosp 0 | W, (3.28)
0 0 1

As a single operation, rotation through #; and ¢ is computed as

cos¢  sing cosf; sinf sing
D=1 —sing cos¢ cost cos¢sinf, | W, (3.29)

0 —sin 04 cos 6,

where D is the source wavefield rotated into the orientation of the 3C' geophone. Normally

it is written as (Ferguson) [2009)

D=1|H |. (3.30)
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where Hy, H,, and V' are the cross-line, in-line and vertical components of the vector

wavefield respectively.

3.5 Examples

Since up to 75% of oil and gas producing sedimentary basins worldwide are comprised
of shales and it is a major contributor to observed seismic anisotropy (Grechka, 2009), a
numerical model of a 700 m thick vertical transverse isotropic (VTI) medium (shale) is
taken into account here. The anisotropic parameters of this shale in Thomsen (Thomsen,
1986a)) parameters are ap=3048 m/s, Sy =1490 m/s, €=0.255, §=-0.27, and y=0.480.
Now a known impulsive source is extrapolated through the medium using equation |3.21
in the plane wave domain and transformed back into the space and time domain at the
interface. Further, the components of the recorded wavefield on 3C' geophones have been
sliced through the inline direction and at any given time. The red dashed line highlighted
in the circle at the top right corner of Figure |3.3| ¢ indicates the direction along which
a vertical slice through the modelled data is taken. The in-line and cross-line directions
are indicated by magenta and blue, respectively.

Figure shows a cross-line slice of the recorded P-wave energy on the H; compo-
nent obtained through the procedure outlined above and can be represented as registered
energy versus offset (REVO). REVO analysis reveals that energy registration increases
with offset and polarity reversal occurs on either side of zero offset on behalf of different
orientations of H; components with respect to the source on either side. The circle in the
top right corner of Figure is the plan view of a recording surface where the source
location is at the center of the origin. REVO analysis of the recorded P-wave energy on
the Hy component is shown in Figure[3.3p. It indicates that energy registration decreases

with offset and the polarity follows the stationary behavior on either side of zero offset
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Figure 3.3: (a) Registered energy versus offset (REVO) analysis of P-wave on H; com-
ponent illustrate that H; component is more favorable for energy registration as offset
increases. Polarity reversal appear on the either side of zero offset. (b) (REVO) anal-
ysis of P-wave on Hs component illustrate that H, component is more favorable for
energy registration near to zero offset. Polarity remains stationary on the either side of
zero offset. (c¢) Recorded P-wave energy on vertical component demonstrate that energy
registration on vertical component decreases with offset. Polarity follow the stationary
behavior on either side of zero offset.
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due to the same orientation of the H, components with respect to the source on either
side. Figure |3.3c shows the REVO of P-wave energy on the vertical component and en-
ergy registration decreases with offset. Since the propagation angle increases with offset,
it enforces the polarization angle to be increase towards the H; component along the
direction in which the slice of recorded data is taken. Thus, it makes the H; component
more favorable for energy registration at large offsets and endorses the obtained REVO

analysis.

Figure [3.4h, b and ¢ indicate the time slices of the recorded P-wave energy on Hj,
Hy and V' component , respectively, and reveal the variation of recorded energy versus
azimuth (REVA). The obtained circle in the z-y plane manifests azimuthal isotropy of
the medium as expected. It shows the efficacy of the proposed extrapolation method.
Figure demonstrates that no energy is registered on the H; component in the in-line
direction as expected. Energy registration increases as azimuth increases from 0 to 90
degree. Polarity reversal occurs on either side of a line that bisects the obtained circle
along the in-line direction. Since the H; components of 3C' geophones of quadrant 1, 2
or 3, 4 ( shown in Figure contain the same orientation with respect to the source,
they respond to the incident wave field in the same manner. While, the H; components
of quadrant 1, 4 or 2, 3 possess antipode orientation with respect to the source and re-
spond in an opposite way to the incident wavefield. This makes it possible to endorse the
obtained polarity reversal behavior. REVA analysis of the recorded P wave energy on
the Hy component (shown in Figure ) indicates that the recorded energy decreases
as azimuth increases from the in-line direction to the cross-line direction. No energy is
registered on the Hy component in the cross-line direction in this case as the H; compo-
nent is more favorable. Polarity on the Hy component flips from on either side of a line

that bisects the obtained circle along the cross-line direction. The H; components of 3C'
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Figure 3.4: (a) Registered energy versus azimuth( REVA) analysis of P-wave at H;
component indicates that energy registration increases as azimuth increases from 0 to
90. Polarity reversal occur on the either side of a line that bisects the circle along
in-line direction. (b) REVA analysis of P-wave at Hy component indicates that energy
registration decreases as azimuth increases from 0 to 90. Polarity reversal occur on the
either side of a line that bisects the circle along cross-line direction. (¢) REVA analysis of

P-wave on vertical component reveal the variation of recorded energy and polarity with
azimuth.
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geophones of the quadrant 1, 4 or 2, 3 respond to the incident wavefield in the similar
way in behalf of the same orientation of the components with respect to the source. At
the same time, the Hy components of 3C' geophones of the quadrant 1, 2 or 3, 4 have the
opposite orientation with respect to the source and respond to the incident wavefield in
a reversal manner. Figure [3.4c shows the variation of the recorded P wave energy with
azimuth on the vertical component. It demonstrates that the recorded P-wave energy
on the vertical component follow the stationary amplitude behavior and polarity. Since,
at a given time the orientation of the vertical component with respect to the incident
wavefield remains constant with azimuth,thus, it reinforces the obtained REVA behavior.
REVO analysis of the recorded SV-wave energy on H;, Hy and the vertical components
are shown in Figure 3.5h, b and c¢, respectively. This slice demonstrates an interesting
property possessed by SV-waves generated by an SV-source. For anisotropic media, SV-
waves triplicate (exhibit three arrivals) when the thickness of the anisotropic medium is
significant (Ferguson and Sen, |2004), and this is strongly apparent on V' and H; in Fig-
ure 3.5 It is demonstrated by Figure that energy registration on the H; component
decreases with offset and polarity reversal is also occurred on either side of zero offset.
Figure |3.5c shows that the vertical component is more favorable for energy registration
at large offsets. As the offset increases, the P-wave polarization angle increases with
vertical. Thus, the orientation of the polarization angle of the SV-wave, normal to the
P-wave polarization angle, increases in the direction of the vertical component and assign
it as the favorable component for energy registration at large offsets.
To verify the triplication phenomenon, another approach described by Ferguson (Fergu-
son and Sen| 2004) is delineated now. According to this approach wave field extrapolation

can be done using an estimate ¢ of the true vertical slowness ¢ and an estimate of the
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Figure 3.5: (a) REVO of SV-wave on H; component. The Triplication phenomena occurs
in this case. Registered energy decreases with offset. (b) REVO analysis of SV-wave
on Hy; component demonstrate that a minuscule amount of energy is registered on H,
component. (¢) REVO analysis of SV-wave on V' component indicates that a registered
energy increases with offset. Polarity reversal does not occur on the either side of zero
offset.
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true depth as

—iAZw

PAz = Po€ (331)

These estimated parameters are related to the travel time error parameter, Ar, via

Aty (p) = 2[zq(p) — 2] (3.32)

From the above equation, it follows that

A7y, (p) — 22q(p)
2

—iG = (3.33)

where AT, can be defined in terms of the known vertical slowness and its derivatives with
respect to Thomsen’s parameters. Figure shows the in-line slice of the extrapolated
wavefield obtained by following the supporting approach and it is the facsimile of Figure

3.6b. Thus, the authentication of the triplication phenomena is demonstrated. Figure

In—line slice of extrapolated wavefield In-line slice of extrapolated wavefield
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Figure 3.6: (a) In-line slice of the extrapolated SV wavefield by following the supportive
approach and it is replica of that obtained by author and shown in (b) part. It shows
the authentication of the triplication phenomena.

3.7 a, b and ¢ reveal the variations of the registered SV-wave energy with azimuth on
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the Hy, Hy and vertical components, respectively. More than one concentric circle is
the counterpart of triplication here. Figure |3.7h indicates that no energy is registered
in the in-line direction as expected and the registration increases as azimuth increases.
Further, polarity reversal occurs on the either side of a line that bisects the obtained
circle along the in-line direction due to the different orientation of 3C" geophones of the
concerned quadrant with respect to the source. Energy registration on the H, component
decreases with azimuth and no energy is recorded on the Hs component in the cross-line
direction as shown in Figure [3.7b. Again the polarity reversal occurs on either side of a
line that bisects the obtained circle in the cross-line direction. Figure demonstrates
the recorded SV-wave energy on the vertical component at a given time and it follows
the stationary behavior with azimuth. At a given time the orientation of the SV-wave
polarization angle with respect to the vertical remains constant for each azimuth and
ensures the stationary behavior of the recorded energy on the vertical component.

REVO analysis of the recorded SH-wave energy on the H; component indicates that a
small amount of energy is registered on the H; component and is shown in Figure [3.8h.
Figure|3.8b shows that SH-wave energy registration on the Hy component decreases with
offset and polarity reversal occurs on either side of zero offset. No energy is registered
on the vertical component since SH-wave is decoupled from other seismic waves.
Time slices of the recorded SH wave energy on the H;, H, and vertical components are
shown in Figure 3.9, b and c, respectively. Figure reveals the variation of the
recorded SH-wave energy on the H; component with azimuth and demonstrates that
energy registration decreases with azimuth and no energy is registered in the cross-line
direction. FEnergy registration on the Hs; component increases with azimuth and no
energy is registered in the in-line direction.

The zero offset travel time shown in Figures [3.5h, b, ¢ and [3.8h, b, ¢ indicates that SH-

and SV- waves travel with the same velocity along the symmetry axis. It is also noticed
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Figure 3.7: (a) REVA of SV-wave on H; component and more than one concentric circle
is the counter part of the triplication. Polarity reversal occur on the either side of a
line that bisects the circle along in-line direction. (b) REVA analysis of SV energy on
H; component demonstrate that Hy component is more favorable for energy registration
in the in-line direction. (c¢) REVA analysis of SV-wave on V' component indicates that
energy registration on V' component follows the stationary behavior. Polarity reversal
occur on the either side of a line that bisects the circle along cross-line direction.
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Figure 3.8: (a) REVO analysis of SH-wave energy on H; component indicates that a
small amount of energy is registered on H; component. (b) REVO of SH-wave energy
on H, component. Energy registration decreases with offset and polarity reversal occur
on either side of zero offset. (c) Recorded energy of SH-wave on Vertical component and

it is null in this case.
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Figure 3.9: (a) REVA analysis of SH-wave energy on H; component indicates that energy
registration decreases as azimuth increases from 0 to 90. Polarity reversal occur on either
side of a line that bisect the circle along cross-line direction. (b) REVA of SH-wave energy
on Hy component. Energy registration increases with azimuth and polarity reversal occur
on either side of a line that bisect the circle along in-line direction . (c¢) Recorded energy
of SH-wave on Vertical component and it is null in this case.
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here that at large offsets the arrival time of the SV- and SH- waves differs from each

other. This phenomena is illustrated in more detail through the Figure|3.10, This Figure
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Figure 3.10: The arrival time of the SV- and SH- waves at a geophone located at (a) zero
offset (b) medium offset (c) far offset. At medium offset SV energy is arriving at two
times (expected, unexpected). The unexpected arrival time of SV energy is supported
by the cusps in anisotropic media. The arrival time of the SH-wave is less than that of

SV-wave at far offset.

shows the difference between the arrival time of the SV- and SH-waves at a geophone
located at three different offset locations, such as zero, medium and large offsets. If I
ignore the dynamic behavior of SH- and SV-waves, the favorable component of the energy

registration and am only concerned about travel time information, the observations from

this Figure are followed as:
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o At zero offset both waves arrive at the same time.

e At medium offsets SV-wave energy is recognized by the geophone more than one

time as supported by the cusp phenomena in anisotropic media.

e However, at far offsets, the SH wave arrives prior to the SV-wave

. These observations can be endorsed in the reference of the Figure [3.11. This Figure
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Figure 3.11: The velocity variation of the SV- and SH-waves with the group angle. The
velocity curve of the SV-wave shows the cusp phenomena and possesses multiple value
at angle near by 45 degree in this case.

reveals the group velocity behavior with angle. It is observed that the SH-wave velocity
increases monotonically with angle(offset). Although, the SV-wave velocity increases
until the maximum value is attained and then decreases and grasp the minimum value
at far offsets. As it is seen that up to medium offsets, the SH-wave velocity surface

lies below the SV-wave velocity surface, the arrival time of the SV-wave would be less
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than that of the SH-wave arrival time up to medium offsets. At far offsets, the SH-wave
velocity surface attains its maximum value that is greater than the SV-wave velocity at
the same offset and this behavior shows the agreement for the occurred pattern of travel
time of the SV- and SH-waves at far offset. It is also demonstrated that near an angle of
45 degree, the SV-wave velocity surface is multi valued with cusp and reinforced to the

occurred pattern of the unexpected arrival time of the SV-wave at medium offset.

