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The objective of this study is to develop a method to model 3D resistivity well logging problems in 2D
formation with anisotropy, known as 2.5D modeling. The traditional 1D forward modeling extensively used
in practice lacks the capability of modeling 2D formation. A 2.5D finite difference method (FDM) solving
all the electric and magnetic field components simultaneously is proposed. Compared to other previous
2.5D FDM schemes, this method is more straightforward in modeling fully anisotropic media and easy to
be implemented. Fourier transform is essential to this FDM scheme, and by employing Gauss-Legendre (GL)
quadrature rule the computational time of this step can be greatly reduced. In the numerical examples, we
first demonstrate the validity of the FDM scheme with GL rule by comparing with 1D forward modeling
for layered anisotropic problems, and then we model a complicated 2D formation case and find that the

proposed 2.5D FD scheme is much more efficient than 3D numerical methods.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, directional drilling is of great interests to hydrocar-
bon exploration. Alongside with the directional drilling, the accurate
geological boundary detection is vital to successful well drilling
(Omeragic et al., 2009; Bittar and Aki, 2015; Zhou, 2015). Differ-
ent deep directional resistivity tools (Li et al., 2005; Bittar et al.,
2009) have been proposed and applied to pro-active well place-
ment to accurately position the wellbore with respect to geological
boundary. These propagation tools usually operate at frequencies
from kilohertz to megahertz. After analyzing the tool responses of
transmitter-receiver (T-R) pairs transmitted in real-time or obtained
after drilling, the subsurface formation can be reconstructed at
ground station and help to make geosteering decisions. Many for-
ward modeling methods for resistivity well logging tool in complex
subsurface formations, for instance, conventional numerical schemes
such as finite difference method (FDM) (Abubakar et al., 2008;
Davydycheva, 2010), finite element method (FEM) (Nam et al., 2012)
and method of integral equations (IE) (Abubakar et al., 2006a), or
methods specifically designed for this application (Chen et al., 2016),
have been carried out to provide promising forward modeling. FDM
has gained its popularity by its easy implementation while FEM is
capable to model complex geometry accurately and IE can achieve
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a higher level of accuracy due to its implementation of Green'’s
function.

Popular analytical 1D model (Zhong et al., 2008; He et al., 2015)
assumes that the formation is layered structure with transverse
isotropic (TI) media. Inside each layer, the resistivity can be charac-
terized by the horizontal resistivity R, and vertical resistivity R,. The
principal axis associated with R, is assumed to be perpendicular to
each boundary. By utilizing explicit formulas based on reflection and
transmission coefficients (Huang and Shen, 1989) and fast Hankel
transform (FHT) (Anderson, 1979), the solution for the 1D model can
be calculated very fast and provides a possibility to build real-time
inversion. However, more often, faults, unconformities and other lat-
eral changes appear underground because of the earth movements.
1D fast forward solver is no longer practicable in modeling such
complex formation, not to mention model fully anisotropy.

There are many methods devoted to the numerical solutions
to Maxwell’s equations in complex formations, in the context
of geosteering, controlled-source EM (CSEM) and other related
problems. The employment of popular FDM starts with the
pioneering work of Yee (1966), in which staggered grids are
introduced. Later the FDM is generalized into 3D fully anisotropic
media (Weidelt, 1999; Wang and Fang, 2001; Weiss and Newman,
2002; Hou et al., 2006; Liu and Yin, 2014). FD forward solver can
also be modeled on a Lebedev grid (Lebedev, 1964; Davydycheva
et al, 2003; Jaysaval et al., 2016). Though this gird can model
fully anisotropy more accurately, the computation cost is increased
fourfold as compared to Yee’s grid. The more flexible but involved
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Fig. 1. A 2D underground formation consisting fault and unconformity with x-axis
(north) as the strike direction.

finite element method has also been developed (Jin et al., 1999; Li
and Key, 2007; Kong et al., 2007). The integral equation (IE) method
(Hursan and Zhdanov, 2002; Zhdanov et al., 2006) only requires dis-
cretization at the region of anomaly or along the interfaces, thus
leading to a much smaller number of unknowns. However, IE needs
solving a full matrix equation, and accurate computation of Green’s
function for the inhomogeneous background media is tedious and
nontrivial.

