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ABSTRACT

Induction logs in sub-horizontal wells can provide
important information about the properties of the
formations. They help to characterize an invasion
profile and determine the distances to the oil-water
contact and remote beds. However, quantitative in-
terpretation of induction data in a horizontal well,
in a general case, requires three-dimensional model-
ing and analysis. Conventional, axial-coil, induction
instruments face significant difficulties to accurately
delineate formation and borehole geometry and con-
ductivity anisotropy. In this paper we present a
modeling study for a tensor instrument, comprising
sets of three mutually orthogonal transmitting and
receiving coils. We develop the theoretical solution
based on generalized localized approximation. It re-
alizes the 2.5-D algorithmic scheme, which efficiently
models the concentric wellbore/invasion structures
embedded in layered anisotropic formations. We
examine the method’s validity using analytical so-
lutions for axially symmetric borehole and invasion
models. We also analyze the compatibility of mod-
els for horizontal well situations with the models for
highly deviated wells. The synthetic results demon-
strate a very good match for dipping angles within
a range of 90 £ 15 degrees.

INTRODUCTION

The use of horizontal and highly deviated wells
has significantly increased the exploration industry’s
ability to efficiently produce hydrocarbons from the
oil and gas bearing formations. In recent years, as
the number of horizontal wells has increased, more
research has been conducted to understand EM log-
ging tool responses in highly deviated wells (Epov et
al., 1996; Anderson et al., 1999; Rabinovich et al.,
2000; Ellis and Chiaramonte, 2000). Induction logs
in sub-horizontal wells can provide important infor-
mation about the properties of the formations. How-
ever, quantitative interpretation of induction data in

a horizontal well, in a general case, requires three-
dimensional modeling and analysis. A typical well
environment might include an anisotropic layered se-
quence with an invaded zone. The invasion profile
could have a ’drop-like’ cross-section due to grav-
ity segregation, where it is not necessarily centered
along the borehole axis and may include intrinsic
anisotropy. An interpretation model should include
all these elements, but conventional, axial-coil, in-
duction instruments experience difficulties in delin-
eating formation and borehole geometry and con-
ductivity anisotropy.

In the present paper we conduct a modeling study
for a tensor EM induction instrument composed of
mutually orthogonal sets of transmitting and receiv-
ing coils. The governing principles and numerical
feasibility analysis for this novel induction logging
technique have been stated in Bear et al. (1998),
Zhdanov et al. (2001), Alumbaugh and Wilt (2001).
Here we develop the modeling methods and exam-
ine the response abilities of the induction tensor tool
prototype in horizontal well models. We develop
them for the simulation of synthetic induction data,
recorded by the tensor instrument in a 2.5-D dimen-
sional model of an invaded formation in the presence
of a layered anisotropic structure. The theoretical
response is calculated using a fast algorithm, based
on a generalized localized approximation. We con-
sider different formation models, including layered
formations with a single horizontal layer and multi-
layered invaded zones. Our results demonstrate that
approximate, but fit-for-purpose, solutions provide a
practical tool for fast modeling tensor induction re-
sponses in realistic conductivity models.

MODELS OF HORIZONTAL WELLS

In this section we briefly summarize the existing
knowledge and describe the hypothetical models of
induction logging in a horizontal well. These models
are usually used in quantitative evaluation of logging
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in directional wells with horizontal completion.

A typical highly deviated well environment may
include an anisotropic layered sequence with a non-
symmetrical invaded profile (Pirson, 1983; Ransom,
1995). In fact, the borehole space is a result of rota-
tional drilling in sedimentary rock material which,
in most cases, strongly holds a cylindrical shape
with a circular cross-section. The tool body is dis-
placed from the borehole axes, since it lies at the bot-
tom of the wellbore. The invasion profile in perme-
able formations can be formed in two general ways
depending on formation material properties. The
first typical form of mud penetration is generated in
isotropic formation due to gravity segregation. The
cross-section of the invasion looks like a drop-like one
(Figure 1a). The second type of invasion can hap-
pen in formations with a significant ratio of porous
permeability in lateral and vertical directions. This
difference in permeability is caused by an intrinsic
anisotropy or macroanisotropy in a case of thinly-
laminated sand-shale sequences. The invaded pro-
file in formations with such anisotropic properties
has an elliptical cross-section (Figure 1b). It may
have a concentric layered structure as well, since the
changes in the borehole mud content often happened
due to various stages and regimes of the drilling pro-
cess. A two-layer structure including invasion zone
and annulus is a typical invaded profile in terrain for-
mations as stated in Ransom (1995) and Anderson
et al. (1999).