3.6 Conclusions

9C' — 3D seismic modeling for VTI has been accomplished in the plane wave domain.
The authentication of the proposed extrapolation method has been demonstrated, kine-
matically. The REVO and REVA analysis of the known source (P, SV, and SH) on the
components of the 3C' geophone have been delineated here in order to illustrate favorable
condition of energy registration on different components of the 3C' geophone. Polarity
reversal analysis with azimuth and offset has also been exposed. The phenomena of the
triplication occurs in using an in-line source. This is supported by the another approach

too.
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Chapter 4

R and T coefficients in the plane wave domain for VTI media.

4.1 Summary

Presently, I obtain the reflection(R) and transmission (7) coefficients at the boundary
between two transversely anisotropic media with a vertical axis of symmetry (VTI) in
behalf of their importance for numerical computations. Additionally, these coefficients
are valuable for full elastic wave modelling in anisotropic media. Classical R and T
coefficients have been expressed as a function of the phase angle that can be computed
by using the effective ray parameter. To do this, I compute a normal for each individual
plane wave based on the local velocity that is a function of Thomsen’s parameters of the
medium and the vector cross-product of this normal with the normal to the reflector yields
a ray parameter that is used here to compute the corresponding R and T coefficients for
a given plane wave. Now following Graebner’s approach (Graebner} 1992)), I obtain R
and T coefficients in terms of Thomsen’s parameters as these parameters are essential
for understanding the seismic wave’s signatures in the anisotropic media. Moreover,
amplitude versus offset (AVO) is a variation in seismic reflection amplitude with offset and
it is also referred as AVA (amplitude versus angle). Typically, the amplitude decreases
with offset because of geometric spreading, attenuation and other factors while an AVO
anomaly is characterized by the increasing AVO in a sedimentary section and indicates
the probability of the presence of hydrocarbons. As opposed to the isotropic case where
the velocity remains constant for all incident angles, the velocity is a function of the angle
of incidence for anisotropic media and motivates the author to analyze the effect of rock

anisotropy on the R and T coefficients of seismic waves. To achieve this purpose, first
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the SH-wave is considered, due to its simplicity for VTI media. The effect of Thomsen
parameter v on the R coefficients is delineated presently. In continuing this, the three
models characterized by Class 1, 2 and 3 type of Gas-sand anomalies are considered for
observing the influence of anisotropy on P-wave reflectivity and to test the accuracy of
the plane wave R coefficients. A test of accuracy of the popular Riiger’s approximation

(Ruger, 2001) is also delineated here.

4.2 Introduction

The travel time of a signal from the surface to and from a reflector and the amplitude
of the reflection comprise the seismic response. The reflection coefficient plays an impor-
tant role in order to interpret the field records for lithology, porosity and fluid content
etc (Upadhyayl |2004). Thus, the amplitude of the reflection attains more intension of
Geoscientists. For isotropic media, the amplitude of the reflection is a function of the
density, compressional and shear wave velocities of the two layers that make up the inter-
face and the angle of incidence (Shearer;, [1999). The velocity of isotropic media remains
constant during the AVO analysis while velocity of anisotropic media varies with the
angle of incidence and interrupt the AVO analysis (Riiger, [2001). In order to analyze
the effect of anisotropy on the R and T coefficients, a VTI model is taken into account
due to its simplicity among anisotropic media beyond the isotropic media. The thinly
layered media with horizontal interfaces and horizontally stratified shale formations are
characterized by the VTI model (Thomsen, 2002). For VTI media, the wave equation
separates into a coupled pair of equations for the P-SV waves and into a single equation
for the pure SH-wave (Slawinski, |2003). Further, VTI media possess z axis as axis of
symmetry so there is no loss of generality in considering propagation in any plane. First

I discuss the plane wave R and T coefficients of SH-wave for VT1 media. Then I consider
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the plane wave R and T coefficients of P- and SV-wave as an extension of preceding

work.

4.3 R and T coefficients of SH wave for VTI media

In the past, R and T coefficients have been obtained in several domains according to
their importance. Further, considering anisotropy in seismic exploration, the R and T
coefficients have been obtained in terms of the phase angle and material properties on
either side of the interface (Daley and Hron| 1977). Presently, I derive the R and T
coefficients in the plane wave domain in behalf of the efficiency in terms of the compu-
tational time for Rayleigh Sommerfeld Modeling(RSM) (Sharma and Ferguson, [2009b).
Along with this, some times R and T coefficients are required for use in reflectivity
programs where integration over the ray parameter is required (Ruger, 2001)). For this
case, parameterization by the phase angle can be inconvenient. This inconvenience can
be avoided by deriving the R and 7' coeflicients in terms of the ray parameter. To do
this, I compute the ray parameter using the effective ray parameter approach (Sharma
and Ferguson, [2009b) and is used to compute the corresponding R and T coefficients in
the plane wave domain.

In general, the reflected and transmitted waves are generated by an incident wave when an
interface is encountered. The amplitude of the reflected and transmitted waves depend
on the R and T coefficients (Krebes, 2008)). In order to obtain the R and T coeffi-
cients boundary conditions, the continuity of displacement and traction, are considered
at the boundary. After applying the boundary conditions , the R and T coefficients for
anisotropic media are obtained in terms of the effective ray parameter and the elastic
constant and can be written as (Slawinski, |2003)

1 2
_ Cyh — Cyy G2

, 4.1
g+ Ay (4.1)
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and
2 64114 q1

Skt 4.2
Claq1 + iy g (42)

Tsy =

where cj, and ¢, are the elastic constants of the incident and the refracted media.

ci4 can be related to Thomsen’s parameter as (Thomsen), 2002))

¢ = p1(Bon)?, (4.3)
and 2, is described as

¢ty = p2 (Bo)?, (4.4)
where p and 3 are the density and the vertical shear wave velocity. In the subscripts
the first digit indicates the shear wave propagation direction with respect to the vertical
and the second digit indicates the medium. The incident and the refracted medium are
characterized by indices 1 and 2, respectively. Following equations and [4.4] the
reflection and transmission coefficients can be described as

_ P1 5012611 - P2 5022612
p1 Bor’qy + pa Bo2” @2

Rsu (4.5)

and
P1 5012611
P1 5012(]1 + p2 ﬁon(]z7

where ¢ is the vertical slowness for SH wave in the incident medium and can be written

Top =2 (4.6)

as (Ferguson and Margrave, [2008)

= Bo’—p? (2m +1), (4.7)

and the vertical slowness of the refracted medium ¢ is described as

©= Bo’l-p’R2yr+1l), (4.8)

where v, and 7, are the Thomsen’s parameters of the incident and the refracted medium.

pr is the effective ray parameter and can be computed as

pr=I|pxal pi+p;+e, (4.9)
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where pq, ps and ¢ are the horizontal components 1, 2 and the vertical component of the
slowness vector, respectively and these are evaluated in the incident medium. The slow-
ness vector p characterizes the direction of the incident wavefield and can be computed
using equation while unit normal vector a associated with TTI symmetry plane is

computed according to equation ([3.22]).

4.4 Reflection and Transmission coefficients for P-SV wave

Historically, the P-SV reflection and transmission coefficients of an isotropic media has
been studied by numerous authors (Aki and Richards, 1980; Kennett, 2001)). Further,
Daley and Hron have extended this study for anisotropic media (Daley and Hron, 1977)).
Using the zeroth order approximation to an asymptotic ray series they have published
the displacement reflection and transmission coefficients of P-SV waves for VTI media in
terms of the elastic coefficients and the phase angle (Daley and Hron, [1977). Accounting
for the importance of the plane wave reflection and transmission coefficients as delineated
in the previous section, here I also derive plane wave P-SV reflection and transmission
coefficients. Graebner (Graebner, 1992) has published the reflection and transmission
coefficient in terms of the elastic coefficients and the horizontal and the vertical com-
ponents of the slowness vector. Since Thomsen’s parameters for an anisotropic medium
play an important role in order to reduce the non uniqueness of the inverse problem
where it is needed to model the data in a given geologic environment (Grechkal [2009).
Thus, I derive the reflection and transmission coefficients in terms of Thomsen’s param-
eters for seeking the effect of Thomsen’s parameters (J,€) on these coefficients . To do
this, I develop a relationship between the elastic constants used by Graebner (Graebner,
1992) and Thomsen’s parameters (Thomsen, |1986b)). Further, by using the effective ray

parameter I obtain 3D reflection and transmission coefficients for VT media.
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To obtain the R and T coefficients, the continuity of the displacement and the stress is re-
quired. Consider a P-wave that impinges on the interface and it generates a reflected and
refracted P-and SV-wave at the interface. Then, the stress-strain relationship (7 = ce)

can be expressed as

Tew A A=2N F 0 0 0 €2
Ty A-2N A F 0 0 0 €y
T.: F F C 00 0 €2
- , (4.10)
Ty 0 0 0L 0 0 2c,.
Tow 0 0 00 L 0 2.,
Tay 0 0 00 0 N | |2,

where eij:%( Ou;/0x;+0u;/0x;), and i, j=x,y, z or 1,2,3. The 7;; are the stresses, the ¢;;
are the strains, the u; are the components of particle displacement and the A, C, F, L and
N are the elastic constants. Now, the substitution of the plane wave particle displacement
equation into the wave equation yields the eigenvalues (phase velocities) of the P- and SV-
waves. Once the eigenvalues are known, the corresponding eigenvectors can be obtained
as a function of the elastic coefficients and the horizontal and the vertical slownesses. On
being acquainted with the eigenvalues and the eigenvectors of the P- and SV-waves, the
R and T coefficients are obtained after implementation of the boundary conditions at
the interface and can be expressed in matrix form as Sx=b. For this case the matrix S

is given by
loy, mp  —loy, —mp,
mal _lﬁl maz _l52

S = , (4.11)

ai by as by

(&1 d; —C2 —ds
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Where a’Z:L’L(qal lai +p1mai ) ’ bZ:LZ (qﬁzmﬁz _pllﬁl )7 C’i:pllai E"’Qalmal C’i7 a’nd dZ:pImﬁZE_
q,13,Ci, and i=1 corresponds to the upper medium and ¢=2 indicates the lower medium.
The l,, m, are the eigenvectors of the P-wave and the [z, mgs are the eigenvectors of the

SV-wave and can be expressed as

Apt+ L'qp — 1)+ (C'q; + L'p; — 1)’

and

(A'pi+ L'qp — 1)
_ , 4.13
" \/(A’p? + L'gi — 1) + (C'qi + L'p; — 1) 413)

where k=1 characterize the P-wave and the SV is characterized by the k=2 and A'=A/p,

L'=L/p,C’=C/p. Now the vectors, x and b, are given by

T'pp
Tps
X = , (4.14)
top
tps
and _ .
loy
May
b= , (4.15)

Ll (ql la1 + plmal)

_pflal Fl - Qal mal Cl

In above equations py is the effective ray parameter and is computed with equation[2.5] ¢,
and gg are the vertical slowness of the P- and SV-wave, respectively and can be computed

using equations [B.1], [B.2] [B.3] and [B.4l The elastic coefficient matrix for VTT media can
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be expressed as (T'svankin| 2001)

C11 ci1 —2¢66 c13 0 0 0
ci1 — 2 cep C11 ciz 0 0 0
C13 C13 c3 0 0 0
CvTr = . (416)
0 0 0 Cyq4 0 0
0 0 0 0 Cq4 0
0 0 0 0 0 Ce6

The comparison of the elastic stiffness matrix from equation with the above equation

yields the relationship
ci1 = A,cuu = L,c33=C,e55 = L,

and

Ci2 = C11 — 2066- (417)

Moreover, Thomsen’s parameters are defined as follow: The vertical P-wave velocity
is characterized by

ap= = (4.18)

Y

P

and S-wave velocity along the vertical axis of symmetry can be defined by
C44
Bo= —, (4.19)
and anisotropy can be characterized by the dimensionless coefficients

e=1/201 " (4.20)
C33

y =1/ 508 1 (4.21)
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and
5=1/2 (c13 + caa)” — (c33 — caa)’ (4.22)
cs3 (C33 — cas)
By considering the equations (4.17|to |4.22)), it can be demonstrated that
A = pag(1+2¢),C = pag, L = pfs, N = pfig,
and
F=p a2—8" 25+ a>—pB" —ph’ (4.23)

Once this relationship is built and is used in the above equations, the corresponding R

and T coefficients are obtained in terms of Thomsen’s parameters.