One should note that, despite the fact that 3D forward model-
ing (Wang and Fang, 2001; Weiss and Newman, 2002; Davydycheva
et al.,, 2003; Avdeev, 2005; Hou et al., 2006) combining high per-
formance computing is available both in academic researches and
commercial softwares, fully 3D methods which must discretize the
computation domain into numerous elements are still prohibitively
expensive for fast forward modeling, not to mention the inversion
requiring repeatedly calling of forward modeling. An intermediate
solution between 1D TI model and fully 3D model is the 2D model
which has uniform property along the strike axis. Even taking geo-
logical deformation into consideration, it is reasonable to assume
that, within the detection range of a typical EM geosteering tool (cen-
timeters to tens of meters) the geological formation is a 2D structure,
which exhibits uniform EM properties in strike direction. A general
formation with fault and unconformity which shows uniformity in
the x-direction but inhomogeneity in the y-z plane, is shown in Fig. 1.
Generally speaking, the transmitter of the EM tool consists of elec-
tric current coils and so is the receiver. By utilizing EM theory, the
current coils can be modeled as magnetic dipoles if the dimension
of coils is small compared to the surrounding formation. Such a 2D
structure with an arbitrary oriented magnetic dipole source radiating
around is usually known as 2.5D problem. In order to make use of the
2D structure to reduce the number of unknowns, Fourier transform
technique can be applied to transform the magnetic dipole source
into a set of line current sources along the strike direction such that
the problem goes into spectral domain with complete 2D property.
Compared to 3D solver, this brings mathematical simplicity to the
problem and substantially reduces the number of unknowns and
computational cost. Different methods, including FDM (Abubakar et
al., 2006b; Chen et al., 2011), FEM (Li and Key, 2007; Key and Ovall,
2011) and IE method (Dyatlov et al., 2015, 2017), have been applied
to model 2.5D problem. Though these methods are able to model
complex 2D formation, the fully anisotropy of the formation has sel-
dom been discussed and simulated. The forward modeling of 2.5D
problem is also essential to the fast inversion of 2D formation for
various applications (Abubakar et al., 2005; Key, 2016).

Considering the accuracy requirement for practical application
and the implemented complexity of the schemes, we intend to apply
FDM to model EM propagation tools in 2D formation with fully
anisotropy. To the best knowledge of authors, fast solver for 2.5D
problem involving fully anisotropic formation in resistivity logging

has not been developed in previous publications. In this paper, we
focus on developing a scheme to model the responses of resistiv-
ity logging tools in a 2D underground formation by employing the
algorithm of 2.5D FDM. The rest of this paper is organized as follows.
The statement of the problem is presented first in Section 2. The
formulations for 2.5D FDM modeling are presented in Section 3,
which is followed by the discussion of numerical integration meth-
ods in Section 4. Then, numerical examples are exhibited in Section 5.
Finally, the conclusion is drawn in Section 6.

2. Problem statement

Before we develop the methodology applied to model 2.5D
problem, we begin by declaring the formation model and present-
ing the governing differential equations to model electromagnetic
exploration.

In this paper, we consider a 2D conductive structure with fully
anisotropic conductivity and let x-axis be the structural strike
direction. The global coordinate for 2D structure is right-handed
with y-axis towards east and z-axis pointing directly down. The
geological formation model at each point is assumed to has fully
anisotropic electric conductivity tensor @ and is uniform along the
strike direction. Just as the structure shown in Fig. 1, the media can be
decomposed into D domains Q(d),d = 1,2,...,D, with each domain
having constant conductivity tensor o(d). Here, the conductivity
tensor

Oxx Oxy Oxz
O = | Oyx Oyy Oy, (1)

Ox Oz Oz

is fully anisotropic but symmetric and positive definite. Hence, after
three Euler’s elementary rotations (Fig. 2), the conductivity tensor
can be rotated into its three principal axes (x”,y”,Z") and diagonal-
ized (Marti, 2014). This property provides a distinct way to specify
the conductivity tensor with six parameters

o 0 0
UIRZ(%)RI(OM)R;(CX:)[ 0 oy 0 :|Rz(al)Rx(ad)Rz(as) (2)
0 0 Ogm

where R;(oy), Ry(ctg), and R, (o) are the rotation matrices and super-
script T denotes transpose. o (anisotropy strike), g (anisotropy dip)
and o (anisotropy slant) are the specific Euler’s rotation angles. Gen-
erally, rotation matrix Re(cy) (e = X,z and f = s,d,l) denotes the
rotation transformation around the e-axis by angle ;. 0y, 0y~ and
o, are the three conductivity components along the principal direc-
tions. Fig. 2 shows how to rotate the fully anisotropic conductivity
tensor @ into the diagonalized tensor by successively applying three
rotation transformations corresponding to the three Euler’s angles.

