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METHOD FOR DETERMINING ANISOTROPIC RESISTIVITY AND
DIP ANGLE IN AN EARTH FORMATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is related to the field of electromagnetic logging of earth
formations penetrated by well borehole. More specifically, the invention is related to a
method for determining the anisotropic resistivity properties of the earth formation and
the dip angle of the borehole in the earth formation.

2. Description of the Related Art

The basic techniques of electromagnetic or induction logging instruments are
well known in the art. A sonde, having at least one transmitter coil and at least one
receiver coil, is positioned in a well borehole either on the end of a wireline or as part of
a logging while drilling (“LWD”). The axis of the coils is essentially co-linear with the
axis of the sonde and borehole. An oscillating signal 1s transmitted through transmuitter
coil, which creates a magnetic field in the formation. Eddy currents are induced 1in the
earth formation by the magnetic field, modifying the field characteristics. The magnetic
field flows in ground loops essentially perpendicular to the tool axis and 1s picked up by
the receiver coil. The magnetic field induces a voltage in the receiver coil related to the
magnitude of the earth formation eddy currents. The voltage signals are directly related
to the conductivity of the earth formation, and thereby conversely the formation
resistivity. Formation resistivity is of interest in that one may use it to infer the fluid
content of the earth formation. Hydrocarbons in the formation, i.e. oil and gas, have a
higher resistivity (and lower conductivity) than water or brine.

However, the formation is often not homogeneous in nature. In sedimentary
strata, electric current flows more easily in a direction parallel to the strata or bedding
planes as opposed to a perpendicular direction. One reason is that mineral crystals
having an elongated shape, such as kaolin or mica, orient themselves parallel to the plane
of sedimentation. As a result, an earth formation may posses differing
resistivity/conductivity characteristics in the horizontal versus verticﬂ direction. This 1s
generally referred to as formation microscopic anisotropy and is a common occurrence in
minerals such as shales. The sedimentary layers are often formed as a series of

conductive and non-conductive layers. The induction tool response to this type of
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formation is a function of the conductive layers where the layers are parallel to the tlow
of the formation eddy currents. The resistivity of the non-conductive layers is represents
a small portion of the received signal and the induction tool responds in a manner .
However, as noted above, it is the areas of non-conductivity (high resistivity) that are
typically of the greatest interest when exploring for hydrocarbons. Thus, conventional
induction techniques may overlook areas of interest.

The resistivity of such a layered formation in a direction generally parallel to the

bedding planes is referred to as the transverse or horizontal resistivity Ry and its inverse,

horizontal conductivity o,. The resistivity of the formation in a directive perpendicular
to the bedding planes is referred to as the longitudinal or vertical resistivity Ry, with 1ts

inverse vertical conductivity oy. The anisotropy coefficient, by definition 1s:

-1
';L:‘\/RH/RV :\/O-v/ah 22;

[1]

Subterranean formations are often made up of a series of relatively thin beds
having differing lithological characteristics and resistivities. When the thin individual
layers cannot be delineated or resolved by the logging tool, the logging tool responds to
the formation as if it were macroscopically anisotropic formation, ignoring the thin
layers.

Where the borehole is substantially perpendicular to the formation bedding
planes, the induction tool responds primarily to the horizontal components of the
formation resistivity. When the borehole intersects the bedding planes at an angle, often
referred to as a deviated borehole, the tool will respond to components of both the
vertical and horizontal resistivity. With the increase in directional and horizontal
drilling, the angle of incidence to the bedding planes can approach 90°. In such
instances, the vertical resistivity predominates the tool response. It will be appreciated
that since most exploratory wells are drilled vertical to the bedding planes, it may be
difficult to correlate induction logging data obtained in highly deviated boreholes with
known logging data obtained in vertical holes. This could result in erroneous estimates
of formation producibility if the anisotropic effect is not addressed.