4.5 Example

Now following the equations from to as discussed above, I obtain the reflection
and transmission coefficients of SH-wave in the plane wave domain for interfaces between
two VTI media. To authenticate the proposed approach, I obtain the reflection and
transmission coefficients for a isotropic medium by employing a constraint on v (v = 0)
in equations and since y=0 corresponds to the isotropic case. Figure shows
the real and imaginary parts of the 3D reflection and transmission coefficients obtained
by applying a constraint y=0 on the anisotropic algorithm. Figure shows the 3D
reflection and transmission coefficients by following the isotropic algorithm as discussed
in Chapter2 and is the facsimile of Figure [4.1, Further, the corroboration is attained
by consider the in-line slices and the cross-line slices of the reflection and transmission
coefficients and are shown in Figure [1.3h, b, ¢ and d. The results obtained by following
the anisotropic and isotropic algorithms are denoted by the red and the green colors,
respectively, and the overlapping of these results ensure the efficacy of the proposed

approach of obtaining R and T coefficients in the plane wave domain.
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Figure 4.1: a) Real part of reflection coefficient. b) Imaginary part of reflection coefficient.
c) Real part of transmission coefficient. d) Imaginary part of transmission coefficient,
obtained from the anisotropic algorithm by applying constraint (7 = 0) on it.
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Figure 4.2: a) Real part of reflection coefficient. b) Imaginary part of reflection coefficient.
c¢) Real part of transmission coefficient. d) Imaginary part of transmission coefficient,
obtained from the isotropic algorithm.
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Figure 4.3: (a) The in-line (b) The cross-line slices of the SH wave R coefficients. (c)
The in-line (d) The cross-line slices of the SH wave T coefficients. The red line denotes
the coefficients obtained by degenerated anisotropic algorithm and the green line shows
the isotropic coefficients. The overlapping of these curve endorse the efficacy of the
anisotropic algorithm for isotropic media.
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As it is known that AVO analysis considers the amplitude variation for the pre-critical
propagation (Riiger, 2001), I consider this condition in order to analyze the influence of
Thomsen’s parameter on the AVO analysis. To do this, the upper medium is characterized
by the invariant vertical velocity and the variable v and the lower medium possess the
covariant Thomsen’s parameters. Now two cases for the lower medium : (1) when the
vertical velocity of the lower medium exceeds the vertical velocity of the upper medium.
(2) The reverse to the first case , are considered. Then, four sub-cases (i)y;=12=0
(ii)y1 #0 and v,=0 (iii)y2 > 71 (iv)y2 < 71 have been taken into account. Figure
shows the reflection coefficient curves as a function of the horizontal slowness for the
first case with four sub-cases. It is seen that at zero slowness the reflected wave has
negative amplitude as expected since the velocity of the lower medium is greater than
the velocity of the upper medium. Then iso/iso curve follows the expected behavior.
While, the change between the reflection coefficient values, as well as the change of the
slope of the reflection coefficient, is significant among the individual sub-cases for the first
case. Only for zero slowness (normal incidence) do the curves coincide. The slope of the
reflection coefficients for aniso/iso and aniso7y; /aniso(y2 < 1) sub-cases is less than the
slope of the iso/iso. As 7 > 0 corresponds to the velocity increment with slowness, for
the aniso/iso situation the velocity of the upper medium increases with slowness while
the lower medium’s velocity remains constant hence the numerator of the equation
attains the lesser value and the denominator has larger values than the values obtained
for iso/iso situation. Both factors, together, allow us to except the obtained pattern
of the reflection coefficient curve. Further, for the aniso v; /aniso(, < 71) scenario, the
obtained reflection coefficient curve lies in between the previous two situations. The
obtained reflection coefficient curve for the fourth sub-case shows more deviation from
the obtained curve of the isotropic-isotropic situation as the velocity of the lower medium

increases more rapidly than the upper medium in this case.
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Figure 4.4: The variation of R coefficient with horizontal slowness for the different inter-
faces illustrates that anisotropy does have a considerable influence on the AVO analysis.
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Figure 4.5: The influence of the Thomsen’s parameter v on the AVO analysis as shown

in Figure [4.4] for different model.
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Figure shows the reflection coefficient curves as a function of the horizontal slow-
ness for the second case with four sub-cases. Again the change between the reflection
coefficient values, as well as the change of the slope of the reflection coefficient, is sig-
nificant among the individual sub-cases. However, as indicated in the above examples,
ignoring the presence of anisotropy in VTI media has the potential of severely distorting
the AVO analysis.

Now following the theory delineated above in the reflection and transmission coefficient
for P-SV section, I implement an algorithm based on equations to in order to
compute the reflection and transmission coefficients for VT media. Prior to anisotropy
considerations, I compute the reflection coefficients of the seismic waves for isotropic me-
dia by using the anisotropic algorithm while applying the constraint (d, e = 0). Moreover,
reflection coefficients are obtained using the isotropic algorithm based on the Zoeppritz
equations in order to substantiate to the anisotropic algorithm (Shearer, 1999)). However
a complete set of the reflection and transmission coefficients are required for accomplish-
ing the 3D modeling but only the reflection coefficients of P-P and SV-SV are considered
presently in behalf of the complexity of the reflection and transmission curves for this
case. Figure[1.6h, b show the real and imaginary parts of the reflection coefficients of the
reflected P and SV waves when incident P and SV waves are considered, respectively,
and are obtained by the implementation of degenerated anisotropic and isotropic algo-
rithms. The overlapping of these curves show the feasibility of the anisotropic algorithm
for isotropic media. To obtain these figures, the interface of the two isotropic media has
been considered which follow the condition a3 < g, 1 < P2 and (51, f2) < (a1, a2)
where a; and (; are the P and SV waves respectively. ¢ = 1 corresponds to the upper
medium and the lower medium is characterized by ¢ = 2. For this condition, it is known
that when the P-wave encounters the interface for the four cases, namely, pre-critical,

criticall, critical2, post-critical arise in this situation and can be defined on the basis
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Figure 4.6: (a) The real and imaginary part of the R coefficients for (a) P-P (b) S-S cases.
The green line denotes the coefficients obtained by degenerated anisotropic algorithm and
the red line shows the isotropic coefficients. The dotted black and magenta lines indicates
the imaginary part of the R coefficients obtained by the degenerated anisotropic algorithm
and isotropic algorithms, respectively. The overlapping of these curve endorse the efficacy
of the anisotropic algorithm for isotropic media.
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of the maximum slowness possessed by the body waves in the lower medium. However,
reflection and transmission coefficients of the P and SV waves remain real in pre-critical
situations while becoming complex beyond the pre-critical, so I will consider only the
pre-critical scenario for further study. Also it is known that the better quality and lower
cost of acquisition and processing of the compressional wave data than the shear wave
data make the exploration community more sophisticated in the acquisition and process-
ing of the P-wave data. In the following section, I will consider only P-P reflectivity for
seeking the effect of anisotropy.

In order to test the accuracy of the plane wave domain reflection coefficient the three
models characterized by the class 1, 2 and 3 type of Gas-sand anomaly, respectively are
considered. The model parameters used presently are taken from Riiger (Riger, 2001))
and has been published before also by Kim. Further, a test of the accuracy of the popular
approximation given by Riiger is also considered here. Figure [4.7] shows the P wave
reflectivity with horizontal slowness for a isotropic media. It is indicated from this figure
that curves obtained by the exact algorithms of the isotropic media and VTT media are
analogous to each other while an approximation of Riiger provides a close match to the
exact solutions near the zero horizontal slowness and deviates from the exact solution as
slowness increases. The overlapping of the plane wave reflection coefficients obtained by
the exact isotropic and degenerated anisotropic algorithms establish the accuracy of the
approach followed by the author. Further, the overlap of the obtained exact reflection
coefficient with the reflection coefficient obtained by applying Riiger’s approximation

near to the horizontal slowness can be treated as supportive results in favor of the the

accuracy of the exact plane wave reflection coefficient given by equationdd.11], 4.12] 4.13]

and [4.15] To illustrate the effect of the anisotropy on the P-P reflectivity and the
accuracy of Riiger’s approximation’s, I show the P-wave reflection coefficients for the

same three models as used previously but now the VTI symmetry has been introduced
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Figure 4.7: P wave reflection coefficients computed for three shale/gas-sand interfaces.
The solid red lines indicate the exact solutions and the dashed green and black lines show
the solutions computed by exact VTI and Riiger’s approximated algorithms for isotropic
medium, respectively.
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Figure 4.8: The reflection coefficients curves of the P wave for the three models shown
in appendix. The thick red line denotes the exact isotropic reflection coefficient, the
dashed green and black lines show the exact and approximated reflection coefficients
after introducing vertical transverse isotropy into the shale overburden with anisotropic
parameters (0 = 0.12,¢ = 0.133)
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Figure 4.9: In order to seek the influence of the € on the reflection coefficients,the same
reflection coefficient curves of the P wave as the ones shown in Figure [4.8but for a zero
e in the shale layer(d = 0.12,¢ = 0)
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Figure 4.10: The same P wave reflection coefficient curves as shown previously in
Figures [4.§ and but for a VII medium characterized by anisotropic parameters

(0 =0.12, € = 0.233)
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Figure 4.11: P wave reflection coefficient curves for the same three models but for a
positive value of § in the shale layer (6 = 0.24,¢ = 0.133)
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Figure 4.12: In order to seek the influence of the § on the reflection coefficients, the same
reflection coefficient curves of the P wave as the ones shown in Figure |4.11but for a zero
d in the shale layer (0 = 0,¢ = 0.133)
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Figure 4.13: The same P-wave reflection coefficient curves as the ones shown in
Figurdd.11, but for a negative value of anisotropy(negative § in the overburden

(5 = —0.24,¢ = 0.133)
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into the overburden shale by considering the anisotropic parameters (¢ = 0.133,§ = 0.12).
Figure 4.8 illustrates the effect of the anisotropy on the P-P reflection coefficient and
accuracy of Riiger’s approximation as exact VTI reflection coefficients are compared with
the corresponding isotropic reflection coefficients (¢ = 0,6 = 0) and VTI approximated
reflection coefficients. This figure shows that the behavior of the reflection coefficient
curve can be changed substantially in the presence of anisotropy. It is also depicted
that the VTI approximation’s results do match perfectly with the exact one at the zero
horizontal slowness and closely near to it. Meanwhile, the deviation of the approximated
reflection coefficient curve from the exact one, as horizontal slowness increases, is also
observed. It’s also noticed that the approximation and the exact reflection curves are
close to each other for the first two models. The accuracy of Riiger’s approximation is
lower for the third model. In this case it is shown that the anisotropy has the largest
influence on the reflection coefficient for higher values of slowness. Further, the examples
are repeated for two different values of anisotropy parameters (¢ = 0 and ¢ = 0.233)
in Figures and [£.10] respectively. By examining these figures it is observed that
the difference between the curves are restricted to the large values of slowness but the
accuracy of the approximation remains unchanged near to and at the horizontal slowness.
Other examples are considered for three different values of anisotropy parameters

(0 =0.24, 6 = 0 and 6 = —0.24) with a constant value of € = 0.133 for observing the
influence of delta on the reflection coefficient curves. These examples are shown in the
Figures {.11] and A close investigation of these Figures makes it possible to
illustrate that anisotropy influences the P-wave reflection coefficient in a considerable
manner and the difference between the curves near zero horizontal slowness is governed

by the anisotropy parameter §.
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4.6 Conclusions

I have presented the plane wave reflection coefficient of the SH and P-SV waves for
anisotropic media by following Graebner’s approach and using the effective ray parame-
ter approach in order to accomplish the full elastic wave modeling for anisotropic media
in behalf of its efficiency in the plane wave domain. The authentication of the obtained
plane wave reflection coefficient of P-wave has been described in reference to isotropic re-
flection coefficient and Riiger’s approximated reflection coefficient. Further, it has been
observed that anisotropy influences the solution for the SH-wave reflection coefficient
through the contrast in the anisotropy parameter v across the boundary. It has been
demonstrated that anisotropy does not have any effect on the reflection coefficient of
the normally incident waves. For the P-P case, the parameter § governs the pattern
of the reflection coefficient near zero slowness and € is responsible for the behavior of
the obtained reflection coefficient at the large values of the horizontal slowness. These
observation are a manifestation of the well known facts that e governs the influence of
anisotropy on the P waves traveling near horizontally and § dominates near vertical wave
propagation. If there is no contrast in Thomsen’s parameters (e, d) across the interface,
the reflection coefficients obtained from the exact anisotropic algorithm by putting a con-
straint (e, = 0) on it, coincides with those obtained from the purely isotropic algorithm.
Meanwhile the reflection coefficients obtained from Riigers approximation do match with
the exact one at and near to the zero horizontal slowness. Finally, these analysis of
the effect of anisotropy on the reflectivity of the body waves, indicate that conventional
AVO analysis needs to be modified in the presence of anisotropy on either side of the
interface. Since there is a considerable difference between the reflection coefficient curve
obtained from the exact and approximated algorithms at large values of the horizontal

slowness and this difference may also be noticeable near zero slowness in the presence of
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strong anisotropy, we should deal with the more exact algorithm so that the scanty of
the accuracy could be avoided.