To apply FDM to model propagation tools in 2D formation, we
formulate the electromagnetic problem in the frequency domain
with a temporal-dependence of e, where ¥ = -1 and o is
the angular frequency. The governing equations to solve the elec-
tric and magnetic field vectors can be obtained from Maxwell’s curl
equations. Assuming that there exists both electric current source J
and magnetic current source M in the excitation of electromagnetic
propagation tool, we have

V x H(r) + i (e (r) + i?) <E(r) = J(r), (3)
V x E(r) — iop (r)H(r) = M(r) (4)

wherer=xX +yy +2Z, E= EEX+ E)y + E;ZandH = HiX + H)y +
H,z denote the position, electric field and magnetic field vectors,
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Fig. 2. Illustration of three successive rotation transformations using anisotropic strike (c), dip (og) and slant (oy) angles, to capture the principal axes of the fully anisotropic

media.

respectively. u(r) is the magnetic permeability and assumed to be
the free space value . €(r) is the electric permittivity and assumed
to be scalar function invariant along the structural strike direction.
J =X +Jyy +J:zand M = M,X + M,y + M,z denote electric and
magnetic current sources, respectively.

3. 2.5D FDM for fully anisotropic EM modeling

To derive the 2.5D FDM algorithm to model EM propagation tool
in 2D fully anisotropic formation, we can simplify the current on
the transmitter coil as magnetic dipole, i.e., M(r) = M& (r — r};) €ys,
where 1), is the central position of the dipole and &y; is the unit
direction of the dipole. The basic idea behind 2.5D FDM is to con-
vert field vectors and source vectors into spectral domain by Fourier
transform along the strike direction so as to reduce the 3D problem
into a sequence of 2D problems. The 1D spatial Fourier transform and
its normalized inverse transform with respect to the x-axis are

(ke y,2) = / u(x, . 2)edx | (5)
and
u(x,y,z) = 217[ / a(ky,y, z)e"*xdk, . (6)

By applying Fourier transform to Eqs. (3) and (4), we obtain

¥ x H(r) + iw (e(l‘) + z?) -Er)=0, (7)
¥ x E(r) — iop (r)H(r) = M(r) (8)

where V = X(iky) + §9y + Z9,. The electric current source is omitted
to make the discussion concisely. In fact, if one needs to handle the
electric current source, it can be added to the final right-hand side
vector straightforward with little computational penalty.

Using the definitions of dot product between tensors and vectors
and curl operations in Egs. (7) and (8), we can obtain

asz — 811:1y + ide:‘X

- (UXXEX + oxyl:.‘y + UXZEZ) =0,
0.Hy — ikyH; + iweEy

- (nyf:'x + oy Ey + (fyzfz'z) =0,
ikl — 8,y + ik,

- (OZXEX + oykEy + OZZEZ) =0,

and

OyE; — 0,E, — iouHy = My ,
0,Ex — ikeE; — iouH, = My, , (10)
ikyEy — 0yEx — iouH, = M, .

Note that the nine conductivity components are defined in the
global Cartesian coordinate system which is not the principal axis
coordinate system of the media. The outmost boundaries of the com-
putational domain are located sufficiently far away from the current
sources to guarantee negligible reflections because of the exponen-
tial decay of the EM field in lossy media, such that the homogeneous
Dirichlet boundary condition can be enforced at the outmost bound-
aries with negligible loss of computational accuracy. We can observe
that the derivatives with respect to x are replaced by analytical
expression of iky in Egs. (9) and (10). Hence, for each specific k,, one
only need to make a 2D finite difference discretization.

One possible scheme to solve the EM fields is to eliminate Ex and
Hy and solve the tangential components of the EM fields. At first
glance, this scheme can reduce the number of unknowns by one
third. However, it is not trivial to eliminate the longitudinal fields in
the strike direction when the formation is fully anisotropic. Mean-
while, by reducing the total number of unknowns, it will increase the
number of nonzero entries in each row in the final system matrix,
resulting in similar computation cost for direct sparse matrix solver.
In fact, we compared the scheme using four components (, E,, Hy,
H,) and the scheme using six components (Ey, Ey, E;, Hy, Hy, H,). As a
result, the solution time of the scheme using six components is less
than half of the scheme using four components for the same grid
discretization and sparse matrix direct solver.