An interpretation model of the real recovered for-
mations should include all these elements. The
responses of conventional, axial-coil, induction in-
struments look quite unfamiliar in these environ-
ments. The log diagrams include multiple polar-
ization horns observed at bed boundaries and can-
not accurately delineate the invasion characteristics
and detailed properties of the formation including
anisotropy (Kriegshauser et al., 2000a; Cheryauka
et al., 2001b). We suggest that a logging instru-
ment with a tensor observation system is capable
of delineating anisotropy parameters, a geometry of
invasion, and the properties of the layered structure
away from the well (Zhdanov et al., 2001).

THEORETICAL PROBLEM

We begin with a theoretical formulation of an EM
boundary value problem to model the tool response
in a horizontal well in a layered invaded formation.

We define a coordinate system {z',y’,2'} with
the z’—direction along the tool and borehole lines
(Figure 2). The tri-axial transmitter Tx and re-

ceiver Rx are located in the z'—axes at the points
z; and z;., respectively. Consider a spatial geome-
try of the 2-D model of the surrounding medium as
a set of concentric cylindrical domains elongated in
the 2z’'—direction and embedded into a 1-D planar
layered host. For mathematical formulation of the
problem, without a loss of generality, we can take
into account a single cylindrical region only. We
will treat this cylindrical domain of different electric
property as an anomalous target of a support V, con-
taining the tool observation system inside. Note that
we neglect any anomaly in magnetic property. Let
us denote the cylinder’s cross-section area as S and
its corresponding contour as L with the outer nor-
mal n. Define also a vector-radius p in the z'y’-plane
with the origin at the z’-axes. The electromagnetic
field depends on time as e~ ™,

To provide further formulations in a compact
form, we will characterize the medium properties by
a complex electric conductivity tensor o (p),

a(p) = v(p) — iweoe(p), 1)

and a complex magnetic permeability tensor u(p),

u(p) = iwpo(I + x(p)), (2)

where v(p), e(p), and x(p) are electric conductivity,
relative dielectric constant and magnetic susceptibil-
ity tensor functions, respectively. The tensor I is the
identity tensor. The coefficients €9 and pg are the
dielectric constant and the magnetic permeability of
free space.

The total electromagnetic field vectors E, H at
the receiver point can be expressed based on a well-
known technique of volume integral equation ap-
proach (Weidelt, 1975; Hohmann, 1975):

E=E; + (GJE5O'E)V

®3)
H = H, + (G'H§0E),,

where the inner product notation (... )y, is used. In
formula (3) the lower subscript ‘b’ denotes a back-
ground electromagnetic field generated in the me-
dia with the background conductivity o, and mag-
netic permeability pp. The quantity do=c—o0y is the
anomalous conductivity tensor, and G/, G7H are
the tensor Green’s functions determined in the back-
ground model.

The tensor Green’s functions of ’electric-to-
electric’, G’F, and ‘electric-to-magnetic’, G'H,
types satisfy the following second-order differential
equations as determined using the same notations in
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Vxuy ' VxGIE -0, GIP=I§(r—ro),
4
Vxoy 'VxGTH — 1, GTH =V x 0, 1 16(r~10),

and they are connected by the first Maxwell’s equa-
tion,

V x G'H =g, G'F + 15(r—1y), (5)

where r and rg are radius-vectors of the excitation
and measurement points and d is the Dirac function.
Here we assume that the inverse tensor functions
oy ! and ,ub_l always exist.

Since the medium properties are constant in the
z'—direction, we can naturally reduce one dimension
applying the one-dimensional spatial transform in
this direction. We describe the 1-D spectral Fourier
transform by the formulas

Flo,2s) = (F(p, 2)e %),
- (6)
Flp, ') = 5=(f(p, As)e=7),.

