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Apparent Resistivity Correction for Tensor Induction Well Logging in a
Deviated Well in an Anisotropic Medium

Ertan Peksen' and Michael S. Zhdanov'

In this paper we study the principles of tensor induction
well logging (TIWL) in a deviated well in an anisotropic
medium. We examine the theoretical formulae for the ten-
sor apparent conductivities of the transverse anisotropic
medium, developed for an ideal tensor induction instru-
ment with coinciding positions of three mutually orthogo-
nal transmitters at one point and all three receivers at the
other point in a borehole. We demonstrate that these for-
mulae can be corrected for practical instrument design,

ABSTRACT

where, due to technical reasons, transmitter coils with dif-
ferent orientations are spatially separated and receiver
coils are spatially separated as well. We introduce the cor-
rected formulae for a practical TIWL instrument. The
numerical study shows that, for different deviation angles
and for different anisotropy values, the corrected apparent
conductivities are practically the same as the theoretical
apparent parameters.

INTRODUCTION

Induction well logging in anisotropic formations has
recently become an area of active research and industrial
development. Kriegshauser et al. (2000a, b) described the
new induction instrument comprising three mutually
orthegonal transmitter coils and similar receiver coils. A
number of papers discussing multi-component induction
logging appeared at the 42nd meeting of the SPWLA in
Houston, (Cheryauka and Zhdanov, 2001b; Kriegshauser et
al., 2001a; Martin et al., 2001; Zhang et al., 2001; Zhdanov
etal., 2001b) and at the 71st meetings of SEG in San Anto-
nio, in 2001 (Cheryauka and Zhdanov, 2001c; Yu et al.,
2001; Kriegsauser et al., 2001b; Lu and Alumbaugh, 2001;
Zhang, 2001; Zhang and Mezzatessa, 2001).

The response of the tri-axial induction instrument is
formed by three components of the magnetic field due to
each of three transmitters, thus forming a tensor array of
nine signals, which we call an induction tensor. This tensor
is determined by the conductivity tensor of the medium. The
goal of interpretation is to recover the conductivity tensor
from the observed data. The foundatious of tensor induction
well logging (TIWL) in anisotropic formations were out-

lined in the paper by Zhdanov, Kennedy, and Peksen
(2001a), where the authors derived the expressions for an
apparent conductivity tensor based on the low frequency
asymptotic of the induction tensor. These formulae were
derived only for an ideal instrument that comprises three
mutually orthogonal transmitter coils located at the same
point and similar receiver coils located at another point. In
practice, however, it is technically difficult to place all three
transmitter coils at one point, or to place all three receiver
coils at one point. That is why, in the practical instrument
(for example, in the 3DEX instrument developed by Baker
Atlas), the transmitter coils with different orientations are
located at some distance from one to the other (Figure 1). A
similar design is used for the receiver coils. In this situation
the theoretical formulae derived in Zhdanov et al., (2001a,
b) for apparent horizontal and vertical conductivities may
produce an erroneous result.

In this work, we develop a method of apparent conductiv-
ity correction to analyze practical induction instrument data.
Throughout this paper, we call our hypothetical instrument
the “ideal instrument™ and the typical design of the indus-
trial instrument the “practical instrument.” Using numerical
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simulation, we demonstrate that the correction method
introduced in this paper improves the accuracy of the
evaluation of the anisotropic parameters of the medium by
using the practical tri-axial induction data.

CALCULATION OF THE APPARENT
CONDUCTIVITIES IN TENSOR
INDUCTION WELL LOGGING

The ideal tensor induction well logging instrument
detects three components of the magnetic field due to each
of three transmitters for a total of nine signals, which form
the magnetic induction tensor
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Fic. 1 A simplified practical instrument has three mutually
ortogonal transmitters and three receivers as an ideal instru-
ment does, but they are separated from each other.
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where superscripts refer to the transmitter components and
subscripts refer to the receiver components.