A number of techniques and apparatus have been developed to measure
formation anisotropy. These techniques have included providing the induction tool with

additional transmitter and receiver coils, where the axes of the additional coils are
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perpendicular to the axes of the conventional transmitter and receiver coils. An example
of this type of tool might include U.S. Patent 3,808,520 to Runge, which proposed three
mutually orthogonal receiver coils and a single transmitter coil. Other apparatus include
the multiple orthogonal transmitter and receiver coils disclosed 1n U.S. Patent 5,999,883
to Gupta et al. Still other techniques have utilized multiple axial dipole receiving
antennae and a single multi-frequency transmitter, or multiple axial transmitters such as

those described in U.S. Patents 5,656,930 to Hagiwara and 6,218,841 to Wu.

Summary of the Invention

A new method is provided for determining the anisotropic properties of a
subterranean earth formation. The present invention is directed to a method for
determining the anisotropic properties of an earth formation utilizing a multi-component
induction. Specifically, the present invention contemplatés a method for inverting the
multi-component induction tool responses to determine anisotropic resistivity of an
anisotropic and/or homogeneous formation and determine the tool’s orientation with
respect to the formation anisotropic direction utilizing both the resistive (R) and reactive
(X) portions of the signals from a combination of tool responses.

More specifically, the invention is related to a method for determiming the
horizontal resistivity and vertical resistivity of an earth formation, the earth formation
being penetrated by a borehole, comprising:

(a) developing an inversion model for various earth formations;

(b)  deploying an induction tool in said borehole, said tool having a
longitudinal axis, a transmitter array comprised three mutually orthogonal transmitter
antennae, at least one of the antenna being oriented parallel to said tool longitudinal axis,
and a receiver array offset from the transmitter array, said receiver array being comprised
of three mutually orthogonal receiver antennae, the receiving array sharing a common
orientation with said transmitter array;

(c)  activating said transmitter antenna array and measuring electromagnetic
signals values induced in said receiving array antennae, including resistive and reactive
components of said signal values;

(d)  determining an azimuth angle for said tool;

(¢)  calculating secondary signal values signals as a function of said measured

signal values and said azimuth angle;
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mutually orthogonal receiver coils and a single transmitter coil. Other apparatus include the
multiple orthogonal transmitter and receiver coils disclosed i U.S. Patent 5,999,883 to Gupta
et al. Still other techniques have utilized multiple axial dipole receiving antennae and a

single multi-frequency transmitter, or multiple axial transmitters such as those described in

U.S. Patents 5,656,930 to Hagiwara and 6,218,841 to Wu.

Summary of the Invention
A new method is provided for determining the anisotropic properties of a

subterranean earth formation. The present invention is directed to a method for determining
the anisotropic properties of an earth formation utilizing a multi-component induction.
Specifically, the present invention contemplates a2 method for inverting the multi-component
induction tool responses to determine anisotropic resistivity of an anisotropic and/or
homogéneous formation and determine the tool’s orientation with respect to the formation
anisotropic direction utilizing both the resistive (R) and reactive (X) portions of the signals
from a combination of tool responses.

More specifically, the invention is related to a method for determining the horizontal .
resistivity and vertical resistivity of an earth formation, the earth formation being penetrated
by a borehole, comprising:

(a) developing an inversion model for various earth formations;

(b)  deploying an induction tool in said borehole, said tool having a longitudinal
axis, a transmitter array comprised three mutually orthogonal transmitter antennae, at least
one of the antenna being oriented parallel to said tool longitudinal axis, and a receiver array
offset from the transmitter array, said receiver array being comprised of three mutually
orthogonal receiver antennae, the receiving array sharing a common orientation with said
transmitter array;

(c) activating said transmitter antenna array and measuring electromagnetic
signals values induced in said receiving array antennae, including resistive and reactive
components of said signal values; |

() determining an azimuth angle for said tool; :

() calculating secondary signal values signals as a function of said measured

signal values and said azimuth angle; and

4
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() simultaneously determining said horizontal resistivity, vertical resistivity and a
dip angle by as a function of selected resistive and reactive components of said secondary
signal values by minimizing error utilizing said inversion model.