In the last formulae A, is a horizontal spatial
wavenumber, the functions F' and f represent any
electromagnetic field components, and a small letter
denotes a Fourier spectrum of the original function.
We can substitute the distance between transmitter
and receiver, z;—z., with the transform argument 2/,
and obtain the spectra of equations (3) as

e=e,+ (g’¥ doe)g
(7)
h =h, + (g7 éoe) .

The system of equations (7) is the system of rig-
orous Fredholm integral equations of the second
kind. Conventional procedures and various approx-
imate methods can be applied for solving this prob-
lem. The description of the appropriate solvers, the
discussion about their modeling abilities, and the
comparative evaluations of the different algorithms
can be found, for instance, in our recent papers:
Zhdanov et al. (2000); Cheryauka and Zhdanov
(2001a).

The mathematical and physical principles of the
generalized localized approach have been developed
to obtain powerful nonlinear approximations in 3-
D inhomogeneous media (Habashy et al., 1993; Zh-
danov et. al., 2000). Here we present a slightly dif-
ferent derivation with emphasis on the efficient com-
putation of the nonlinear terms and the discretiza-
tion of the resultant equations into a class of high-
order expansion functions.
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According to the key idea of the localized ap-
proach, we assume that the dominant contribution
to the integral in equation (7) for interior points is
produced in a vicinity where the Green’s tensor G7F
exhibits a singularity. We introduce a slow varying
tensor function «, such that the product o le is also
a slow varying function in the interior points of S.
We assume, in addition, that this function can de-
pend on location and configuration of the source as
well. Performing some simple algebraic manipula-
tions, we obtain an approximate quantity from (7)
as

exe,+ (g7F00 a)ga e, (8)
or, equivalently, .
e~ Aep, 9)
where
AT =1-(g'Fb0a)sat. (10)

The choice of the function « is based on the idea of
simplifing the kernel evaluation in (10) while retain-
ing the accuracy of approximation (9). Under these
requirements the kernel can be simplified in some
way, or, even, the dimension of the inner product
in (10) can be reduced. By choosing a different «,
one can construct the different approximations (9).
However, the detailed mathematical analysis of this
approach lies beyond the framework of the present
paper and may constitute the subject of a separate
study.

Here we consider the simplest case where the ten-
sor function « is constant and is equal to the identity
tensor I. Thus, the tensor A becomes a form of the
depolarization tensor I' as it was introduced in a 3-D
case by Habashy et al. (1993):

A7 =T =1-(g’550)g, (11)

which is source independent and is a function of the
medium property distributions only. Assuming that
anomalous conductivity tensor do is a constant diag-
onal tensor within S, we can rewrite (11) as follows:

ATt =1I-60(g’F)s.

Applying equation (5) to the spectra g’¥ and g/#,
we can rewrite expression (11) as

ATt =1 - 600,/ (V*xgTH — §(p — po))s
(12)
= Ub_l [O‘ = 50’(V*XgJH)S} >

where operator V* denotes a spectrum of the pro-
jection of V in the Fourier transform domain defined
by (6).
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We can use now the Stokes’ theorem and trans-
form the surface integral in (12) into the contour
integral

oAt =0 — do(nxg’®),. (13)

Here L is the contour surrounding the area S, and
n is the outer normal to L, correspondingly.

The resultant magnetic field at the receiver can be
obtained by using formulas (6), (7), (9), and (13):

1 . T
H=H,+ %(hae“\’(’t s, (14)

where
h, = (gJHA.ib>S
(15)

SoA™t =0 —do(nxg’H),,

and jp=o0pep is a spectrum of the electric current in
the background medium.

The more complicated models of the invaded pro-
file may include several concentric cylindrical sur-
faces. This feature will require calculation of the
quantities h, and A as the sums over domains with
the constant conductivity do. Since all integrals
in (14)-(15) are regular, we can easily apply the
quadratures based on high order expansion func-
tions.