The same problem may reside in the scheme (Abubakar et al.,
2008; Chen et al., 2011) in which magnetic field H is eliminated from
Egs. (7) and (8) to obtain

V x V x E (r) — [iop (r)o (r) + o?u () e(r)] Er)=VxM(r). (11)

Moreover, in Eq. (11), the curl operator of magnetic current
and the curl calculation of electric field to obtain the magnetic
field by Eq. (7) tend to contaminate the accuracy of the calculated
field. Hence, in this work, we will directly employ FDM to dis-
cretize Egs. (9) and (10) to solve all the components of EM field
simultaneously.

We apply the FD scheme with a Cartesian Yee’s grid shown in
Fig. 3 to discretize the truncated 2D plane whose outmost boundary
is far away from source. The 2D Yee’s grid can be regarded as a 3D
discretization with the grid size along the strike direction approach-
ing zero such that the derivatives with respect to x are replaced
by an analytical expression iky. To solve the equations efficiently,
the computational domain is discretized using combination of uni-
form grids in the inner computational space between transmitter
and receiver and nonuniform grids for the remaining space. With the
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Fig. 3. Staggered Yee's grid used for FDM simulation: (a) a 3D grid and (b) a compact 2D slice.

reduced Yee’s grid system shown in Fig. 3b, Egs. (9) and (10) can be
discretized as

st [+ 1) -7 1)
[ 1) - (2]
FioeE (k) - 0B k) + Oy By (i k) + 02, k)| =
g [ i)+ k1)
—lkaz( + 1, k) + iweE, (j + %,k)
—[onkx (5 + 3.k) + oy (5 + 3.k) + 03E: (i + 3.k)] = 0,
ikyH, (], k+ 7) Ay(JH )
[A(+ 3k + ) =z (j = 3.k + )] + iooekz (j.k + 3)
_ [Ozxg-x (j,k + %) + OoyEy (], k+ 7) + 0%E; (j,k + %)} =0,
(12)

and
m [E:(+ 1k + ) —E: .k + 3)]
—m [Ey (j+ Lk+ 1) -E (j+ %,k)}
—iopfy (j+ Lk + ) = Mc (j+ 3.k + 1)
m[éxu,u1)_Ex(j,k)]_ikxﬁz (j.k+ %) (13)
—iouHy (j.k+ 1) = My (j.k+3) .
ikyEy (j + %.k) - m [E‘X(j +1,k) — Ex(j, k)]
—iouH, (j + %,k) =M, (j + %,k) ,

where Ay(m,n) = y(m+ 1n) - y(m— %n) and Az(m,n) =

z (m,n + %) —z(m,n - 1), respectively.

As we can observe from Eq. (12), the equations including general
conductivity anisotropy will couple all the components of electric
field together. However, the Yee’s grid is staggered which means that
three components of electric field vector are not defined at the same
spatial position. For instance, if we need to solve the first equation
of Eq. (12), the 0yyEy and 0y, E; terms are defined at the edge centers
on the FD grids while the OwEx term is defined at cell corners. Mean-
while, by using FDM, the material properties are assigned cell by cell
so one cannot directly use the conductivity affiliated to single cell.
In this work, we employed the weighed average method applied by
Weiss and Newman (2002) which calculates the weighted value of
all the adjacent cells of one node. In 2D case, the number of adjacent
cells for electric field components is two for components Ey and E,

located at edge centered node and four for component Ey located at
corners.

Upon discretization and employment of the weighted average
method, we can obtain the corresponding system linear equation for
Egs. (7) and (8), written in matrix notation as

A + iksP =b, (14)
(A+ k) -X

where A and P are the stiffness matrices resulting from the left
side of Eqgs. (7) and (8), X = [Ex, Ey, E;, Hy, Hy, H,]" is a vector con-
taining the electric and magnetic fields at all the nodes, and b =
[0,0,0, My, My, M,]" is a vector resulting from magnetic dipole source.