In a preferred implementation, an induction logging tool, having fnultiple mutually
orthogonal transmitter coils and receiver coils, 1s positioned in a borehole and activated.
Power 18 applied to the transmitter coils to induce eddy currents in the formation. These eddy
currents then induce currents in the receiver coils. These are processed to generate a
preliminary resistive component derived resistivity and reactive component derived
resistivity. This information is then compared with a predetermined model that relates phase
resistive component derived resistivity and reactive component derived resistivity, horizontal
resistivity, vertical resistivity and the anisotropy coefficient. Utilizing an inversion technique

based on the preexisting model, the horizontal resistivity and vertical

35
AMENDED SHEET



10

15

20

25

30

335

CA 02468865 2004-05-31
WO 03/048813 PCT/US02/38693

resistivity for a formation, as well as anisotropy coefficient and deviation angle relative

to the formation, may be readily determined from the légging data.

Brief Description of the Drawings.

A better understanding of the present invention may be had by referencing
detailed description together with the Figures, in which:

Figure 1 1s simplified depiction of a logging tool that may be used to practice the
present invention deployed in an earth borehole;

Figure 2A depicts the orientation of the tool transmitters and receivers;

Figure 2B depicts the relationship between the borehole, formation and tool
coordinate systems;

Figure 3A 1s a nomograph depicting a means for determining Ry as a function of
Ry;

Figure 3B is a nomograph depicting a means for determining Ry as a function of
Ry and Xy

Figure 3C 1s a nomograph depicting a means for determining Ry/Ry as a function

of Ry

Figure 3D is a nomograph depicting a means for determining Ry/Ry as a function
of the ratio Ry/Ry;

Figure 4A 1s a nomograph depicting a means for determining Ry and Ry as a
function of Ry and Xy

Figure 4B 1s a nomograph depicting a means for determining Ry/Ry as a function
of the ratio Ry/X;

Figure SA 1s a nomograph depicting a means for determining Ry as a function Ry

Figure 5B 1s a nomograph depicting a means for determining Ry as a function of
Ry and Xy:

Figure 5C 1s a nomograph depicting a means for determining Ry/Ry as a function
of Ry;

Figure 5D 1s a nomograph depicting a means for determining Ry/Ry as a function
of Ryu;

Figure SE 1s a nomograph depicting a means for determining Ry/Ry as a function
of the ratio of Ry/Ry;
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Figure 5F is a nomograph depicting a means for determining Rv/Ry as a function
of the ratio of Ryw/Ru;

Figure 6A is a nomograph depicting a means for determining Ry and Ry as a
function of Ry and Xj;

Figure 6B is a nomograph depicting a means for determining Rv/Ry as a function
of the ratio of Xy/Ry;

Figure 6C is a nomograph depicting a means for determining Ry and Ry as a
function of Ry, and Xy,;

Figure 6D is a nomograph depicting a means for determining Ry/Ry as a function

of the ratio of X,u/Ruu;

Figure 7A is a nomograph depicting a means for determining Ry and [ as a

function of Ry and Xy;
Figure 7B is a nomograph depicting a means for determining Ry as a function of

the ratio of Ry/X;; and

Detailed Description of the Preferred Embodiment

The present invention is intended to be utilized with a multi-component, 1i.e.,
multiple mutually orthogonal transmitters and receiver coils. Exemplary of this type of
induction tool is that disclosed in U.S. Patent 5,999,883 to Gupta et al., which i1s
incorporated herein by reference. In Fig. 1, an induction tool 10 is disposed 1n a
wellbore 2 drilled through an earth formation 3. The earth formation 3 is shown as
having a zone of interest 4. The tool 10 is lowered into the earth formation 3 to the zone
of interest 4 on an armored, multi-conductor cable 6. The cable 6 is further part of a
surface system (not shown) which might typically consist of a winch, a surface control
system, including one or more surface computers, interface equipment, power supplies
and recording equipment. The surface systems of this type might include a mobile truck
mounted unit or a skid mounted unit for offshore operations. Further, the tool 10 may be
transported utilizing other techniques, such as coiled tubing having power and data
communications capability or as part of a drilling string in a Logging While Drilling
(LWD) suite of tools.