Further, as the dependency of the reflected waves amplitude on offset has proven to
be a valuable exploration tool for direct hydrocarbon detection, I have demonstrated
that anisotropy does have a considerable influence on the R coefficient of seismic waves.
Thus conventional AVO analysis needs to be modified in the presence of the anisotropy
on either side of the reflecting boundary. A test of accuracy of Riiger’s approximation is

also delineated here.
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Chapter 5

Phase shift modelling for HTT media.

5.1 Summary

Fractures play an important role in hydrocarbon production as they determine the path-
ways and volume of crustal fluid movement. A horizontal transverse isotropic (HTI)
medium is the simplest effective model of a formation that contains a single parallel frac-
ture system. By following the same theory as discussed in the previous chapter, I present
phase shift modelling in order to seek the dynamic and kinematic signature of seismic
waves in HTT media as these analysis can be useful for fracture analysis. The only differ-
ence in this case resides on the way of computing the polarization angle of the incident
body waves at each grid point at the interface. Consequently, a layer of infinitesimal
thickness above the HTI media is taken into account for defining the initial wavefield
propagation direction. The incident wavefield propagation direction is governed by the
cross product of the unit normal vector in the direction of propagation with the unit
normal vector associated with the rotational-symmetry axis. This cross-product yields
the effective ray parameter that is the prerequisite for obtaining vertical slowness of the
refracted wave in HTT media. On being acquainted with the effective ray parameter and
the vertical slowness of the refracted wave in HTI media, the unit normal vector in prop-
agation direction in HTT media is computed and used in the cross-product with the unit
normal vector associated with a 3C' geophone at a grid location. This cross-product leads
to the computation of the polarization angle of propagating body waves in HTI media at
the interface and nurture to the rotation matrix. Therefore, the rotation matrix, built on

the bases of the polarization angle and azimuth, is applied to the extrapolated wavefield
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in order to model 9C data. It is observed that the amplitude and travel time of seis-
mic waves are affected by HTI media. The presented 9C-3D modelling will contribute
to fracture detection from surface seismic data since the information about the fracture
system can be extracted from the three dimensional behavior of the shear wave splitting.
Subsequently, this modelling will be applicable for VSP and micro-seismicity modelling

in the presence of anisotropy.

5.2 Introduction

In recent years, geo-scientist are supposed to explore the different kind of hydrocarbon
reservoirs in behalf of increasing demand for oil and gas in the world. Many of the
reservoirs, such as carbonates, tight clastic and basement reservoirs, contain a finite
population of natural fractures (Zheng, 2006). Further, fractures control the fluid flow
rate, which depends on the permeability of the reservoir as it is high in the direction
of fractures strike and low across it (Lines, 2004)). Consequently, the knowledge of the
distribution of the fracture system to geo-scientist and reservoir engineers is the prerequi-
site for the successful development of these reservoirs. According to geology, a fracture is
characterized by a planar discontinuity in rock due to deformation or physical diagenesis
(Xiang-Yangi, 1997)). The pattern of the fractures depends on the present and history of
the stress and it is evident that certain small-scale fractures may be stress aligned and
behave as anisotropic media for seismic waves with sufficiently long wavelengths (Peter
and Crampin, [1990). These fractures, either having been initially open due to the stress
field within Earth at present time or subsequently closed due to mineralization, are im-
portant for fluid flow. Since open fractures can provide storage space and passage for
flow of oil and gas, they are of interest for hydrocarbon exploration . There are two ways:

direct and indirect methods, to measure fractures. Direct measurement is based on the
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well-logging or core sampling and has its limitation as it is applicable around the well
bore. Thus, indirect measurements are required to delineate fractured reservoir and to
optimize the development of the reservoir. Since in most circumstances in depth in-situ
fractures are more or less vertical, the simplest effective model of a formation containing
a single parallel fracture system is transversely isotropic with a horizontal symmetry axis
( HTT) and is considered presently. Figure shows the HTT model induced by vertical
fractures where the x axis is the axis of symmetry. The plane which possesses the axis
of symmetry is known as symmetry axis plane and a plane normal to the symmetry axis
plane is characterized by the isotropy plane and both these planes are shown in Figure
5.1l For present day geophysics, the crustal fracture content, distribution and possible
alignment is the important subject despite of the complexity of crustal anisotropy. And
if we are to comprehend the role of fractures and fluids to monitor hydrocarbon reservoirs
for the presence or absence of major fluid pathways, we must understand how seismic
waves interact with the fractures and how this interaction can provide an opportunity
to extract the fracture information from seismic waves by considering the kinematic and
dynamic analysis. In order to accomplish this purpose it is worth while to review wave-
field propagation in the transverse isotropic media and it has been done in chapter 3.
Further, prior to the analysis of the dynamic signature of body waves in the transverse
isotropic media, it is convenient to understand the difference between the group velocity

and the phase velocity.

5.2.1 Group velocity

The group velocity-vector characterizes the direction and speed of energy associated
with the wave motion, therefore, is of primary importance in seismic wave modelling
and inversion methods. In contrast, the phase velocity is the local velocity with which

wavefront propagates in the normal direction to it. For transversely isotropic media, the
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Figure 5.1: Schematic representation of HTT medium induced by vertical fractures where
x axis is the axis of symmetry. The plane which possesses the axis of symmetry is known
as symmetry axis plane and a plane normal to the symmetry axis plane is characterized

by the isotropy plane (Nadri, 2009).
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difference between the group and phase velocity vectors are caused by velocity variation
with angle. As depicted in Figure the group angle (V) represents the direction of the

source

wavefront

wave vector k

Figure 5.2: Schematic representation of the phase and group angles. The angle is mea-
sured with vertical axis. The group angle depicts the direction of energy propagation
while phase angle determines the direction of wavefront propagation (Tsvankin:2001).
group velocity vector in a homogeneous medium and it is aligned with the source-receiver
direction while the phase angle () is the angle between the wave vector k and the vertical
axis. These angles are different just because of the lack of sphericity of wavefront in the
presence of anisotropy. In contrast to phase velocity which can be obtained from the
Christoffel equation, group velocity can be computed from the phase velocity function
by using this relationship

V =gn, (5.1)

between the group and the phase velocities. Now to obtain the group velocity from
equation [5.1] the spatial direction of the unit wavefront normal n can be characterized
by two directional angles 6, and 5. These angles are known as the polar angle and the

azimuth of n, respectively. So the wavefront normal can be computed as
n = [sin 6 cos 0y, sin 6 sin O, cos 6], (5.2)

The differentiation of equation leads the expression

ovV. _  On N og
06, 06, " 08,

n(i =1,2), (5.3)
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By definition n is the normal to the wavefront, whereas the derivatives dg/00; are tangent
to it. Hence, the second term on the right -hand side of the above equation vanishes.

Thus
oV B on
o6, ~ & o8,

(i=1,2), (5.4)

At this moment considering equations [5.1] and [5.4], the component of the group velocity

vector can be obtained according to expression

oV on 1 0V On

—V Ty T 5.5
&= 0 50,90, " 5?6, 00, 00, (5:5)
This equation leads to the following conclusions
e The magnitude of the group velocity can be defined as
ov 1 0V
= = V24 (=)+——(=)% 5.6

Therefore, the inequality V' < g is satisfied by the phase and group velocities for

any wavefront normal n.

e As it is known that the ray is the unit vector, r, parallel to the group velocity so it
can be defined as

_8
r= . (5.7)

rn=—. (5.8)

If r = n, the ray deviates from the wavefront normal towards the phase velocity
increase in accordance with equation [5.5] Figure [5.3|illustrates this geometrically.

From Figure |5.3] it is evident that

<

cos(f — ) = % = <(9)>, (5.9)

)
S
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Now by considering the right triangle whose hypotenuses is g and V', 0V/00 are

the sides and can be illustrated that

1 dV(6)
tan(d — ) = ———+—- 5.10
and the trigonometric identity
t —t
tan(z —y) = T~ any : (5.11)
1+ tanxtany
leads to the relationship between the group angle and the phase angle as
tan  + L 210
o -1 V(o) db
Y = tan [ v, (5.12)
V(0)  db

According to equation [5.12} the equality /=60 occurs only when dV'(0)/df0=0, that
is, at the extrema of V(6). At those extrema the ray direction coincides with the
wavefront normal’s direction and the group-and phase velocity surfaces touch each

other as shown in Figure [5.3

Previously, the group velocity has been obtained in terms of the phase velocity. Fur-
ther, to understand the phenomena of triplication it is worthwhile to understand the

group velocity surface, phase velocity surface and slowness surface.

e Group velocity surface: A surface which is produced by plotting the group

velocities from a common origin along the ray direction.

e Phase velocity surface: Plotting the phase velocity as a function of its direction

form the phase velocity surface.

e Slowness surface: The reciprocal surface of phase velocity surface is the slowness

surface whose radius in any direction is proportional to 1/phase-velocity.

So far it has been shown that the group velocity can be obtained using the phase velocity.

To gain more insight into the geometries of the slowness and group velocity surfaces, we
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Ray (Group) and Wavefront (Phase) Velocities

Plane-wave wavefront

Wavefront velocity surface

Vertical Velocity

Horizontal Velocity

Figure 5.3: Schematic representation of the relationship between phase velocity and group
velocity surfaces. The angles ¢ and 6 are the group and phase angles, respectively and
are measured with horizontal axis. It illustrates that the group velocity surface can be
constructed from the known phase velocity surface. Plane-wave fronts are the normal
drawn from known points of the phase velocity surface to the group velocity surface and
governs the energy distribution for a given direction (Nadri, 2009)).

can describe the group velocity in terms of slowness as (Grechkal 2009)

. = = 1,2). q

This equation implies that the group-velocity vector g is normal to the slowness surface.
Now, to explain the origin of triplication, refer to Figure[5.4] In this figure the slowness,
phase-velocity and group velocity surfaces of SV-wave are indicated by dashed blue, solid
red and solid black, respectively. The slowness in this figure has both convex and concave
regions. As we know from equation [5.13] the normal to the slowness surface indicates
a ray direction. We plot normals to the slowness surfaces which are shown in Figure
by light and dark blue arrows. The normals spread away from each other (light
blue) when the slowness surface is convex and due to this the wavefront remains single-
valued. Conversely, the wavefront becomes multivalued when the normals are drawn to
the concave portion of the slowness surfaces because in this case the normals intersect

each other and cause the group-velocity surface to fold onto itself. A close inspection of
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Figure 5.4: Schematic representation of the relationship between phase-velocity (solid
red) and group-velocity (solid black) surfaces and slowness surface (dashed blue). This
figure makes it possible to understand the reason for triplication on the SV wavefront
(Grechka; [2009)). The normals to the slowness-surface are shown by light and dark blue
arrows. Red and brown arrows indicate the wavefront normals.

Figure makes it possible to conclude that if we draw a radius vector for a particular
direction it will intersect the group velocity surface three times. As the radius vector
corresponds to the magnitude of group velocity, the three arrivals corresponding to the
three ray velocities results in triplication.

So far I have discussed the crucial factors which can be used in order to analyze the
dynamic behavior of the body wave propagation, through the anisotropic media. Travel
times in anisotropic media are accommodated through the plane wave transformation
and phase shift. For accomplishing phase shift modelling, I have implemented the same
theory as discussed in Chapter 3 and CREWES report (Sharma and Ferguson| 2009a)).
The only difference is that a layer of infinitesimal thickness above the HTI medium is
taken into account here in order to define the wavefield propagation direction initially.
I have implemented a constraint on this layer that the velocity possessed by it is the

maximum velocity of the lower HTT media. The incident wavefield propagation direction
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is governed by the cross product of the unit vector normal to the plane wavefront with

unit vector in the direction of axis of symmetry as
pr=Ipxal pi+p3+e, (5.14)

where pq, p» and ¢ are the horizontal components 1, 2 and the vertical component of
the slowness vector, respectively and these are evaluated in the incident medium. For
HTI media presently, I take the interface characterized by (4=j). Once the effective
ray parameter p; is computed, the vertical slowness qur; of the incident body wave
in the lower HTT media can be computed in terms of Thomsen’s parameters and the
effective ray parameter known for all the body waves (Sharma and Ferguson, [2009a).
On being acquainted with the effective ray parameter and the vertical slowness of the
incident wavefield in the HTI media, the unit vector normal to the plane wavefront in

the propagation direction can be determined as

pli+ij+QHTIlA<
\/p% + D5 + Gy

Now, the cross product of this unit vector with the vertical axis of a 3C' geophone

PHTI —

(5.15)

[prirr x &l (5.16)

yields the polarization angle at each 3C geophone located at the interface and nurture to
the rotation matrix as the knowledge of the polarization angle is the essential parameter
for obtaining the rotation matrix. Once the rotation matrix is built, it is implemented

on the extrapolated wavefield in order to model 9C-3D data.