The matrix A is independent of wavenumber k, while the matrix ik,P
is proportional to k. Once the FD grids are defined, the matrices A
and P are fixed regardless of the value of ky. This saves the computa-
tion time substantially for 2.5D FEM modeling which needs to solve
a sequence of ky.

The discretization of the 2D computation domain by FD scheme
is similar to the method employed by Abubakar et al. (2008). The
meshes for the inner region between the transmitter and receiver
are dense and uniform while the boundaries are then extended
away from the inner region by nonuniform meshes. The size of the
uniform meshes depends on the conductivities of the formation, the
tool spacing and the working frequency of the tool. The size of the
nonuniform mesh grows with a constant ratio to reduce the number
of unknowns but keep the accuracy of 2.5D FD scheme in the inner
region. The mesh discretization is adaptive when the transmitters
and receivers move in the 2D formation.

The total number of unknowns by 2.5D FDM is much smaller
than that by a 3D discretization with a similar grid density. Thus,
the resulting linear system equations in Eq. (14) can be solved by
direct sparse matrix solver efficiently. One of the advantages for
using direct solver is that the slow convergence and poor accuracy
can be avoided. Using multifrontal LU decomposition method (Davis
and Duff, 1997), one can solve for all the source excitations simul-
taneously. The multifrontal LU decomposition method we used is
the UMFPACK solver, which is available in the SuiteSparse pack-
age (Davis, 2006). This feature provides an efficient solution for
triaxial induction and LWD tools which have couple of transmit-
ters and receivers. After the EM fields in spectral domain are solved
for each kg, one must apply inverse Fourier transform to obtain the
corresponding spatial field values.

4. Numerical integration for inverse Fourier transform

The simulation time of the 2.5D FDM modeling not only depends
on the computational complexity of the 2D modeling methodology,
but also is proportional to the total number of quadrature points for
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Fig. 4. A specific tool with one transmitter and two receivers is placed vertically in
a homogeneous and fully anisotropic media. The T-R spacings are 0.56 and 2.44 m,
respectively. The tool works at a frequency of 2 MHz.

inverse Fourier transform. When one tries to apply Eq. (6) to cal-
culate the spatial fields, interpolatory quadrature methods, such as
midpoint rule, trapezoid rule or Simpson’s rule (Quarteroni et al.,
2010), can be employed to do numerical integration over truncated
integral range of ky. However, interpolatory quadrature methods
usually need to sample numerous points to acquire results with small
relative errors. Besides interpolatory quadrature methods, Gaussian
quadrature rules (Quarteroni et al., 2010), e.g., Gauss-Legendre (GL)
rule and Gauss-Lobatto-Legendre (GLL) rule, are very attractive to
do numerical integration over finite integral range due to their less
requirements for sampling points. In this section, we will look into
and compare different quadrature methods including midpoint rule,
GL, and GLL scheme.

To compare the different numerical rules, we begin with studying
the spectral behaviors of a specific tool with one transmitter and

Spectral Behavior at Receiver 1

/i |—Real Part
0.01} { i -—Imaginary Part| |

field (A/m)
o

H

X
-0.01¢

-0.02

two receivers. The transmitter-receiver (T-R) offsets are 0.56 m and
2.44 m, respectively. Assuming that the tool is placed vertically
inside a formation whose conductivity is homogeneous and fully
anisotropic, we can apply 2.5D FDM to solve the spectral behavior
of the magnetic field at the two receivers. As shown in Fig. 4, the
conductivity tensor is symmetric and positive definite. Fig. 5a and
b shows the real and imaginary parts of the magnetic field Hy at
receivers 1 and 2 in the ky domain. The results show that the mag-
netic field approaches zero when ky goes to negative and positive
infinities. This observation makes sense because the wavenumber
k in the formation is constant, providing a growing decay factor in

wavenumber k, = ,/k2 —kZ when ky goes to negative and posi-
tive infinities. Hence the small part of the integrand u(ky, y,z) whose
magnitude is well below the tolerance, say, 10-3 of the magnitude
at ky, = 0, can be neglected, while the calculated fields keep a
reasonable accuracy. By this way, the numerical integration of the
wavenumber ky is truncated into [kyn-, kxm+ | With kxm- and Kym+
representing the truncation points of the integral. Moreover, in order
to improve the efficiency and accuracy, we employ numerical inte-
gration rules on real ky axis by separating [Kkym-, kxm+ ] into negative
region [kym-,0] and positive region [0, kynm+ ], in order to weaken the
adverse effect of the oscillation near point ky = 0.