In the following sections we present the modeling
study for the prototype of a tensor induction instru-
ment comprising sets of three mutually orthogonal
transmitting and receiving coils. We examine the
tool response and compare it with the results ob-
tained by the analytical solution. The models of a
circular wellbore and axially symmetric invaded zone
are used. The last paragraph of this section deals
with the estimation of the influence of the well’s de-
viation at high dipping angles on the tool signals.
We consider the differences between the synthetic
data calculated in well models using deviated and
horizontal trajectories.

MODELING OF WELLBORE

First, we model the induction tool response in the
presence of a circular borehole space. Consider a
tool composed of point magnetic transmitting and
receiving coils with a spacing of 1 m and coil orien-
tations which are parallel to the borehole axis. This
hypothetical device has the moment 1 Am? and op-
erates at a frequency 20 KHz. The wellbore and
outer host formation are characterized by the radius
0.1 m and the resistivity 10 Ohm—m, respectively.
The resistivity of the wellbore varies in the range

[0.1-100] Ohm—m. The tool device is centered at
the borehole axis.

Figure 3 shows the anomalous magnetic field re-
sponse calculated by the analytical solution (solid
line) and nonlinear approximation algorithm (mark-
ers). The tool response in the homogeneous for-
mation without the borehole space is used as a re-
sponse in the background medium. The in-phase
and quadrature signal components are demonstrated
at the left and right frames of Figure 3, respectively.
The analytic and approximate results have an excel-
lent match within the whole resistivity range.

Comprising a 3-coil induction array with an addi-
tional bucking coil is a conventional way to compen-
sate the signal contribution from a borehole space.
In Figures 4-5 we numerically examine the response
from the 3-coil MzHz and MzHzx arrays with the
spacings 1/0.75 m and the moments of the 2-coil
probes 1/-0.421875 Am?. The operational frequency
and the model parameters of the medium are the
same as for the previous experiment (see Figure 3).
The total response is normalized by the tool response
value in the homogeneous formation. The wellbore
compensation for M zH z array can be reached with
a relative accuracy of less that 4 % in the whole
practical range of the borehole and formation re-
sistivities. The compensation for Mz Hz works well
for in-phase magnetic field component only. For pre-
cise compensation of the quadrature component the
more detail tool design should be applied.

MODELING OF INVADED ZONE

Next, we extend the model, adding an axially sym-
metric invaded zone. The goal for the following two
numerical tests consists in checking the modeling
ability of the nonlinear approximate algorithm, and,
second, in analyzing the effect of a broad invasion.
We consider a particular situation with the in-
vasion of the constant resistivity value within the
circular cylindrical segment p € [0.1-1.0] m. The
background model includes the borehole of resistiv-
ity 1 Ohm—m, the radius 0.1 m and the outer for-
mation of resistivity 10 Ohm—m. The resistivity of
the invaded zone is supposed to be varied between
the resistivity values of the wellbore and formation.
The 2-coil tool prototype, as per the previous ex-
periment described by Figure 3, has the spacing 1
m, the moment 1 Am?, and operates at 20 K Hz.
In Figure 6 the matching between the analytic (the
solid lines) and approximate (the diamond markers)
data is shown for the in-phase and quadrature com-
ponents of the anomalous magnetic field. One can



see that the approximate algorithm still works pre-
cisely for the entire resistivity interval of the broad
invasion.

The 3-coil MzHz and MzHz induction array
configurations and the medium model, chosen above,
are used to obtain the results demonstrated in Fig-
ures 7-8. The signal is normalized by the signal
in the background model with the presence of the
borehole. One can see that the compensation of the
broad invasion is very limited and exists if the re-
sistivity contrast between invasion and host forma-
tion is quite low. If we assume that the invasion
resistivity is close to the resistivity of the borehole
mud (the left-side abscissa values), the ratios of the
tool responses for these 3-coil systems tend to 3.5-4.5
for the corresponding signal components. Thus, the
compensation fails for broad conductive invasions,
and the signal contribution from the invasion be-
comes an important subject in well logging studies.