5.3 Example

I consider a homogeneous and anisotropic HTT medium of 700 m thickness for a simple

demonstration. The fact that the ratio of fracture size to the seismic wavelength less than
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1 makes the medium to be effectively homogeneous and anisotropic. Further, Thomsen’s
parameters are considered from Vernik’s paper (Vernik and Liu, 1997)) for the medium
characterization. Now a known impulsive source is extrapolated through the medium
in the plane wave domain and transformed back into the space and time domain at the
interface. Prior to energy distribution among the three components of the 3C' geophones,
I consider the in-line, cross-line and time slices of the known extrapolated wavefield in
order to analyze the kinematic and dynamic behavior of the body waves in HTT media.
Presently, the in-line and cross-line directions are characterized by the fracture strike
direction and normal to it,respectively. Consequently, first a known P wave source is
considered at the earth surface and is extrapolated through the HTI medium. Figure
shows the in-line slice of the extrapolated wavefield and the cross-line slice is shown

in the Figure [5.5p. Kinematically, these slices lead to the following observations

e The arrival time of the extrapolated wavefield at zero offset is the same in the

in-line slice as well as in the cross-line slice.

e The travel time response of the in-line slice is hyperbolic while it is non-hyperbolic

for the cross-line slice.

e The arrival time of the extrapolated wavefield at far offsets in the in-line slice is
less than registered in the cross-line slice. It is a manifestation of the well known
fact that P-waves travel fastest in the direction of fracture strike and slow in the

direction normal to it.

Figure and b show the time slices of the extrapolated wavefield without and with
analytic curve. The obtained ellipse in the x —y plane manifests the azimuthal anisotropy
of the medium as expected. The overlapping of the analytic ellipse with the obtained

one ensures the accuracy of the proposed phase shift modelling kinematically.
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Figure 5.5: (a) In-line (b) Cross-line slice of extrapolated P wavefield through an
anisotropic medium characterized by Thomsen’s parameters shown in appendix. The
considerable difference between these slices is observed kinematically as well as dynami-
cally. Both slices manifest well known fact that P-wave travel fast in direction of strike
with high amplitude.
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Figure 5.6: Time slice of extrapolated P wavefield (a) without (b) with analytic curve.
Obtained ellipse is a manifestation of azimuthal anisotropy as expected. More energy is
observed in fast direction. The overlapping of the analytic curve (shown in red color)
with the obtained ellipse illustrate authentication of proposed phase shift modelling.
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Dynamically, it is noticed that P-wave amplitude increases from the slow direction
to the fast direction. This observation correlates well with equation [5.§ and Figure |5.3
where it is mentioned that the ray deviates towards the high phase velocity direction from
the low velocity direction in the presence of anisotropy. In addition to this, if we draw a
normal from a known point of the phase velocity surface to the group velocity surface, the
point where it makes a contact with the group velocity surface corresponds to the plane
wave drawn tangentially at that point. Then the energy distribution depends on how
close these points are at the group velocity surface and it can be observed from Figure
that these points are dense in and near the fast velocity direction while sparse in the
low velocity direction and hence the observed amplitude pattern in our analysis. Now,
in order to seek the influence of the anisotropy on the kinematic and dynamic behavior
of the P-wave I am repeating the same procedure as outlined above after introducing
the different anisotropy in the same model as taken previously. Figure and b show
the in-line and the cross-line slices of the extrapolated wavefield for the same medium as
before but for a positive value of §. The time slices of the extrapolated wavefield with
and without the analytic curve are shown in Figure[5.8a and b.  In continuation of this
analysis, the in-line and the cross line slices for negative ¢ are shown in the Figure [5.9a
and b and the time slices are shown in the Figure and b. A close examination of

these figures make it possible to illustrate the following observations:

e Kinematically, the different values of 0 do not have any effect on the in-line slice’s
response while do have the noticeable effect on that of the cross-line slice. The
authentication of the proposed phase shift modelling is shown in these figures as

analytic ellipse coincides with the obtained ellipse.

e Dynamically, at a given time the energy distribution in the z — y plane depends

on the magnitude of the anisotropic parameter §. Further, it’s noticed that for
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Figure 5.7: (a) In-line (b) Cross-line slice of extrapolated P wavefield for same model
as before but for a larger magnitude of anisotropy (higher =0.29) in the medium. The
large value of § does have effect on the cross-line while the in-line slice is not influenced.
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Figure 5.8: Time slice of the extrapolated P wavefield (a) without (b) with analytic
curve. The large value of § does have influence on the kinematic and dynamic behaviors
of P wave.
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Figure 5.9: (a) In-line (b) Cross-line slice of the extrapolated P wavefield for the same
model as considered for above Figure but for large negative value of 6 (§=-0.2). A
considerable effect, kinematically as well as dynamically, of anisotropy is observed on the
cross-line slice.
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Figure 5.10: Time slice of the extrapolated P wavefield (a) without (b) with analytic curve
for the same medium as considered in Figure [5.91 The authentication of the proposed
modelling is demonstrated here as analytic curve is analogous to the obtained one.
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Figure 5.11: Time slices of the extrapolated P wavefield (a) with (b) without analytic
curve through the medium characterized by Thomsen’s parameters chosen randomly. The
unexpected behavior, kinematically and dynamically, illustrate that choice of Thomsen’s
parameters for a medium characterization can not be random.

negative ¢ the contrast in the in-line and cross-line’s energy is more than that for

the positive 9.

Moreover, the choice of § for the figures shown above was limited on behalf of the rela-
tionship between elastic stiffness constants and Thomsen’s parameters as shown in the
appendix D. Thus, the adopted value of § should make physical sense and can not be
taken randomly and it can be verified in reference to Figure |5.11| . Figure and b
show the time slice of the extrapolated wavefield for the delta chosen randomly. It is ob-
served here that the maximum amplitude of the P-wave occurs in the slow direction and
decreases towards the fast direction and there is no overlapping of the analytic and the
obtained ellipses. Thus, the demonstrated dynamic behavior of the propagated P-wave is
just opposite of what we expected and make it necessary that the selection of § can not be

random. Figure and b show in-line and cross-line slices of extrapolated SH-wave
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Figure 5.12: (a)In-line (b) Cross-line slice of extrapolated SH wavefield for same model
as considered in Figure [5.5| with low resolution. The difference, kinematically or dynam-
ically, can not be examined precisely on behalf of these slices.
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Figure 5.13: Time slice of the extrapolated SH wavefield (a) without (b) with analytic
curve for same medium as ones shown in Figure[5.12/and demonstrate that SH wave travel
fast in direction of fracture strike with high amplitude and illustrate the authentication
of the proposed modelling.
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through the same model as considered in Figure|5.5] Both of these slices are plotted with
a high clipped display, otherwise, the difference in between these slices in terms of ampli-
tude and travel time would not be noticeable. Although, it is observed from Figure[5.13ha
that SH-wave travel fast in the direction of fracture strike and energy decreases from
the fast direction to the slow direction and follow the same behavior as that of P-waves.
Kinematically, the authentication of the proposed modelling for SH-wave in anisotropic
medium is demonstrated as the analytic curve (shown in magenta color) matches with
the obtained one in Figure 5.I13p. Again, to observe the influence of anisotropy on the
kinematic and dynamic behaviors of SH-wave, the same model as considered for Figure
, is taken into account after introducing large anisotropy (higher 7) into the medium
through which SH-wave propagates (7 = 0.34). The in-line and the cross-line slices are
shown in Figure and b. The dissimilarity between these two slices is observed here
in terms of travel time and amplitude. However, these analysis can be emphasized in
reference to Figure where it is demonstrated that more energy travel in the fast
direction. As this Figure differs from Figure it is possible to make a conclusion that
anisotropy does have an effect on kinematic and dynamic behaviors of the SH-wave. So
far, I have discussed the effect of anisotropy on wavefield propagation of seismic waves.
Now following the same theory as outlined above through equation to [5.16] I have
obtained $C data for known P-wave source at the surface after applying the rotation
matrix on the extrapolated wavefield and have taken a slice through the in-line direction
shown in Figure|b.16| The red dashed line highlighted in the circle at the top right corner
of Figure [5.16f indicates the direction along which a vertical slice of the modelled data
is taken. The in-line and cross-line direction are indicated by blue and magenta color,
respectively. Figure , b and c¢ show the registered energy versus offset (REVO)
analysis of P wave on Hy, Hy and V' components while registered energy versus azimuth

(REVA) analysis is shown in Figure [5.17a, b and ¢, respectively. Moreover, these figures
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Figure 5.14: (a) In-line (b) Cross-line slice of the extrapolated SH wavefield for the same
model as considered above but of large anisotropy (v = 0.34) and show the effect of
anisotropy on propagation of the SH wavefield.
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Figure 5.15: Time slices of the extrapolated SH wavefield through the same model as

ones shown in Figure[5.14, The authentication of the proposed modelling is shown in (a)
and (b) kinematically and dynamically, respectively.
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follow the expected pattern of registered energy on the different components with offset

and azimuth.

5.3.1 SV-case

Now the same theory as discussed above has been implemented for SV-wave. In order
to analyze the kinematic and dynamic behavior of the SV-wave in HTI media, the same
model as used for P and SH-wave is considered. Figure and b show the in-line
and cross-line slices of the extrapolated SV wavefield. It is observed that both of these
slices are very close to each other in terms of the travel time response. Figure and
b illustrate time slices of the extrapolated wavefield. The obtained circle indicates that
anisotropy does not have a considerable effect on SV-wave propagation as had on P and
SH-wave propagations for this case. Further, the effect of anisotropy on the SV-wave
propagation has been examined on behalf of considered models shown in the appendix.

Figure and b show the time slices of the SV wavefield extrapolated through a
medium characterized by Thomsen’s parameters shown in the appendix and possesses
positive € and § with the condition (e > 0). In continuation of this, another model pos-
sesses the same condition as outlined previously but with large magnitudes of Thomsen’s
parameters taken into account for observing the effect of anisotropy. By inspecting Fig-
ures [5.20 and it can be revealed that as long as Thomsen’s parameters follow the
condition (e > ¢) anisotropy does not have a considerable effect on SV wave propagation

either kinematically or dynamically. However, the effect of anisotropy on SV wave prop-

agation can be seen in Figures[5.22] [5.23|and [5.24]  Although, the authentication of the

proposed modelling, kinematically, is not demonstrated in these cases as obtained results
are not matching with analytic curves, it is possible to make some remarkable conclusion

as follows

e if (e — § < 0), the cusps occur in the in-line direction and can be observed in Figure
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Figure 5.16: (a) Registered energy versus offset (REVO) analysis of P-wave on H1 com-
ponent illustrate that H1 component is more favorable for energy registration as offset
increases. Polarity reversal appear on the either side of zero offset. (b) (REVO) anal-
ysis of P-wave on H2 component illustrate that H2 component is more favorable for
energy registration near to zero offset. Polarity remains stationary on the either side of
zero offset. (c¢) Recorded P-wave energy on vertical component demonstrate that energy
registration on vertical component decreases with offset. Polarity follow the stationary
behavior on either side of zero offset.
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Figure 5.17: (a) Registered energy versus azimuth( REVA) analysis of P-wave at H1
component indicates that energy registration increases as azimuth increases from 0 to
90. Polarity reversal occur on the either side of a line that bisects the circle along
cross-line direction. (b) REVA analysis of P-wave at H2 component indicates that energy
registration decreases as azimuth increases from 0 to 90. Polarity reversal occur on the
either side of a line that bisects the circle along in-line direction. (¢) REVA analysis of

P wave on vertical component reveal the variation of recorded energy and polarity with
azimuth.
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Figure 5.18: (a) In-line (b) Cross-line slice of the extrapolated SV wavefield for the same
model as considered above for P and SH waves. The in-line slice is analogous to the
cross-line slice
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Figure 5.19: Time slices of the extrapolated SV wavefield through the same model as
ones shown in Figure . The authentication of the proposed modelling is shown in (a)
and (b) dynamically and kinematically, respectively. The obtained circle illustrate that
anisotropy does not have a considerable effect on SV wave propagation.
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Figure 5.20: Time slices of the extrapolated SV wavefield through model2 (e > §) as
ones shown in Table [D.2 The authentication of the proposed modelling is shown as
analytic curve overlays with obtained one as shown in (a) and (b). There is no effect of
anisotropy for this model.
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Figure 5.21: Time slices (a) and (b) of the extrapolated SV wavefield through model3
with large magnitude of (¢ > ) shown in Table The authentication of the proposed
modelling is shown in (b),kinematically. Still no effect of anisotropy is observed.
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5.22h and be authenticated by Figure [5.22p.

e if § is negative and (e — § > 0) , the cusps occur near 45° from the axis of symmetry.