The tool 10 is comprised of three subsections including an electronics section 14,
a coil mandrel unit 8, and a receiver/processing telemetry section 12 that is in

communication with the cable 6. The coil mandrel section 8 includes the transmitter
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coils for inducing an electromagnetic field in the earth formation in the zone of interest 4
upon application of power and the receiving coils for picking up signals created by
induced eddy currents characteristic is the zone of interest 4. The electronics section 14
include the signal generator and power systems to apply the current to the transmitter
coils. The tool 10 1s shown as being disposed adjacent to a zone of interest 4 that is
made up of thin formation sections 4A — 4E. ,

It should be noted that while Fig. 1 depicts the tool 10 as being lowered in a
vertical borehole 2, that current drilling techniques commonly result in a borehole which
deviates several times along its length from the true vertical position. Accordingly, a
borehole may intersect a zone of interest at an angle and could greatly affect the tool’s

measurement of resistivity characteristics. The preferred method of the present invention

1s designed to address this problem.

1. Relation of Tool, Borehole and Formation Coordinate Systems

A multi-component induction tool such as that disclosed in U.S. Patent 5,999,883
consists of at least three mutually orthogonal loop antenna transmitters (M;, My,, M) and
at least three mutually orthogonal receiver coils whose responses are proportional to the
magnetic field strength vectors (H;,, Hy, H,), where 1, m, and n denote a common
coordinate system. It should be noted that the in-phase R-signal is proportional to the
imaginary part of the H field. The three transmitters are set at the same position
longitudinally along the tool 10 axis, which coincides with the 1-axis of the coordinate
system. The three receivers are also grouped at a common position spaced away from
the transmitters along the l-axis. The two transverse directions are along the m- and n-
axes.

With this arrangement, there exist nine different complex voltage measurements
proportional to the magnetic field strength vector at the receiver loop antennas when the
transmitters are activated:

(Hy, Hpy, Hyy) from transmitter My;

(Him, Him, Hym) from transmitter My,; and

(Hin, Himp, Hin) from transmitter M.

However, as a matter of reciprocity, Hy = Hin; Hypn = Hym; and Hypy = Hi, Accordingly,
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there are six independent measurements, which can be expressed as:

L I

tool __ __
H — mi H mm H mn | [H I H mm H mn
H ni H H H | H H nn _

H, H, H,| |H, H, H ]

nin nn n mn

2]

One starts with the assumption that formations 4A-4E of Fig. 1 are layered
horizontally, where the true vertical direction is z-axis. A formation will be said to
exhibit anisotropy where the resistivity in the vertical direction is different from that in

the horizontal direction. The formation conductivity tensor is characterized by two

anisotropic conductivity values:

r | -
c, O, O, [O‘V 0 O
oc=|0,, O, 0,|={0 oy O
Oy, Oy Oy L 0 0 o4
3]

where oy is the horizontal conductivity and oy is the vertical conductivity of the
formation. The formation coordinates system in this instance is (z, X, y). Where the
coordinate system of the tool (I, m, n) is aligned with the coordinate system of the

formation (z, X, ), the magnetic field strength in the formation can be expressed as:

H, H, H,
H Jformation — sz Hxx ny
H, H, H, |

[4]
However, as noted above, the borehole is rarely vertical, meaning the coordinate

systems rarely align. This represents a deviation angle of 6. The borehole 1tself may be

considered to have a coordinate system (I, t, u) where the u-axis coincides with the
formation’s y-axis. See Figure 3. The borehole coordinate system and the formation

coordinate system are related by a rotational operation around the y-axis by an
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5 inclination angle 6 about the y-axis:

P [ cos@ singd O] 2 z
f |=|—sind cosf O} x =Ry(9) X
@ | 0 0 1|7] 2

[5]
where R, is the rotational operator for angle ©.