Fig. 6 shows the accuracy of the numerical value of magnetic
field at receiver 1 by employing midpoint rule, GL rule and GLL
rule. The reference solutions utilize the results obtained by applying
1D code which is of high precision when solving the tool response
in horizontally layered transverse isotropic media. In fact, the fully
anisotropic conductivity tensor shown in Fig. 4 is transformed by
rotating a diagonally transverse isotropic tensor. Hence, when set-
ting up the 1D code, we can inversely rotate the tool in the same
transverse isotropic and homogeneous media by the corresponding
angles to obtain the same fully anisotropy with respect to the sonde
coordinate. It is clearly shown in the comparison that the Gaussian
rules perform much better than midpoint rule. Approximately, GL
and GLL rules can acquire the same level of accuracy by only utilizing
half of the sampling points used by midpoint rule. The results also
show that about 20 sampling points are able to reach a relative error
below 1%, no matter employing GL or GLL rule.

Although the illustration of numerical integration for inverse
Fourier transform is based on homogeneous and fully anisotropic
media, the GL and GLL rules are valid for complex formation as long
as the formation is lossy. In the remaining numerical examples, we
implemented GL rule to the inverse Fourier transform.

) x1Q'5
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Fig. 5. The spectral behavior of the x-components of the magnetic fields at two receivers when transmitter has x-directed unit magnetic dipole moment: (a) real part and

imaginary part of Hy at receiver 1; (b) real part and imaginary part of Hy at receiver 2.
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Fig. 6. The accuracy of the calculated field value Hy at receiver 1 obtained by midpoint
rule (dashed line with star), GL rule (dashed line with triangle) and GLL rule (dashed
line with circle). The solid line represents half of the sampling points by midpoint rule.

5. Examples

By solving a sequence of sparse linear equations and implement-
ing GL rule to accelerate inverse Fourier transform, the electromag-
netic fields at the receiver can be obtained in an efficient way. For
triaxial logging tool, one can apply direct sparse solver to solve
the linear system equation with three right-hand side excitations,
representing x-, y- and z-directed magnetic dipole at the location
of transmitter, respectively. In this way, one can acquire all the
responses for one logging point simultaneously. Numerical examples
of 1D transverse isotropic (TI) model, 1D fully anisotropic model and
arealistic 2.5D model are given in this section.

5.1. Validation

Firstly, the scheme of 2.5D FDM modeling discussed in previous
sections can be easily applied to model 1D structure. The scheme
has been thoroughly tested, compared and validated against 1D
analytical solution. Fig. 7 shows the formation of the 1D model with

R =1Q-m,R =1Q-m

R, =18Q-m,R =0.18Q-m

R, =1Q0-m,R =1Q-m

Fig. 7. The 1D model consisting of three transverse isotropic layers.

Table 1
CPU time and relative error of 2.5D FDM for modeling a three-layer TI formation
shown in Fig. 7. The number of GL points is fixed at 20.

T-R spacing 2.5D grids CPU time Relative error
0.56 m 81 x 101 22.2s 1.3%

0.56 m 99 x 140 38.6s 0.46%

1.12m 67 x 90 17.7s 1.3%

1.12m 85 x 131 30.3s 0.77%

three horizontal layers. The layer in the middle has a thickness of
1.2 m. The horizontal resistivity R, and vertical resistivity R, in each
layer are also shown. Situations with T-R spacings of 0.56 m and
1.12 m are simulated. Frequency of the source is 2 MHz. Table 1 sum-
marizes the grid discretization, the CPU time and relative error with
respect to analytical solutions based on 1D model, when the source
is in the center of the middle layer and the tool is vertical placed.
The total number of quadrature points is 20. This example suggests
that the 2.5D FDM modeling can achieve a high accuracy. Generally
speaking, a denser grid can bring better accuracy but also cost more
computation time. The typical simulation time for one logging point
is around half a minute.