This phenomena is noticed in Figures and [5.24]

Time slice Time slice
T

-1000 ; ; —— ; ; -1000

e,

-500 -500

x(m)
o
x(m)
o

500 500

1000 1000

-1000 -500 0 500 1000 -1000 -500 0 500 1000

Figure 5.22: Time slices of the extrapolated SV wavefield through the modeld (e < )
shown in Table [D.2l The cusps phenomena is occurred in the in-line direction. The
occurrence of cusps is endorsed by the analytic curve but no overlapping of analytic
curve with obtained one is noticed.

5.4 Conclusions

I have presented multi-component modelling of P-wave in the plane wave domain for HTI
media. The authentication of the proposed phase shift modelling has been demonstrated
kinematically and dynamically. Further, the kinematic and dynamic effect of anisotropy
on seismic waves propagation has been demonstrated and the dependency of this analysis
on the magnitude of Thomsen’s parameters is also illustrated. Since the fractures have
an impact on the amplitude and travel time of seismic waves propagation, the careful

investigation of this impact can be used for fracture detection.
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Figure 5.23: Time slices of the extrapolated SV wavefield through model5 (—4) shown
in Table [D.2] The cusps is observed near to 45°.

Time slice

Figure 5.24: Time slices of the extrapolated SV wavefield through the model possesses
large negative value of 6 (model6) as shown in Table
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Chapter 6

Phase shift modelling with new proposed approaches.

6.1 Summary

In order to perform phase shift modelling for HTT media, I have implemented a constraint
on a layer of infinitesimal thickness above the HTT media that its velocity is the maximum
velocity of the lower HTT medium. To remove this constraint, I have presented two more
approaches here. According to first approach, I use the relationship between the cosine
of any angle with the horizontal axis and the angle of incidence considered with respect
to vertical and azimuth for obtaining an effective ray parameter for HTT media. Once the
effective ray parameter is known, the vertical slowness is computed using this parameter
and Thomsen’s parameters of equivalent VTI media corresponding to HTI media. The
acquaintance of the vertical slowness make it possible to extrapolate known source wave-
field through anisotropic media using a phase shift operator. In the second approach, I
solve the Christoffel equation for obtaining vertical slowness used to obtain phase shift
operator for anisotropic media. In order to test the proposed approaches, I have per-
formed seismic modelling for orthorhombic media, that has been examined in contrast to
the physical modelling presented by another student of CREWES. Further, taking into
account the second data acquisition geometry for VTI media, multi-component data has
been obtained for P-wave source. For the sake of obtaining the multi-component data
for HTT media, I have computed P-wave R coefficient numerically. The fidelity of the

obtained R coefficient has been illustrated in light of Riuger,s approach.
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6.2 Introduction

Historically, it has been demonstrated that the formulas pertinent to VTI media can
be used for HTI media(Berryman, |2008). In doing so, the physical meaning of angle of
incidence differs from the classically used one. Generally, the angle of incidence is mea-
sured with vertical axis(Riiger, 2001)) while in case of HTT media it would be considered
from the horizontal axis. Moreover, the classical analytic expressions for HTI media are
expressed in terms of the angle of incidence that is measured with respect to vertical
axis(Riiger} [1998). Thus, dealing with HTT formulas obtained from VTI formulas intro-
duces the problem when obtained results are examined in contrast to the results obtained
using the classical expressions. To avoid this problem, I use the relationship between the
angle of incidence for VTI and HTI media. The following section describes the whole
procedure. Additionally, using this relationship, I remove the constraint posed on the

layer of infinitesimal thickness above the HTT media in Chapter 5.

6.3 Theory

6.3.1 First approach

To accomplish the phase shift modelling, the phase shift operator that is based on the
vertical slowness is required. Further, the effective ray parameter is a prerequisite for
obtaining the vertical slowness. Following simple geometry shown in Figure [6.1, we can
build the relationship between the cosine of some angle o with the horizontal axis and

the corresponding angle of incidence(;) and azimuth (¢) as

cos a = sin f; cos ¢, (6.1)
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As « is the angle with horizontal axis, the ray parameter for HTI media can be described

as

COS &

Pryrr = v (62)

Now following the theory described in chapter 2, sinf; can be computed using cross
product as

sind; = |p x al, (6.3)

where p and a can be calculated using equations and ([3.22)), respectively.

cos ¢ can computed from the input parameters of plane wave as

cos ¢ = %, (6.4)
VPt D3
Using equations ((6.4)) and (6.3) the equation (6.2]) can be expressed as
N e D1 2 2 2 6.5
Plur; = P X 8| ———= pi+p;+ ¢ (6.5)
P+ D2

Once the effective ray parameter is known from equation, the corresponding verti-
cal slowness can be computed using the relationship given by Ferguson and Margrave
(shown in Appendix B) and can be used for obtaining phase shift operator (Ferguson
and Margrave, 2008). As it is known that there is an equivalent VTI model for HTT me-
dia, Thomsen’s parameters of the equivalent VTI model are used instead of the generic
coefficients for accomplishing the proposed modelling. These parameters can be defined

in the following way (Perez, 2010))

vy € s 02047
1+ 2¢ (1+26)(1+ %)
and
vy __ 7T
7 1+2v’
where
B
f=1— (22 (6.6)
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where oy and () have been defined according to equations (4.18) and (4.19)), respectively.

The importance of these coefficients depends on the fact that all kinematic signature in

HTT media now can be described using already known VTT equations.

Figure 6.1: Schematic representation of an arbitrary angle o with the horizontal axis,
and its associated angle of incidence(6;) and azimuth(¢)

6.3.2 Second Approach

In second approach, I solve the Christoffel equation for obtaining vertical slowness that is
used to obtain phase shift operator for anisotropic media. Generally, Thomsen’s parame-

ters defined with respect to vertical, are known as these coefficients have been published

before by many authors (Thomsen, |1986b; [Vernik and Liu, |1997) and treated as generic

coefficients. For accomplishing this approach, first, I have built a relationship in order
to obtain elastic stiffness coefficients for given Thomsen’s parameters (see Appendix D ).

Given the elastic stiffness coefficients, I obtain the elastic stiffness matrix for VTT media.

Further, using Bond transformation (Upadhyay, [2004) the elastic stiffness matrix for HTT

media is obtained. Now the Christoffel equation(3.5)) is solved numerically for the vertical

slowness(Suleiman, 2007)). Once it is known, the phase shift operator is computed for

wavefield extrapolation.
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6.4 Example

Following the second approach, I extrapolate the known source wavefield through an
orthorhombic medium. An orthorhombic medium can be defined by nine elastic constants
(Thomsen, [2002). Orthorhombic symmetry, the symmetry of a brick, is most realistic
case for many geophysical problems (Thomsen, 2002). Further, an orthorhombic media
can be characterized by (1) a thin-bed sequence, or a shale, with a single set of vertical
fractures in it; (2) a thin-bed sequence, or a shale, or a massive isotropic sandstone,
with orthogonal sets of vertical fractures in it; (3) an isotropic formation with a single
set of vertical, non-circular fractures in it (Thomsen) 2002)). It possesses three mutually
orthogonal planes of mirror symmetry. On consideration the Cartesian coordinate system
associated with the symmetry planes, the matrix of density normalized elastic constants

in Voigt notation is written as

0 0 0 0 0 Ags

where A;j=c;;/p and p is the density of the given medium.

For this study, the orthorhombic model is considered, which has been used for physi-
cal modelling by Mahmoudian (Mahmoudian et al. 2010). The considered model by
Mahmoudian represents a natural fractured layer with an area of 5740m x 5740m and a
thickness of 701m, where the x-z plane is the fracture plane (plane of fast velocities) and

the y-axis is the symmetry axis (slow direction). To perform numerical modelling effi-
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ciently, I use a natural fractured layer of area 5120m x 5120m and a thickness of 701m.
Using the elastic constants matrix as shown in equation (appendix E), I solve the
Christoffel equation for vertical slowness. Then the known source wavefield is extrapo-
lated through a given orthorhombic medium. The slices of the extrapolated wavefield are
extracted to examine these results in contrast to known slices of the physical modelling.
Figure[6.2(a) and [6.2b) show the in-line slices of the extrapolated wavefield through the
orthorhombic media obtained by physical modelling and my proposed numerical mod-
elling (second approach), respectively. The cross-line slices of the extrapolated wavefield
obtained by physical modelling and proposed numerical modelling are shown in Figure
[6.3(a) and [6.3(b), respectively. As the obtained slices with the proposed modelling are
analogous to the slices obtained by physical modelling, the verification of the proposed
modelling is demonstrated. Wavefield propagation in the 45° azimuthal plane occurred
with physical modelling and with proposed numerical modelling as shown in Figure (a)
and [6.5|(b), respectively. Wavefield propagation in the -45° azimuthal plane is shown in
Figure|6.5l The match between these slices verify the proposed modelling, kinematically.

Further, in light of the second approach, the first approach is verified since the in-line
and cross-line slices obtained by the second approach match with the in-line and cross-

line slices obtained by following the first approach. These slices are shown in Figure

[6-6(a), [6.6((b) and [6.7(a) [6.7(D).

6.5 Surface seismic data

This section summarizes the method for obtaining multi-component data at the surface
using known source wavefield on consideration the surface data acquisition geometry. For
accomplishing this, I extrapolate the source wavefield from the surface to the reflector

using a phase shift operator, multiply with a reflection coefficient and extrapolate back to
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Figure 6.2: In-line slice of the extrapolated wavefield (a) obtained by physical modelling.
(b) obtained by proposed numerical modelling(second approach). The analogy of these
slices authenticate the proposed modelling kinematically.

the surface. Following this procedure, Figure (a) shows the monochromatic extrapo-
lated wavefield at the reflector as a function of the horizontal components of the slowness.
Figure [6.8|(b) illustrates the monochromatic R coefficient in the plane wave domain at
the interface of two VTI media shown in Appendix D. The multiplication of these two
results in the reflected wavefield. Once the reflected wavefield is obtained in the plane
wave domain, it is transformed back into the space and time domain at the surface and
is extracted for analysis. The cross-line and in-line slices of the reflected wavefield at the
surface before applying rotation matrix on it are shown in Figure[6.9(a) and [6.9(b). It is
demonstrated presently that the cross-line slice is analogous to the in-line slice which is
the manifestation of the fact that considered media is VTI media, as expected. It is also
illustrated that the recorded energy decreases with offset as expected. Further, in order
to obtain the multi-component data, I build a rotation matrix based on the azimuth
and dip between the grid point and the polarization vector of P-wave source. Now the

implementation of this matrix on the reflected wavefield gives the multi-component data.
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Figure 6.3: Cross-line slice of the extrapolated wavefield (a) obtained by physical mod-
elling. (b) obtained by proposed numerical modelling(second approach). The analogy of
these slices authenticate the proposed modelling, kinematically.

Figure m(a) demonstrates the registered P-wave energy on the H; component of 3C
geophones laid on the surface. The registered P-wave energy on the Hy component and
the vertical component is shown in Figure [6.10(b) and [6.10[c). The interpretation of
these sub-figures can be described in light of the analysis that has been done in Chapter

3 for Figure

6.5.1 HTI media

For obtaining the multi-component data at the surface of HTT media, the R coefficient is
required. Solving the Christoffel equation, I obtain the polarization vector that is used
to calculate the displacement vector numerically. Additionally, the displacement vector
is used to compute stress vector. The continuity of the displacement and stress at the in-
terface yields the reflection coefficient(Jilekl 2002)). Figure demonstrates the P-wave
R coefficient at the interface of two HTI media (shown in Appendix E). The R coef-

ficient corresponding to the symmetry axis plane obtained numerically and by Riiger’s
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Figure 6.4: Data slice of the extrapolated wavefield along 45° azimuthal plane (a) ob-
tained by physical modelling. (b) obtained by proposed numerical modelling(second
approach). The analogy of these slices authenticate the proposed modelling, kinemati-
cally.

approach(Riiger, [1998) is illustrated in this Figure by black and green colors, respec-

tively. The analogy of these two curves at the zero slowness and near to it ensures the
authentication of the numerical approach of computing the R coefficient. Further, the R
coefficient, along with the direction normal to the symmetry axis, obtained numerically
and by following Riiger’s approach is illustrated by the blue and red colors. The overlap-
ping of both curves at and near to the zero slowness verifies the numerical approach of
obtaining the R coefficient. However, it is required to obtain the R coefficient for obtain-
ing multi-component data on consideration the surface geometry of data acquisition. We
can use numerically computed R coefficient for accomplishing multi-component seismic

modelling for HTT media.
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Figure 6.5: Data slice of the extrapolated wavefield along -45° azimuthal plane (a) ob-
tained by physical modelling. (b) obtained by proposed numerical modelling(second
approach). The analogy of these slices authenticate the proposed modelling, kinemati-
cally.