Presuming that the longitudinal axis of the tool is aligned with the borehole

10  coordinate system, then it may be stated that the antenna coordinate system (1, m, n) is

aligned with the borehole coordinate system (1, t, u) and

H il H Xy H Xz —l
borehole
H =\H, H, H,
H, H, H,

6]

Moreover, H?7*""% and H™°" gre related by the rotational factor:

-HII HI! Hlu‘l sz Hzx sz—
1 5 Hzl Htt Hm = Ry (9 sz H.xx HX}’ lR}’ (9)&‘
[H ul H ut H uy _| Hyz H}’x H}’y _

[7]
Where R,(6)" is the transposition of Ry(6).

However it is rare that the coordinate system (I, m, n) of the tool antennae is
aligned with the borehole coordinate system (1, t, u). Accordingly, the transverse (m, n)
20  tool coordinates are related to the borehole coordinates (t, u) be a rotational operation
about the I-axis by an azimuthal angle ¢:
il oo 0 |7
lj;l_l =0 cosp sing f—l = R,(6)
7 0 —sing cos@ ||u

3]

Ty Ty

~D
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The tool response H” is then related to the borehole response H*”*"°* by the

operator
—H / H It H I H Il H Im H in )
H ] H i H | ‘RI ((D )”' H ml H mm H mn RI (QD)
[_H 2l H ut H nu H nl H nm H nn |
[9]

where R)(@)" is defined as the transposition of R;(¢).
2. Tool Response |

Having defined the coordinate systems for the tool, borechole and formation, the
tool response may now be expressed in terms of the formation coordinate system (z, x,
y), where the tool (I, m, n) directions are aligned with the formation. At a tool
transmitter, the fields in the formation can be described per Moran/Gianzero (J.H. Moran
and S.C. Gianzero, Effects of Formation Anisotropy on Resistivity Logging
Measurements, Geophysics Vol. 44 p.1266 (1979)) as follows:

H_ = M, <((3(1-u)—|— uz)i——(l — u +u2)w>-€i

c 4| 7 |
[10]
M., xz | "
H = 47; {(3(1 —u)+ uz)r—2 jr_g’
[11]
Mx x2 ) eu
H, = pym {(3(1—u)+ uz)r—z--—-(l—u +u2)jr3 F 1,
[12]
H, = s )1, 4
[13]
H,, =0
[14]
Hy, = 0
[15]

10
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where
U =ik,r
[16]

and ky 1s the frequency of the magnetic moment induced and » 1s

r=\/x2+y2+zz;and p=\/;c7+y2.

The receiver coils are also presumed to be located relative to the formation

coordinate system (z, X, y) = (Lcos 8, Lsin@, 0), where @ 1s again the deviation angle. The

currents induced in the receiver coils may be expressed as:

r 3

el ) L o) St

" Ar \r 0°  4zx r’ |sin’ @ | 4r
[17]
I, = Mz : u’ lua—zeu(ﬂ_l) = Mz iw
Yodg B 4z
[18]

where « 1s the inverse of A and £ is the anisotropy factor f = \/ 1+ (o.c2 —-1) sin’ @ , =

L, and p = Lsin@. It should be noted that in this instance u 1s a function of only the
horizontal resistivity. Both Iy and I; are dependent on u, # and 0. I all of the

transmitters are set at equal transmission power (M; = M, = M, = Mjy), then the tool

response in the borehole can be written as:

Hy = it i: {2(1 ~ u) T ”(1 - eu(ﬂnl))}

47
[19]
M. e* [ cos” &
H =" JS-l-u+u’)+ (1 — ")
“odr | ( ! ) usin“é’( ° )
120]

M. e [ cos@
H, == {u—"(1—¢"¥?
A siné’( ‘ )}

\

-

H, = it e: ﬁ_(l — U + uz)‘“" s (1 — e"(ﬂ—l))+ u’ [1 — E;;e”(ﬁ“l)\}

47 r sin” @ )

\

11
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[22]
H, =0
[23]
H,=0
[24]

This results in three unknowns that characterize the formations anisotropic
resistivity, Ry, Ry, and the deviation angle 6. Note that Ay depends only on # (hence Ry)
and £ only. The remainder of the responses, Hy, Hy, H,, depend on the variables u, £,
and 6.