In the Cartesian system of coordinates (x,y,z), with the
axis z directed along the axis of symmetry of the trans-
versely isotropic (TI) conductive medium, the conductivity
tensor can be represented by

(o 0 0
o=| 0 ay, 0 a
0 0 o,

where gy, is the horizontal conductivity and o, is the vertical
conductivity. The magnetic field components are given in
formula (1) in a coordinate system defined by the horizontal
and vertical principal axes of the conductivity tensor. In
practice, the orientation of the transmitter and receiver coils
will be arbitrary with respect to this coordinate systen. In
order to use the representation of the field tensorH for an
instrument having an arbitrary orientation with respect to
the principal axes of the conductivity tensor, it is necessary
to transform the transmitter moment in the instrument frame
(denoted by (x', 3", z")) into the medium coordinates (denoted
by (x,y,2)). This transformation can be made by application
of the rotational matrix R (Moran and Gianzero, 1979;
Zhdanov et al., 2001a). The rotation matrix R consists of
two rotations

A

R=RgR,,
where R, describes the rotation around y’

cosa 0 —sina
Ro= 0 1 0 |,

sima 0 cosa

and ﬁﬁ describes the rotation around the z (=z') axis
through an angle 3, and
cos B sinf8 0
ﬁﬁ= —sinff cosf 0Of,
0 0 1

where a represents the relative deviation angle between the
instrument axis and the “vertical” principal axis of the con-
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ductivity tensor, and f represents the rotation of the instru-
ment on it own axis.
The product of these two rotation matrices is given by

cosacosff sinf —sinacosf
R=Rg f{a =|—cosasinf cosf sinasinf |.(2)
sina 0 cosa

The matrix of the magnetic induction tensor in the instru-
ment frame is related to the matrix of the magnetic induc-
tion tensor in the medium coordinate frame by the following
formula:

H'=RAR-' =RHR" . 3

The components of H' are used in the estimation of recciver
voltages.

Appendix derives a low-frequency approximation for the
tensor induction magnetic field components and gives for-
mulas for the apparent horizontal and vertical conductivi-
ties, ah, and a,fm the apparent anisotropy coefficient, l,r,,,,
and the apparent relative deviation angle, ol , for the ideal
instrument.

APPARENT CONDUCTIVITIES FOR THE
PRACTICAL INSTRUMENT

A simplified design of a typical practical instrument is
shown in Figure 1, For this instrument, all three transmitter
coils and all three receiver coils are placed at different
points along the sonde axis. However, the distances
between the transmitter and receiver coils with the same ori-
entations are the same, L, while the distances between cross
oriented transmitters and receivers arc different (see Figure
1). For example, the distance between the x-oriented trans-
mitter dipole and the z-oriented receiver dipole is L, # L.
The analysis of formulae (A.6), (A.7), (A.8), and (A.9)
shows that the expressions for apparent parameters (hori-
zontal and vertical conductivities, anisotropy coefficient,
and relative deviation angle) contain only four components
of the magnetic induction tensor: A 2 H;}l:, HZ, and HY. We
should recall now that these formulae were derived in a
homogeneous TI medium. It is clear that in a homogeneous
TI medium the components depend only on the distance
between the transmitter and receiver, and they do not
depend on the relative locations of the transmitters along the
sonde axis. Therefore, the components, H%, H:,‘,'-', and HZ are
the same for the ideal and practical instruments.

At the same time, the A component is different for the
ideal and practical instruments, because the distance L,
between the x-oriented transmitter dipole and the z-oriented
receiver dipole for the ideal instrument is different than the
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distance L, for the practical instrument. However, from for-
mula (A.3) we see that the HZ component is inversely pro-
portional to the transmitter-receiver separation. As a result,
we have

(sH= )L‘ = (sH )Lz :'él )
1

where (SH -__“,') 1L, 18 the imaginary magnetic field compo-
nent with the transmitter-receiver separation equal to L, or
Lo, respectively.