MODELING IN ANISOTROPIC LAY-
ERED FORMATIONS

To describe the spatial orientation of the tool with
the tri-axial observation system, we define two
Cartesian coordinate systems. The first system
{z,y,z}, the medium coordinate frame, character-
izes the vertically transverse isotropic (VTI) model
with the z—direction, which is perpendicular to the
layer’s beddings (Figure 9a). We call the distances
along the z— and the fixed lateral, say, z— directions
as the true vertical depth and the true horizontal
distance. The orientations of the tool’s transmit-
ting and receiving coils lie along the basic vectors of
the primed coordinate system {z',%’, '}, the instru-
ment coordinate frame, which is different in a well
deviated with respect to the perpendicular vector to
the layer boundaries (Figure 9b). The v component
of the magnetic field response due to the transmit-
ter dipole oriented in the 8 direction (the quanti-
ties MgH~, B,v=z',y',7') measured at the instru-
ment coordinate system can be expressed in terms of
the medium coordinate system using the coordinate
transformation with the corresponding rotation ma-
trix (Zhdanov et al., 2001). In this study, we assume
that the coordinate transformation is described by
dip angle « only, the angle between the z’— and
z— axis in the zz—plane. Hence, any vector e in the
medium {z,y, z} system can be represented through
its coordinates given in the instrument {z',y',2'}
system as
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cosae 0 sina
e= 0 0 0 e (16)
—sina 0 cosa

In Figure 10 we consider a generic 3-layer model
with a directional well of varying dip angle a. The
tool response through the sand reservoir with over-
laying shale at the top and gas-oil contact at the
bottom is simulated. For simplicity, we use 1-D
modeling in the layered formations, ignoring com-
pletely the borehole and invasion effects. This for-
mulation is appropriate for geosteering purposes uti-
lizing while-drilling measurements (MWD), where
the invasion effect is negligible (Rabinovich et al.,
2000). For postdrilling logging with wireline in-
duction tools, the invasion complicates the model-
ing situation in deviated wells, making it fully 3-D
(Kriegshauser et al., 2000b). The 2-D horizontal well
model can simplify this problem if the well deviation
is close to horizontal, i.e. the dip angle is equal to
90 degrees.

The results of examining the compatibility of hor-
izontal well modeling in highly deviated well paths
are shown in Figures 11-12 for the constant trajec-
tories with dip angles of 75 and 85 degrees. We
simulate two series of logs with the tensor tool and
compare the response for the deviated well (the
solid and dotted lines) and the response for the
horizontal well (the circle markers) calculated us-
ing the Green’s tensor library (Cheryauka and Zh-
danov, 2001c). The positions of the tool’s midbase
points coincide for both models. The tool proto-
type configuration, as it was used before, includes
the spacing 1 m, the moment 1 Am?2, and operat-
ing frequency 20 kHz. In Figures 11-12 we demon-
strate the signals at the co-parallel component con-
figurations MzHz, MyHy, M zH z and combined re-
sponses from the cross-component configurations
(MzHz—MzHz)/2. The last quantities show the
best match of the results for high values of the dip
angle a. One can see that the horizontal well approx-
imation is adequate for replacing with the deviated
well model for the dip angle range [90° £ 15°). The
largest differences in the logs occur at the vicinities
of ’polarization horns’ near the intersections of the
interfaces between high-contrast media. However, in
real formations there are usually smooth transition
zones instead of sharp blocky boundaries. Hence,
for practical situations we expect better agreement
of the curves when the tool transits the layer bed-
dings.

The well trajectory with a varying dip angle pro-
duced by directional drilling can have a complicated
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but smooth enough form to simulate it with a set of
constant dipping intervals. In our next test, we com-
pose the trajectory with five paths of constant devia-
tion of 70, 75, 80, 83, and 90 degrees as shown in Fig-
ure 10. We demonstrate the responses of the same
tool component configurations in Figure 13. The
logs for the in-phase (the dotted line) and quadra-
ture (the solid line) parts of the magnetic field are
shown with respect to the true horizontal distance.
The modeling curves exhibit the “horn-like’ effects
when the well cuts both boundaries.