To investigate the validity of 2.5D FD scheme to model fully
anisotropic media, we implemented the scheme to study a three-
layered formation as shown in Fig. 8, whose formation the 1D code
can not model. Within each layer, the conductivity tensor is fully
anisotropic. The tool runs in the formation at a dip angle of 15°.
The center of the middle layer with thickness of 1.22 m locates at
z = 5m plane. The receiver is behind the transmitter with a T-R
spacing of 0.51 m. The frequency of current source at the transmitter
is 2 MHz. Fig. 9 shows the results of 2.5D FDM modeling and COM-
SOL software which uses 3D FEM. In the figures, Hj; (i, j = X, ¥, 2)
means the j-component of magnetic field at the receiver due to the
i-directed unit magnetic dipole at the transmitter. The results simu-
lated by 2.5D FDM modeling agree very well with COMSOL. What's
more, the field variations around the boundaries obtained by 2.5D
FDM modeling match the results of 3D COMSOL in a good manner.
In fact, the average relative error is around 1% which is sufficiently
small for practical applications. All the simulations are conducted on
an Intel Core i7 3.2-GHz processor. The numbers of grids in the y and
z directions are about 70 and 110, respectively. And the number of
quadrature points in the k, domain is 20. For one logging point, the
2.5D FDM takes about 30 s while 3D COMSOL takes about 120s to
solve.

X
Z
[2.13 043 0.22]
R,=|043 350 0.75
1022 075 2.38]
[ 5 346 1.73]
R,=[346 16 6 |Q'm

173 6 7

[0.24 0.13 0.07]
R,=|0.13 0.65 023
1007 023 0.31]

Fig. 8. A 1D model consisting of three fully anisotropic layers. The logging tool has a
dip angle of 15°. The T-R spacing is 0.51 m.
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Fig.9. Simulation results of the 1D model as shown in Fig. 8 by 3D FEM and 2.5D FD scheme.

5.2. Synthetic log simulation in a 2D formation with fault

The goal of previous examples is to validate the accuracy and effi-
ciency of the 2.5D FDM scheme. To further validate the 2.5D FDM
scheme solving six components of EM fields simultaneously, a com-
plicated 2D example has been studied. Fig. 10 shows the geological
formation to be studied. It consists three layers with a fault exist-
ing at the middle vertical line (x = 0 and y = 0). Each layer is
filled with one material shown in Fig. 10 with the center layer is fully
anisotropic. The resistivity tensor of each layer are shown in Fig. 10.
The thicknesses of center layers are both 3.048 m. The vertical dis-
tance between center layers of left side and right side is 6.096 m. The
trajectory of the tool is shown as black line running through the for-
mation from left top to right bottom with a dip angle of 30°. The
T-R spacings are 0.61 m and 1.17 m, respectively. The receivers are
behind the transmitter. The working frequency of the tool is 400 kHz.
Figs. 11 and 12 show the results obtained by 2.5D FDM modeling and
by COMSOL whose solver is 3D FEM. The results obtained by 2.5D
FDM modeling agree very well with those by COMSOL. The average
relative error for this example is on the level of 1%, which is suffi-
ciently small for most practical applications. In all the simulations
for the 2D formation, the total number of grids is 8000-12,000. The
number of quadrature points in the ky domain is 20. For one logging
point, the 2.5D FDM takes about 30 to 50 s while 3D COMSOL takes
about 5505 to solve.

6. Conclusions
In this paper, we presented an efficient FDM scheme to model

2.5D problem in application of resistivity well logging tools. The
electric and magnetic fields are solved simultaneously in order to

assimilate the fully anisotropy in a straightforward way. Material
average method is applied to fit the FDM solver with the staggered
Yee’s grid. We also applied Gaussian quadrature rules to speed up
the inverse Fourier transform. In general, the accuracy of 2.5D FDM
scheme is suitable for practical applications and the computational
efficiency is much higher than 3D modeling. The proposed 2.5D FDM
scheme will be promising in modeling and inversion of resistivity
well logging in complex subsurface formation.

z [R,.R,]=[2.10]Q-m

R,

/\ 1
[11.88 6.49 3.25

650 325 1125|Q'm
325 1125 15.63]

30

[R,.R,]=[1.6]Q m

Fig. 10. A complicated 2D model with fault. The tool has a dip angle of 30°. The
spacings between T and Ry is 0.61 m and the spacing between T and R; is 1.17 m.
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Fig. 12. Simulation results of the 2.5D model as shown in Fig. 10 by 3D FEM and 2.5D FD scheme. The T-R spacing is 1.17 m.
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Fig. 11. Simulation results of the 2.5D model as shown in Fig. 10 by 3D FEM and 2.5D FD scheme. The T-R spacing is 0.61 m.
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