Thus, we can use theoretical formulae (A.6), (A.7),
(A.8), and (A.9)for computing the apparent parameters for
the practical instrument data, if we replace (SH )1 with
the expression (SH)2(Lo/L1) according to equation (2).
The new corrected formulae for the apparent parameters
computed for the practical instrument are

¢ =
Opy =

; 1 2
(SH} ), + 2 (SH? ), T

2

2 , V2 , 2

g0 ((Cng)L 1 (SHZ), | + 2A2HD), Ly
R | pi z | 7 k Ll

(5)

ASHE), (L /L) ©
QHE),, +QHE), —3g0%, |

i ___]_ fa—l
al 5 sin [
where o7, is the corrected horizontal apparent conductivity,
and a,, is the corrected apparent relative deviation angle. The
subscripts L; and L, correspond to transmitter-receiver dis-
tances and indicate that the magnetic field is measured or
calculated at these distances. Equation (A.7) does not need
to be modified since this formula does not contain the H’_ff
component. Once the horizontal apparent conductivity is
calculated, the vertical conductivity may be obtained from
equation (A.9):

o¢ = Glza (7)
ey
NUMERICAL EXAMPLES

In this section we examine the accuracy of the corrected
formulae for the apparent parameters, using numerical
simulation. For simplicity, we consider the transverse ani-
sotropic model of the rock formation without borehole and
invaded zones. We do not include the borehole effect in the
modeling study since the borehole correction is usually per-
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formed for induction tool data before any other interpreta-
tion.

The distances between the transmitter positions and
the receiver positions in the practical instrument are L; =

1.0 mand L, = 0.40 m. The operating frequency range is up
to 30 kHz. The model parameters are the horizontal resistiv-
ity 10 ohm-m, the vertical resistivity 160 ohm-m, and the
anisotropy coefficient is 4. The relative deviation angles are
selected equal to 10° and 30°.

We computed the synthetic data for ideal and practical
induction instruments, and applied the corrected formulae
(5) and (7) to the synthetic data obtained for the practical
instrument with the relative deviation angle & =10°. Figure
2 presents the results of computing the horizontal apparent
resistivity curves for the ideal instrument (solid lines) and
for the practical instrument (dashed lines). The bottom part
of Figure 2 shows the comparison of the apparent resistivi-
ties calculated for the ideal and practical instruments with-
out a correction factor (by using formula (A.6), while the
top part presents the same results obtained for the practical
instrument with the corrected formula (5). One can see that,
after correction, two apparent resistivity curves generated
for the ideal (solid line) and practical (dashed line) instru-
ment responses are almost identical. The vertical apparent
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Fig. 2 An anisotropic model with the horizontal resistivity 10
ohm-m and the vertical resistivity 160 ohm-m. The relative
deviation angle is 10°. Panels show horizontal apparent resistiv-
ity curves for the ideal instrument (solid lines) and for the practi-
cal instrument (dashed lines). The bottom panel shows the com-
parison of the apparent resistivities calculated for the ideal and
practical instruments without a correction, while the top panel
presents the same results obtained for the practical instrument
with the correction.
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resistivity curves for the instruments with the relative devia-
tion angle a =10° are given in Figure 3. Note that the verti-
cal apparent resistivity curve computed for the practical
instrument data by the theoretical formula derived for the
ideal instrument becomes negative (dashed line in Figure 3,
bottom panel), while after the correction we obtain reason-
able values for the vertical apparent conductivity (dashed
line in Figure 3, top panel), coinciding with the curve for the
ideal instrument (solid line). Figures 4 and S display similar
results for the ideal and practical instruments with the rela-
tive deviation angle a = 30°. In this case, we correct our
practical instrument data very well for the horizontal appar-
ent resistivity and relatively well for the vertical resistivity.
The corrected apparent vertical resistivity for the practical
and ideal instruments diverge slightly with the increase of
the frequency (Figure 5, top panel).

In the next set of numerical experiments we investigate
the behavior of the apparent resistivity curves in the layered
anisotropic formations. The distance between the transmit-
ter’s position and the receiver’s position is 1.0 m for the
ideal instrument, and the transmitter-receiver separations
for the practical instrument, shown in Figure 1, are as fol-
lows: Ly = 1.0 m and L» = 0.40 m. The calculations are per-
formed for an instrument moving along the borehole
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Fic. 3 An anisotropic model with the horizontal resistivity 10
ohm-m and the vertical resistivity 160 ohm-m. The relative
deviation angle is 10°. Panels show vertical apparent resistivity
curves for the ideal instrument (solid lines) and for the practical
instrument (dashed lines). The bottom panel shows the com-
parison of the apparent resistivities calculated for the ideal and
practical instruments without a correction, while the top panel
presents the same results obtained for the practical instrument
with the correction.
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upward with measurements every 0.25 m. The operating
frequency is 20 kHz.