Analyzing the behavior of the synthetic curves,
the appearance of changes in formation properties
in the vertical and/or horizontal directions can be
predicted. Thus, this knowledge will be very useful
while planning wells, on-line tracing of the layer’s
beds, gas-oil-water contacts, and, otherwise, obtain-
ing the detailed positioning of a well using tensor
logging data.

CONCLUSIONS

In this work we have carried out the modeling study
on tensor induction logging in subhorizontal wells.
The interpretation models of highly deviated and
horizontal wells are more complicated in compari-
son with models of vertical wells and can include a
noncentered tool location within the wellbore, non-
symmetric invasion profile, etc. In the deviated well
there are significant contributions to the tool re-
sponse from the surface galvanic charges located at
layer boundaries and volume charges due to the pres-
ence of formation anisotropy.

We develop the theoretical solution based on a
generalized localized approximation, which is able to
model concentric wellbore/invasion structures em-
bedded in layered anisotropic formations. We check
the validity of the 2.5-D algorithm using the ana-
lytical solutions for an axially symmetric borehole
and invasion zone. The theoretical data for a hori-
zontal well shows a very good compatibility, utiliz-
ing multicomponent observations by tensor logging,
with the data computed for a deviated well model
with dipping angle of 75 degrees and higher. Our
synthetic results demonstrate that approximate but
fit-for-purpose solutions can provide a practical tool
for fast modeling tensor induction tool responses in
realistic 3-D conductivity models.
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Longitudinal view

Undisturbed layered formation

wellbore

|, invasion
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Figure 1: The structural elements of a horizontal well model are the tool body space, the wellbore, the
invasion profile, and layered anisotropic formation. The models of invaded profiles: the ”drop-like” invaded
zone due to gravity segregation (a) and the elliptical invaded zone in a permeable anisotropic formation (b).
The invaded zone can include several cylindrical layers as a result of changes in the drilling regime. The
two-layer structure (invasion and annulus) is a typical invaded profile in terrain formations (Ransom, 1995).

Figure 2: The mathematical model of a horizontal well. A 2-D model’s geometry can consist of a set
of cylindrical and planar interfaces extended along the z'— direction. The shape of the cylindrical body
is described by volume V, cross-section area S and contour of cross-section L. Vector p is defined at the
z'y'—plane. The tri-axial induction transmitter Tx and receiver Rx are located on the z’-axis at points z]
and z!, respectively.
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Figure 3: The modeling of a borehole: the comparison between the anomalous magnetic fields calculated
by the analytic solution (the solid lines) and nonlinear approximation (the circles).
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Figure 4: Borehole compensation with the 3-coil M zH z induction tool.
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Figure 5: Borehole compensation with the 3-coil Mz Hz induction tool.
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Figure 6: The modeling of an invaded zone: the comparison between the anomalous magnetic fields calcu
lated by the analytic solution (the solid lines) and nonlinear approximation (the circles).
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Figure 7: The invaded zone compensation by the 3-coil MzHz induction tool.
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Figure 8: The invaded zone compensation by the 3-coil Mz Hz induction tool.
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Figure 9: The tensor induction tool in a layered anisotropic formation: the model coordinate system
{z,y,2} (a) and the instrument coordinate system {z’,y’,2'}.
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Figure 10: The model of the 3-layer anisotropic formation and directional well of varying dipping angle.
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Figure 11: The tensor logs in the 3-layer anisotropic model and deviated well of 75°. The two parts of the
magnetic field (the in-phase and quadrature components) are calculated by using the code for a deviated
well (the dotted and solid lines) and the code for a horizontal well (the circles).
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Figure 12: The tensor logs in the 3-layer anisotropic model and deviated well of 85°. The two parts of the
magnetic field (the in-phase and quadrature components) are calculated by using the code for a deviated
well (the dotted and solid lines) and the code for a horizontal well (the circles).
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Figure 13: The tensor logs in the subhorizontal well with varying dipping angles. The top frame shows
the trajectory and the locations of the formation boundaries. The four frames below demonstrate the tool
responses for the tool component configurations MzHz, (MaHz — MzHz)/2, MyHy, and MzHz. The
in-phase and quadrature parts of the magnetic field are shown by the dashed and solid lines, respectively.
The magnetic field in air is subtracted from the total signals.
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