6.6 Conclusions

I have demonstrated two approaches for the sake of avoiding the problems associated
with proposed modelling in the previous chapter for HTI media. The authentication
of these approaches has been illustrated by juxtaposing the obtained results from the
proposed approaches and physical modelling executed by another student of CREWES.
Further, the multi-component surface data has been obtained for known P-wave source
for VTT media. In regarding HTT media, I have obtained the P-wave R coefficient. The
accuracy of the numerically obtained R coefficient has been tested in consideration of

Riiger’s approach.
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Figure 6.6: The juxtaposition of the in-line slices of the extrapolated wavefield obtained

by (a) second approach (b) first approach manifests the analogy of these slice and endorse
to the first approach in light of the second approach.
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Figure 6.7: The cross-line slices of the extrapolated wavefield using (a) second approach
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first approach too.
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Figure 6.8: (a) Monochromatic extrapolated wavefield in plane wave domain at the
reflector. (b) Monochromatic reflection coefficient as a function of horizontal slowness
component.
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Figure 6.9: (a) Cross-line slice (b) In-line slice of the extrapolated wavefield at the
surface before rotation matrix is applied on it. Registered energy decreases with offset.
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Figure 6.10: (a) Registered energy versus azimuth( REVA) analysis of P-wave at H1
component of $C' geophones situated at the surface, indicates that energy registration
increases as azimuth increases from 0 to 90. Polarity reversal occur on the either side of
a line that bisects the circle along in-line direction. (b) REVA analysis of P-wave at H2
component indicates that energy registration decreases as azimuth increases from 0 to 90.
Polarity reversal occur on the either side of a line that bisects the circle along cross-line
direction. (¢) REVA analysis of P-wave on vertical component reveal the variation of
recorded energy and polarity with azimuth.
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Figure 6.11: The obtained P-wave reflection coefficient along symmetry axis and normal
to it. The black and blue colors indicate the results obtained numerically while red and
green colors are corresponding to Riiger’s approach.
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Chapter 7

Conclusions

By considering the importance of plane wave domain, I have demonstrated RSM in this
domain. For the sake of simplicity, I have illustrated the R coefficient of SH-wave in
the plane wave domain by considering isotropic media. The problem associated with the
data acquisition geometry has been revealed here. It has been asserted that it is neces-
sary to acquire the data with appropriate geometry for avoiding the wrong interpretation
of the target horizon. The way of building the rotation matrix that is applied on the
extrapolated wavefield for obtaining the multicomponent data has been represented too.
For the case of anisotropy, I have presented 9C-3D seismic modelling for VTI media
using the first data acquisition geometry. The verification of this modelling has been
demonstrated kinematically. I have illustrated the multicomponent surface seismic data
for known P-wave source. For doing so, I have shown the way of computing the R and T
coefficients in plane wave domain. Additionally, the fidelity of the obtained R coefficient
has been illustrated in reference to the R coefficient obtained by using classical methods.
The influence of the anisotropy on AVO analysis has been described which makes it nec-
essary to modify the conventional AVO analysis in the presence of anisotropy. For HTI
media, initially, the first data acquisition geometry has been considered for performing
the proposed modelling that has been verified kinematically and dynamically. Further,
in order to obtain multi-component surface seismic data, P-wave has been taken into
consideration. This choice resides on the fact that exploration community has been com-
fortable with P-wave data acquisition and processing. To execute the proposed modelling
for obtaining the multi-component data, in case of HTT media, P-wave R coefficient has

been calculated numerically and tested in reference to Riiger’s approach. Additionally,
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two more approaches have been proposed for HTI media in order to avoid the limitation
of previously proposed modelling. The fidelity of these approaches has been illustrated

in light of physical modelling.



120

Bibliography

Aki, K., and Richards, P. G., 1980, Quantitative Seismology Theory and Methods:

W.H.Freeman and Co.,San Francisco.

Anderson, N., and Cardimona, S., 1995, Forward seismic modeling:the key to understand-
ing reflection seismic and ground penetrating radar (gpr) techniques.: Department of

Geology and Geophysics, University of Missouri-Rolla, Rolla, MO.

Benxi, K., Zhenping, T., and Zhao, B., 2009, The application of seismic modeling : Case
study from kela 2 gas field in tarim basin, china.: SEG International Exposition and

Seventy-Third Annual Meeting.
Berkhout, A. J., 1982, Seismic Migration: Elesvier.

Berryman, J., G, 2008, Exact seismic velocities for VTT and HTI media and extended

thomson formulas for stronger anisotropies.: Lawrence Berkeley National Laboratory.

Borejko, P.; 1996, R and T coefficients for 3d plane wave in elastic media.: Wave Motion,

24.

Cameron, B. W., James, L. B., and Geoffrey, A. K., 1984, Seismic modeling and inver-

sion.: IEEE, 72.

Chopra, S., and Stewart, R., 2010, Introduction to this special section: Multicomponent

seismic: The Leading Edge.

Cooper, J. K., Lawton, D., and Margrave, G. F., 2007, Multiples and multimode events
in a 2D marine zero offset survey: a physical modelling example: CREWES Research

Report, 19.



121

Cooper, J. K., Margrave, G. F., and Maweu, J., 2008, Rayleigh Sommerfeld modelling
with AVO: CREWES Research Report, 20.

Daley, P., and Hron, F., 1977, Reflection and transmission coefficients for transversely

isotropic media.: Bulletin of the Seismological Society of America, 67.

Ersoy, O. K., 2007, Diffraction, Fourier optics, and Imaging: Wiley-Interscience.

Ferguson, R. J., 2009, Geophone rotation analysis by polarity inversion: CREWES Re-

search Report, 21.

Ferguson, R. J., and Margrave, G. F., 2008, 3D anisotropic phase shift operators:
CREWES Research Report, 20, 2—4.

Ferguson, R. J., and Sen, M. K., 2004, Estimating the elastic parameters of anisotropic
media using a joint inversion of p-wave and sv-wave travel time error.: Geophysical

Prospecting.

Graebner, M., 1992, Plane-wave reflection and transmission coefficients for a transversely

isotropic solid.: Geophysics, 57.

Grechka, V., 2009, Application of Seismic Anisotropy in the Oil and Gas Industry.:
EAGE.

Hardage, B. A., 1983, Vertical seismic profiling Part A:Principles, vol. 14A: Geophysical

Press, London-Amsterdam.

Jilek, P., 2002, Modelling and inversion of converted-wave reflection coefficient.: Ph.D.

thesis, Colorado School of Mines.

Kennett, B. L. N., 2001, The Seismic Wavefield: Cambridge.

Krebes, E. S., 2004, Seismic forward modeling: CSEG Recorder.



122

Krebes, E. S., 2008, Seismic Theory and Methods: Course Notes.

Lines, L., 2004, Fundamental of Geophysical Interpretation: Society of exploration geo-

physicists.

Mahmoudian, F., Margrave, G. F., Daley, P. F., Wong, J., and Gallant, E., 2010, De-
termining elastic constants of an orthorhombic material by physical seismic modeling;:

CREWES Research Report, 22.

Margrave, G. F., and Cooper, J. K., 2007, Seismic modeling in 3D for migration testing:
CREWES Research Report, 19, 5-10.

Mellmani, G., and Kunzinger, P. A., 1992, Development Geology Reference Manual.:

Methods in Exploration.

Nadri, D., 2009, Non linear estimation of thomson’s parameters in transversely isotropic

media.: CSIRO Petroleum Resources, —.

Neufeld, C., and Clayton, C., 2000, Angle rotation in GLSB: Department of Civil and

Environment Engineering-University of Alberta.

Pao, Y. H., Ziegler, F., and Borejko, Y. S. W., 1984, generalized ray integral representa-

tion of transient sh in a layered half space with dipping structure.: ACTA Mechanica.

Perez, M., 2010, Beyond isotropy-part i:a prestack: CSEG Recorder.

Peter, C., L, and Crampin, S., 1990, Seismic fracture anisotropy in the earth crust: An

overveiw: Journal of Geophysical Research., 95.

Riiger, A., 1998, Variation of p-wave reflectivity with offset and azimuth in anisotropic

media.: Geophysics, 63.



123

Riiger, A., 2001, Reflection Coefficient and Azimuthal AVO analysis in Anisotropic Me-

dia.: Society of Exploration Geophysicists.

Sayersi, C., and Chopra, S., 2009, Introduction to this special section: Seismic modeling.:

Leading Edge.

Sharma, R. K., and Ferguson, R. J., 2009a, 9C-3D modeling for vti media.. CREWES

Research Report, 22.

Sharma, R. K., and Ferguson, R. J., 2009b, R and T coefficients for SH wave in plane

wave domain: CREWES Research Report, 21.
Shearer, P. M., 1999, Introduction to Seismology: Elesvier.
Slawinski, M. A., 2003, Seismic Waves and Rays in Elastic Media: Pergamon.

Sten, S., and Wysession, M., 2002, An Introduction to Seismology, Earthquakes, And

Earth Structure: Blackwell.

Suleiman, A., 2007, A comparison between numerically calculated and formula based

scattering coefficient for anisotropic media.: Ph.D. thesis, Univ. of Calgary.

Thomsen, L., 1986a, Weak elastic anisotropy: Geophysics, 51, No. 10, 1954-1966, dis-

cussion in GEO-53-04-0558-0560 with reply by author.
Thomsen, L., 1986b, Weak elastic anisotropy: Geophysics, 51, 1954-1966.

Thomsen, L., 2002, Understanding Seismic Anisotropy in Exploration and Exploitation:

Distinguished Instructor Series, No 5.

Tsvankin, I., 2001, Seismic Signatures and Analysis of Reflection data in Anisotropic

Media.: Handbook of Geophysical Exploration Series.



124

Upadhyay, S. K., 2004, Seismic Reflection Processing: Springer.

Vernik, L., and Liu, X., 1997, Velocity anisotropy in shales: A petrophysical study.:

Geophysics, 62.

Xiang-Yangi, L., 1997, Fractured reservoir delineation using multicomponet seismic data.:

Geophysical Prospecting, 45.

Yang, J., 2003, Numerical and physical modelling of P-S converted waves in VTI media.:

Ph.D. thesis, Univ. of Calgary.

Zheng, X., 2006, Seismic azimuthal anisotropy and fracture analysis from p-p reflection

data.: M.Sc. thesis, Univ. of Calgary.



125

Appendix A

Chapter2

A.1 To find the value of slowness at which reflected amplitude would be

Zero

From equation ([2.6)) reflection coefficient Rgy is zero when
2 2
P1U1q1 = P2Usq2, (A-l)

Where, in this example, density (p) is the same across the interface. Further, constant p
simplifies equation (A.1]) so that

v2q = v3qo, (A.2)
Using equations ([2.10)) and ({2.11]), replace ¢; and ¢y in equation (A.2)) to get
v 1= (up)® =03 1= (mpr)” (A.3)

where we have squared both sides.

