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It is necessary to obtain an accurate underground velocity structure to grasp the image of subsurface in
seismic survey. Among various estimation methodologies, borehole logging is one of the best ways
accurately to estimate the rock elastic properties of the ground around the wellbore. In the conventional
study, the combination of Alford rotation with slowness time coherence (STC) has been applied to estimate
both the formation velocity and the azimuth angles under the existence of azimuthal anisotropy in the
formation. However, it has been revealed the approach with Alford rotation could fail or gives improper
estimates when the axis of symmetry of the anisotropic later does not lie in the plane orthogonal to the well
axis.

In this study, we conduct numerical simulation for transversely isotropic medium (T1) which has 5
independent stiffness elements in 3-dimensional logging model. In recent years, full waveform inversion
(FWI) has been focused which could estimate physical properties by using all information of waveforms.
We investigate the feasibility of FWI to detect the orientation and dip of TI. We introduce the Euler angles
into Tl to estimate the stiffness parameters by FWI instead of estimating the stiffness parameters as
orthorhombic medium under a hypothesis that the stable solution can be obtained by introducing the Euler
angles. This approach can reduce unknowns in FWI, i.e. computational efficiency and stability of inversion
could be improved. The result clearly indicates that the FWI for anisotropic medium is effective in order to
detect the shear wave anisotropy and stable solution could be obtained according to misfit function even
when the anisotropic layer has the dip and orientation.

1. INTRODUCTION

Seismic anisotropy exists underground due to
the opening and closing of fractures and the
selected crystal structure. It is difficult to obtain the
velocity structure in complicated sedimentary
structures and formations with seismic anisotropy.
Phase velocity varies due to the propagation
direction in anisotropic formation. Therefore, it is
important to estimate the anisotropic properties of
formation.

The number of anisotropic parameters in
stiffness matrix is five in transversely isotropic
medium. The elements of the matrix change
complicatedly due to the change in the anisotropic
orientation and dip (Figure 1). To estimate the
degree of the anisotropy it is necessary to adopt the
whole 21 elements as parameters which cause
instability of inverse analysis. Therefore we
hypothesize that an optimal solution can be stably
obtained by introducing Euler angles. This
approach can reduce the unknowns in FWI that
results in improving computational efficiency and
stability of inversion.

Full Waveform Inversion has recently been

adopted to estimate physical properties of the
formation by using all information of waveforms
such as amplitude and phase”. The previous
research? confirmed that the received waveform
changes due to the azimuth of anisotropy. By
applying FWI to this waveform, seismic anisotropy
could be estimated. In this research, numerical
experiment is conducted in a 3D sonic logging
model with the aim of estimating elastic elements,
orientation and inclination.
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Figure 1 The complexity of Stiffness Matrix
of azimuthal anisotropy




2. METHOD

(1) Governing Equation

To express seismic wave propagation, we use the
Hamiltonian particle method with staggered
particles (HPM)®. HPM is one of the particle
methods which has high computational efficiency
and can be applied to flexible models. The
governing equation is described as follows.
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where p;, 4B;, v; is the density, volume and
particle velocity of ith particle and H is determined
by the sum of kinetic and strain energy.

The stress-strain relationship is related by the
stiffness matrix. Although the number of the
independent elements of the stiffness matrix is 2 in
isotropic medium, the stiffness matrix of TI is
represented by the 5 independent elements.
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(2) Numerical Model

As a three-dimensional acoustic logging model,
we assumed a model which contains a set of source
and receiver in a uniform anisotropic layer. As for
source, a pair of orthogonal dipole sources is set
and records the waveform using a three component
receiver. As the physical properties of the
anisotropic layer, we assumed a formation with
15% seismic anisotropy for both P and S wave
(Figure 2).
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Figure 2 Numerical Model

Table 1 Formation property

Formation

P wave velocity [m/5]
Isotropy | 2000
Anisotropy | 1690 (15.5%)
S wave velocity [m/s]
Isotropy | 1134
Anisotropy | 973 (15.5%)

Density [g/fem®] | 2.30

Elastic modulus

(,’11 [GPa] 9.20
€43 [GPa] 3.27
€33 [GPa] | 7.67

C4_4_ [GPa] 2.56
Css [GPa] | 3.07

(3) Full Waveform Inversion

FWI is a method to estimate a true model with
high accuracy by updating model parameters so as
to minimize the misfit between observed and
calculated waveform. The misfit function is defined
by the following equation.

1
E= EZ(dobs - dcal) ®)

The model
following.

parameter is updated by the

my,, = my + qdmy (4)

For the kth iteration, the model parameters, step
length, and gradient are defined as m,, a, and
ém,,, respectively. The model was updated using
the conjugate gradient method.

For efficient estimation of the elastic element, the
gradient of the elastic element of the misfit function
E is theoretically obtained based on the wave
equation?.
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where Cjj; is the elastic element, u; is the
wave field propagated from the source, and v, is
the wave field from the receiver.



3. RESULTS

(1) FWI for Shear wave anisotropy

FWI is performed to estimate the shear wave
anisotropy. The anisotropy of the shear wave is
represented by the elements C,, and Cgg OF the
elastic matrix. The true model is estimated from the
received waveform using a pair of orthogonal
dipole sources and a 3-component receiver. The
initial anisotropic model is 10% disturbed in terms
of stiffness elements.

As a result, the stiffness elements related to fast
and slow shear can be estimated accurately within
about 5 iterations.
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Figure 3 FWI for Shear Wave Anisotropy

(2) Misfit function

Visualizing misfit function in 3-dimensional
block is an efficient way to evaluate the stability of
FWI for multi parameterization. We set the true
anisotropic model as C,, is 3.07 GPa, orientation
is 45 degrees and dip is 45 degrees. We evaluate the
misfit function by changing C,, from 2.70 to 3.40
GPa, orientation from 0 to 90 degrees and dip from
0 to 90 degrees. The 3-dimensional block is cut in
the arbitrary plane (Figure 4,5,6,7). By using the
iterative process, the true value could be obtained.

Table 2 True Model
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Figure 7 Misfit plane of orientation and dip



4. CONCLUSION

Since the stiffness matrix becomes complex due
to the orientation and dip of anisotropic layer, direct
estimation of the 21 stiffness elements should be
unstable. Then, we suggest the technique that is
introducing the orientation and dip parameters with
5 independent stiffness elements to solve the

instability and improve the computational efficiency.

FWI is adopted to the data obtained in the
anisotropic medium by 3D numerical simulation.

The inversion result clearly indicates the shear
wave anisotropy can be estimated with high
accuracy by using two orthogonal dipole sources.
The misfit for C,,, orientation and dip are
visualized as 3D block. The misfit decreases as it
approaches the true value as one global minimum.
This result suggests the possibility of obtaining true
parameters of anisotropic layer.

FWI has some advantages; i) we can estimate
properties with only a pair of source and receiver,
ii) the properties of multiple layers could be
estimated, iii) it could be applied to deviated wells.
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