The synthetic data were computed using the GT3D code
developed by the Consortium for Electromagnetic Model-
ing and Inversion (CEMI) at the University of Utah (Cher-
yauka and Zhdanov, 2001a). The response of the layered
anisotropic model was calculated in the model coordinate
system. The result then was transformed from the model
frame to the instrument frame, using equation (3).

We assume that tensor induction logging is conducted by
an instrument oriented along the borehole so that the “verti-
cal” transmitter and receiver are oriented along the bore-
hole. We calculate the model responses (induction tensor
components for the ideal and practical instruments) for the
different parameters of the layered anisotropic models.
Using these responses as the synthetic observed data, we
compute the low frequency (o ,f,, and O"T‘,,) apparent conduc-
tivities according to the theoretical formulae (A.6) and
(A.9) for the ideal instrument. The apparent conductivities,
oh, andol,, for the practical instrument are computed using
the corrected formulae (5) and (7) as they are described in
the previous section. The results are plotted as apparent
resistivity curves, p/Tm, p,’,, Dhas and i, versus depth for a
different relative deviation angle a, equal to 30° and 60°,
respectively (Figures 6 through 9).
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FiG. 4 An anisotropic model with the horizontal resistivity 10
ohm-m and the vertical resistivity 160 ohm-m. The relative
deviation angle is 30°. Panels show horizontal apparent resistiv-
ity curves for the ideal instrument (solid lines) and for the practi-
calinstrument (dashed lines). The hottom panel shows the com-
parison of the apparent resistivities calculated for the ideal and
practical instruments without a correction, while the top panel
presents the same results obtained for the practical instrument
with the correction.
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Each of the Figures 6 and 7 has three panels. The first
panel on the left shows the parameters of the layered model.
The second two panels present the apparent resistivity
curves versus depth. The bold solid lines show the true
parameters of the model. The apparent resistivities Pha and
prha obtained by the theoretical formulae for the ideal instru-
ment are shown by the bold solid-dotted lines. The black
solid-dotted lines represent the apparent resistivities com-
puted for the practical instrument by the theoretical formu-
lae (A.6) and (A.9) without correction. The gray solid-
dotted lines show the same parameters computed for the
practical instrument data after corrections. Solid lines
describe the positive values of the apparent resistivities,
while the dotted lines correspond to the negative values.

The data were contaminated by 3% random Gaussian
noise at each transmitter-receiver position. Note that, for a
vertically oriented instrument, there is no need for correc-
tion because the induction tensor component A2 is equal to
zero. In a deviated borehole we observe significant differ-
ences between the bold solid-dotted and gray solid dotted
lines, which correspond to the apparent resistivities com-
puted without and with the correction. As a rule, after the
correction the apparent resistivities computed for the practi-
cal instrument coincide with the theoretical apparent resis-
tivities for the ideal instrument. Thus, we can conclude that
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FiG. 5 An anisotropic mode! with the horizontal resistivity 10
ohm-m and the vertical resistivity 160 ohm-m. The relative
deviation angle is 30°. Panels show vertical apparent resistivity
curves for the ideal instrument (solid lines) and for the practical
instrument (dashed lines). The bottom panel shows the com-
parison of the apparent resistivities calculated for the ideal and
practical instruments without a correction, while the top panel
presents the same results obtained for the practical instrument
with the correction.
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the corrected formulae work extremely well for all these
models.