Solution p; for equation ([A.3) corresponds to the ray parameter where Rgy is zero,

1

1= .
Vi + v}

(A4)

A.2  Energy flux for reflected and transmitted waves

Earlier it is seen that the transmission coefficent exceeds 1 at critical slowness. The
energy transported by the traveling wave is considered to see how it occurs because
energy must be conserved. For a harmonic SH plane wave, the flux of energy per unit

wavefront, F, in the direction of propagation is the product of the energy density(energy
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per unit area) and the velocity (Sten and Wysession, [2002))
E = A%WpB)2, (A.5)

where A is the amplitude of wave and p is the density of medium. Since welded contact
of two medium is considered, there is no energy to be accumulated at the interface.
According to law of energy conservation, energy flux of the incident wave would be equal

to the reflected and transmitted waves energy fluxes. Energy fluxes for the constituent

waves are
E; = w?p1 By cos jidx /2, (A.6)
for the incident SH wave
Er = Ripw’p1 B cos jidz/2, (A7)
for the reflected wave, and
Er = T5uw?pafs cos jodx /2, (A.8)

for the transmitted wave,where an incident wave has unit amplitude, dx is the element
of the interface, ji, jo are the angle of incidence and transmission, respectively. These

fluxes satisfy the conservation of energy
E; = FER+ Er, (A.9)

and this expression can be written in terms of the incident, reflected and transmitted

energy fluxes as

p131 cos ji = R%leﬁl cos ji + Tng252 COS Joa, (A.lO)

In terms of the vertical slowness, equation (A.10]) is

,01512611 = R%‘leﬁlzch + T§Hp26§qz, (A.11)
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It is seen from in line and cross line slices of the R and T coefficients (Figure [2.4), at
zero slowness the reflection and transmission coefficients are -0.25 and 0.75, respectively,
while density is the same across the boundary and velocities;=1500m/s and S2=2500
m/s are used. To verify this result in terms of energy conservation, ¢; and g are replaced

by 1/6; and 1/(,respectively at zero slowness (normal incidence, j; =0 and j, =0), and

equation (|A.11)) becomes

Using the value of variables used in above equation we get 1 = (—0.25)% + (0.75)% *

(A.12)

2500/1500 from equation and it reveals that energy is conserved at zero slowness.
Now we consider the critical slowness case where reflected and transmitted amplitudes
are 1 and 2, respectively. To verify this result the vertical slowness in medium 2, ¢, is
zero(j; = critical and j» = /2). Recalling the equation (2.7)), the transmission coefficient
goes to 2 as slowness approaches the critical value but according to equation , the
energy of the transmitted wave vanishes at this slowness because wavefront factor cosjs

is vanished here. Thus, energy is conserved here also.
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Appendix B

Chapter3

Given the effective ray parameter, we obtain the vertical slowness from the analytic

expression(Ferguson and Margrave, 2008) as

Ga=1/2 2By ?+2092—4SP;*> —4R, (B.1)
and
QGoy =1/2 2By > +20a0"2—4SP” +4R, (B.2)
where
O./()2 50402
Bo Bo
and
1 1 Foo Pr\? P\’ 4 4 2
(B.4)

The vertical slowness for SH wave can be computed as

1
Wou = G3 - P22y +1]. (B.5)
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Appendix C
Chapter4
Parameters Overburden(Shale) | Lower medium(Sand)
V, (m/s) 3300 4200
V.(m/s) 1700 2700
Density(gm/cm?) 2.35 2.49

Table C.1: Model parameters for Class 1 AVO

Parameters Overburden(Shale) | Lower medium(Sand)
v, (m/s) 2060 3490
V,(m/s) 1380 2290
Density(gm/cm?) 2.43 2.14

Table C.2: Model parameters for Class 2 AVO

Parameters Overburden(Shale) | Lower medium(Sand)
V,(m/s) 2730 2020
Vis(m/s) 1240 1230

Density(gm/cm?) 2.35 2.13

Table C.3: Model parameters for Class 3 AVO
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Appendix D

Chapterb

Using the Thomson’s parameters, the following relationship between elastic stiffness con-

stant and Thomson’s parameters can be established as

e = pag(1 4+ 2e), (D.1)

C33 = POZ(Q), (D.2)

cus = pB3, (D.3)

css = pg, (D.4)

cas=p  o?—F 26+ - —ph’ (D.5)

For given Thomson’s parameters, the elastic stiffness constant can be obtained using
above equations. As it’s known that the elastic stiffness constant remains real for all
physical situations, the obtained value of the elastic stiffness constant cq3 is complex and
violates the physical behavior of the elastic stiffness constants for the large negative value
of 4. Thus, this condition leads to the unexpected behavior of the wavefield kinematically

as well as dynamically.

D.1 Methodology for obtaining analytic curves

In order to obtain an analytic curve we follow the steps



131

(o7} /80 € 0 Y
2950 | 1990 | 0.17 | 0.09 | .14

Table D.1: Thomson’s Parameters of a medium considered for P and SH waves propa-
gation.

Model | «y 5o € ) y

1 2950 | 1990 | 0.17 | 0.09 14

3600 | 2000 | 0.14 | 0.08 | 0.16
3340 | 1860 | 0.49 | 0.30 | 0.59
3300 | 2300 | 0.58 | 0.84 | 0.39
3600 | 2100 | 0.36 | -0.08 | 0.38
3377 | 1490 | 0.200 | -0.282 | 0.510

S UL = W N

Table D.2: Thomson’s Parameters of models considered for SV wave propagation.

e First we define phase angles for a model that is characterized in terms of known

Thomson’s parameters.
e For known phase angle, we compute phase velocity and derivative.
e Compute group angles from known phase velocities.
e Now fit group angles and phase angles.
e Compute set of phase angles for given group angles.

e Further, compute phase velocity and derivatives based on new phase angles. Then

compute group velocity again.
e Define a time(t) for a given depth z as (t>z/ay).
e Obtain radius component of polar co-ordinate system.

e For known radius, we compute Cartesian co-ordinate components and draw the

analytic curve.
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The MATLAB program for obtaining analytic curve is given below

vp=ay; vs = [o; epsilon = €; phi = 0; poly = 2;ia = 1;

Define phase angles

pang = [—pi/2 : 1/180 : pi/2];

[rc] = size(pang);

Make matrices of anisotropic parameters

vp = vp * ones(1, c);

vs = vs x ones(1, ¢);

e = exones(1,c);

d = d xones(1,c);

¢ = pi x ¢/180;

Compute phase velocity

aa = .5 * (vp.2). * (1 — (vs./vp).?);

bb = 4 x delta./(1 — (vs./vp).?).%;

cc=4xe x(1— (vs./up).2+e)./(1— (vs./vp).2).%

dd = vp.?%;

ee = (vp.2). * ¢

tivp = sqrt(dd. * aa. * sqrt(1 + bb. x (sin(pang).?). * (cos(pang).?) + cc. * (sin(pang).*)) —
dd. x aa + dd + ee. * (sin(pang).?));

D = aa./dd. * (sqrt(1 + bb. x sind(pang).%. * cosd(pang).? + cc. * sind(pang).*) — 1);
tivs = vs. * sqrt(1 + €. * sind(pang).?. x ((vp./vs).2) — D. x ((vp./vs).?));

Make group angle

dtivs = (vs. x ((2. % €. x vp.2. % cos(pang). * sin(pang))./vs.2 + (vp.2. x (vs.2. /(2. x vp.?) —
1/2). % ((8. * 8. * cos(pang).®. * sin(pang))./(vs.2. /up.2 — 1).2 — (8. % 0. * cos(pang). *
sin(pang).?)./(vs.2. Jup.2 — 1).2 + (16. * €. * cos(pang). * sin(pang).3. * (¢ — vs.2. Jup.2 +

1))./(vs.2 Jup?2 —1).2))./(2. x vs5.%. % ((4. % 0. * cos(pang).?. * sin(pang).?)./(vs.2. Jvp.2 —
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1).2 + (4. % €. x sin(pang).t. x (e —vs.2 Jup.2 +1))./(vs.2. Jop.2 — 1).2 +1).(1/2))))./(2. *
((vp.2. % (v8.2. /(2. %vp.2) —1/2).% (((4.% 0. * cos(pang).2. xsin(pang).2)./(vs.2. Jup.2 —1).2 +
(4. % €. xsin(pang).t. * (e —vs.2. Jup.2 +1))./(vs.2. Jop.2 —1).2+1).(1/2) — 1))./v5.2 + (€. x
vp.2. * sin(pang).?)./vs.2 +1).(1/2));

gang = atand(real(((tand(pang) + dtivs./tivs)./(1 — tand(pang). * (dtivs./tivs)))));
ind = isnan(gang);

gang(ind) = 90;

fori =1 :length(gang)/2

if(gang(i) == 90)

gang(i) = —90;

end

end

Compute the group velocity

tivg = sqrt(tivs.? + dtivs.?);

Now fit group angle and phase angle

p = polyfit(gang, pang, poly);

Compute set of phase angles for given group angles

npang = polyval(p, pang);

Compute a new vector of phase velocities and derivatives based on new phase angles
D = aa./dd. x (sqrt(1 + bb. x sind(npang).%. * cosd(npang).? + cc. * sind(npang).*) — 1);
tivs = vs. * sqrt(1 + epsilon. * sind(npang).?. x ((vp./vs).?) — D. * ((vp./vs).?));

Make group angle

dtivs = (vs.* ((2.x €. xvp.2. x cos(npang). * sin(npang))./vs.2 + (vp.2. x (vs.2. /(2. x vp.?) —
1/2). % ((8. * &. x cos(npang).3. * sin(npang))./(vs.2. Jup.2 — 1).2 — (8. * d. x cos(npang). *
sin(npang).?)./(vs.2.Jop.2 —1).2 4+ (16. x €. x cos(npang). * sin(npang).>. x (e — vs.2. Jup.2 +

1))./(vs.2 Jup2 —1).2))./(2. % vs.2. % ((4. % 0. % cos(npang).?. x sin(npang).?)./(vs.2. Jvp.2 —
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1).2 4+ (4. % e. x sin(npang).t. x (e —vs.2. Jup.2 +1))./(vs.2 Jup2 —1).2 +1).(1/2))))./(2. %
((vp.2. * (vs.2./(2. x vp.2) — 1/2). % (((4. * 0. x cos(npang).2. * sin(npang).?)./(vs.2. Jup.2 —
1).24 (4. % €. xsin(npang).. x (e —vs.2. Jup.2 +1))./(vs.2. Jup.2 —1).2+1).(1/2) = 1)). /vs.2 +
(e. x vp.2. x sin(npang).?). Jvs.2 +1).(1/2));

Compute group velocity

tivg = sqrt(tivs.? + dtivs.?);

Define the depth z;, time ¢; and compute

r = (sqrt(tivs.2 x 2 — 23));

xl = r. * sind(pang);

yl = r. % cosd(pang);

X = [z1 — z1];

Y= [yl —yl;

plot(Y, X V' linewidth’, 4)(Impulse response using phase velocity)

r3 = (sqrt(tivg.2. 2 — 22));

x4 = r3. * sind(gang);

y4 = r3. x cosd(gang);

X3 = [xd — x4];

Y3 = [yd —y4];

plot(Y3, X3, m’/ linewidth’,4)(Analytic curve)
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Chapter6

The orthorhombic medium considered in Chapter6 is defined as

12.67 6.13 6.68

6.13 87 5.79

6.68 5.79 12.67

0 0 0
0 0 0
0 0 0

0 0 0 _

0 0 0

0 0 0
234 0 0

0 289 0

0 0 2.28

The two HTT media for obtaining the R coefficient are defined as

Parameters | Overburden(Shale) | Lower medium(Sand)
ap(m/s) 5029 3292
Bo(m/s) 2087 1768

€ 0.005 0.195
) -0.032 -0.45
y 0.041 0.10
Table E.1: Model parameters for HTT media

135

(E.1)
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Appendix F
Abbreviation and list of symbols

P-waves: Primary waves known as compressional waves and displace the ground in the
direction of propagation. That’s why P-waves are longitudinal in nature.
Shear-waves: Secondary waves are known as shear waves. These waves follows P-waves
and displace the ground perpendicular to the direction of propagation. If shear waves
move medium’s particles up and down (perpendicular to the direction of propagation),
these are known as SV-waves. SH-waves move medium’s particles side to side, perpen-
dicular to the direction of propagation.

VTI: Vertical Transverse Isotropy.

HTI: Horizontal Transverse Isotropy.

W: Source wave-field.

w: Angular frequency.

R: Reflection coefficient.

T Transmission coefficient.

k: Wavenumber vector.

Slowness vector.

Lol

Unit vector normal to the interface.

Q>

n: Unit wavefront normal.

Uy: Spectra of source wave-field.

WA.: Source wave-field at depth Az.

p1 and po: Horizontal components of slowness vector.
q: Vertical slowness.

V. Phase velocity.



p: Density.

0, and ¢,: Dip and azimuth of the unit vector normal to the interface.

0: Propagation or phage angle.

0;: Effective angle of incidence.

¢: Angle between horizontal projection of slowness-vector and y axis.
0,: Polarization angle.

T: Stress tensor.

€: Strain tensor.

u: Displacement vector.

c: Fourth rank stiffness tensor.

U: Polarization vector.

ap: P-wave velocity along the symmetry axis.
Bo: Shear-wave velocity along the symmetry axis.
€,y and ¢: Thomsens’s parameters.

W: Vector source wave-field.

S1: In-line component of a source.

So: Cross-line component of a source.

P: Vertical component of a source.

D: Recorded vector wave-field.

Hy: In-line component of a 3C geophone.

Hy: Cross-line component of a 3C geophone.
V. Vertical component of a 3C geophone.

1 Group angle.

g: Group-velocity vector.

p: Phase-velocity vector.

eV, oV

and +": Thomsen’s parameters of an equivalent VTI media for HTI media.
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