3. Azimuthal Correction for Deviated Boreholes

In deviated boreholes, the azimuthal rotation of the tool in the borehole must be
determined. In actual logging, the tool’s azimuthal orientation is not known. The
directions of two transversally oriented antennas do not coincide with the 1- and u-axis
directions. The multi-component induction tool measures H that is different from
pborehole

In a longitudinally anisotropic formation, the orthogonality condition holds as
Hy,=H,=0. This implies H,;=H,;~0. As a result, not all six measurements of H™ are

independent, and (M}, Hy Humm, Hon, Hiyy) must satisfy the following consistency

condition:
_ (H mm H PR )H Im H In
Hmn_' (H 2——H 2)
Im In

[25]
The azimuthal angle ¢ is determined either from (H,, H},) by,

tan @ = — H,

H im
[ 20]
H Im
COS(Q = -
\/ H, +H,

12
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28]
or from (I{mm; Hyn, Hmn) bY:
2H - 2tang

mn

H -H._  1-tan’e

mm nn

tan 2¢ = —

[29]
If all of the (Hy Hpp Hym Hpn Hpn) measurements are available, the azimuthal angle ¢

may be determined by minimizing the error,

: 2 H mm H nn 2
error = [H' . S @+ H, cos go} + > sm2@p+ H, cos2e

[30]

The H?¢"" is calculated in terms of H” by,

Hlt — '\/Hlmz + I{hl:2

HmmHm2 mHmanz
[31] H, = = —
Hlm w_»'I?ln
[32]
H = H””Hlmz _HmmH]n2
e Hlm 2 Hln 2
[33]

These should be used in determining the Ry, Ry, and €, from the multi-component

induction tool measurements H°%.

4 Inversion of Multi-Component Induction Resistivity Data

The present invention utilizes an inversion technique to determine anisotropic

resistivity characteristics over a range of deviation angles. Where the tool is placed in
vertical borehole (€ = 0), there exist two mndependent measurements, each independent

measurement being composed of an H field having both an in-phase and out-phase

component.
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H, = ZZO -}“’:—3{2(1 —u)}
|34]
H,= i{; fz i_ il —u+u’ ar22+ 1)}
[35]
H y =
[36]
H =H,
[37]

This means that Hj is a function solely of u, hence the horizontal resistivity. Hy =
H,,, which means both are a function of u and anisotropy A* = Ry/Ry, i.e., a function of
both the horizontal and vertical resistivity.

Fig. 3A demonstrates the relationship between the relationship between the R-
signal and the formation horizontal resistivity Ry. This relationship may be used to
invert the conventional R signal to obtain apparent Ry . When using both the resistive R
and reactive X components of the signal measured as part of Hy, the graph set forth n
Fig. 3B may be used to determine Ry. This is done by minimizing the model etror as

follows:

EITOT = H” measured B ]‘:‘47;) i: {2[1 B ?/l]}

[38]
Once Ry is determined from the above, the vertical resistivity Ry can be determined from
the Hj measurement. One means of doing so is to determine the ratio Rg/Ry as a
function of the R-signal as set forth in Fig. 3C. An alternative means of doing so would
be based on the ratio of the measured H,/Hj, ratio based again on the resistive component
of the signal R, i.e., Ry/Ry as demonstrated in Fig. 3D.