We also considered a multi-layered model of anisotropic
formations, based on the known benchmark “Chirp” model
(Fang and Wang, 2000). This model is represented by the
black solid line in the left panel of Figure 8 (the horizontal
resistivity profile). We modified this model, adding a pro-
file of vertical resistivity (right panel in Figure 8). The
results of the synthetic TIWL data interpretation for differ-
ent relative deviation angles 30° and 60° are shown in Fig-
ures 8 and 9. Once again the apparent resistivities describe
well the horizontal resistivity and recover relatively well the
vertical resistivity. These results show that, in the case of
complicated geoelectrical models, the simple interpretation
tool based on apparent resistivity can be used.

CONCLUSION

In this paper we have demonstrated that the theoretical
formulae for tensor apparent conductivity of a transversely
anisotropic medium, developed for an ideal tensor induc-
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FiG. 6 The first panel on the left shows a three-layer model.
The second and the third panels display the horizontal and verti-
cal apparent resistivity curves versus depth, respectively. Solid
lines describe the positive values of the apparent resistivities,
while the dotted lines correspond to the negative values. The
relative deviation angle is 30°. The bold lines represent the
apparent resistivitiesp;a and pza obtained by the theoretical for-
mulae for the ideal instrument. The black solid-dotted lines rep-
resent the apparent resistivities computed for the practical
instrument by the theoretical formulae without correction. The
grary solid-dotted lines show the same parameters computed
for the practical instrument data after corrections.
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tion instrument with coinciding positions of all three trans-
mitters and coinciding positions of all three receivers, can
be corrected for a practical instrument design. We have
introduced the corrected formulae for a practical TIWL
instrument. The numerical study shows that, for different
relative deviation angles and for different anisotropy val-
ues, the corrected apparent conductivities are practically the
same as the theoretical apparent parameters. This result
indicates that the basic principles of the tensor induction
logging developed by Zhdanov et al. (2001a, b) for the ideal
tensor instrument under low frequency condition can be
easily modified for use with practical tensor instrument
data.
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APPENDIX

LOW FREQUENCY APPROXIMATION
FOR THE TENSOR INDUCTION
MAGNETIC FIELD COMPONENTS

It was demonstrated by Zhdanov et al., (2001a) that the
effect of sonde roll can be evaluated from the observations
of data in unbounded, homogeneous TI anisotropic
medium, so that the rotational angle § can be taken equal to
zero. Under this assumption the expressions for low fre-
quency asymptotics of the induction tensor quadrature com-
ponents in the instrument coordinate frame are

SHY = go 031 +2gcos? al, (A.1)

2
Asin?a + A2 cos?

%H;".I =gy 0) —2q - ]],(A.Z)

QHY =gyo2gcosasinal= QHZ,  (A3)

_A\/sinza+/12cosza-l (AS5)
Asin? a ' '

$ denotes an imaginary part of the magnetic field compo-
nent; HY, HY, HZ, and HY are the magnetic field compo-
nents in the instrument coordinate system; g is a parameter,

Who

B0 =gl

w is the angular frequency, 4 is the free-space magnetic per-
meability, A=+ 0, / 0, is an anisotropy coefficient, and L is
the transmitter-receiver separation.

The analysis of the low frequency asymptotics
(A.1)—(A.4) leads to the formulae fox the low frequency
“horizontal” apparent conductlvxty, a;,‘,, the apparent ani-
sotropy coefﬁment AT, and the apparent relative deviation
angle, a4, given by (Zhdanov et al. 2001a, b),

2
o1 ' . . .
1| o 5 SH: +\/( SH ~%a‘;r—1;,] +292 A |,
(A.6)

N2
Z.T = 4g§ (O‘ZI=1>
SHE (SHY + SHY +

al =-]-sin“' G5 , (A8
2 SHY + SHE —3g0],

: S(AT)
QHZ —2gy0} )

where superscript T indicates that these are the theoretical
parameters computed for the “ideal instrument.”

The expression for the “vertical” apparent conductivity,
U\(l is

g
G, Ty /{T”")z (A.9)

QHZ =gy 0,2 +2gsin? a, (A.4) Thus, the TIWL method consists in measuring the com-
i ponents of the magnetic induction tensor using a tri-axial
induction instrument and computing the apparent conduc-
tivities using formulae (A.6) and (A.9).
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