An alternative means of determining horizontal and vertical resistivity may be
accomplished utilizing both the resistive and reactive portions of the received signal
from H, Fig.. 4A is a nomograph showing differing ratios of anisotropic resistivity

values Ry, Ry (in this instance, as a function of A, the square root of Rx/Ry). Both Ry and

Ry can be determined simultaneously by minimizing the error as follows:
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M, e[ 1
e € 94
error = [H, " 4 202 ] _ypy® T o
d r” | s
[39]

An alternative means to determine Ry and Ry is shown in nomograph of Fig. 4B,
which shows Ry/Ry as a function of both the R and X signals from Hy. Both Ry and Ry

can be determined simultaneously by again minimizing Eq. 29.

When the tool records R- and X- signals for both Hy and Hy, Ry and Ry can be

determined simultaneously by minimizing the error:
M " 2 l M " 2 T 1 .
measure e measure e a

] A4 1 4z r 2

[40]

As noted previously, it is rare in current drilling and logging practice that a well
is drilled vertical. At the opposite end of the spectrum is a determination of anisotropic
resistivity characteristics when the borehole is essentially horizontal (€ = 90°).
Equations 19 — 24 reduce to three independent measurements, each with a resistive and

reactive component:

1y = jzg ‘j—:{Q(l — u)-l- u(l — e"(“”l))}

[41]

H, = ;‘j; %{—-(1 — 1 + uz)}

|42]

H, = Z:f; ? {— (1 — U + uz)— u(l — e (““1))-1- 12° (1 _ aev(a—l))}
43)

Hh = Hul = Hut =0

[44]

Herein, Hy is a function solely of u, and hence is a function solely of horizontal

resistivity Ry. Hj and H,, are both a function of variables # and ¢, 1.€., u and Ry and Ry.
Figure 5A is a nomograph that relates the R signal from Hj to the horizontal
resistivity Rg. This may be used to invert the R signal to the apparent formation

resistivity. Where R and X signals are available for Hy, they may also be used to obtain
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a formation horizontal resistivity for differing Ry as shown in nomograph 5B. This is

accomplished my minimizing the error function:

2

i

s M, e
error = | H ,,'"e“s”"e 4 ; {1—u+u2}
4 r

[45]

Once the Ry is determined by either method above, the anisotropy and the
vertical resistivity can be determined from various signals based on the Ay measurement.
The anisotropy Ry/Ry may be obtained from the R signal based on the Hj; measurement
as shown in Fig. 5C. Alternatively, the anisotropy Ry/Ry may be obtained as a function
of the R signal from H,, as shown in Fig. 5D. It should be noted that a determination
using Fig. 5D is more highly dependent on Ry as opposed to Ry at high ohm-m
resistivities. A more accurate determination of Ry/Ry may be made as a ratio of the R
signals from H,,/Hj as demonstrated in Fig. SE. Another inversion that is usetul only at
léw resistivities is depicted in Fig. SE which attempts to derive Ry/Ry as a function of the
ratio R signals received an antennae H,,/H,.

In the preferred method of the present invention, both the R and X signals are
used to determine Ry and Ry simultaneously. In the nomograph of Fig. 6A, Ryand Ry
are determined as a function of the i'atio of the R/X signals at Hy is obtained for differing

anisotropic values. Ryand Ry may be determined by minimizing the error function:

2

ieasure M eu ; o —
error = |H """ — -2 {2[1—u]+ u(l—e @) )}
! 4r ¥’

[46]
However, the ratio of Ry/Ry may be better determined from the ratio X/R signals
received at Hy as demonstrated in Fig. 6B. As in Fig. 6A, one may determined Ryand Ry
for differing anisotropy values based on the ratio of the R/X signals received at H,,, as

shown in Fig. 6C and then minimizing the following error function to determine Ry and

R H- :

2

1eq ‘M eu -
error = |H, ™=l _ o {_ [l—u +uz]_u(1_eu(a 1))+u2(1—-—05 o@D )}
47 >

[47]
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As with the signals received at Hj, a better determination of the ratio Ry/Ry may be made

with respect to anisotropy values based on the ratio of X/R signals received at H,, as
demonstrated 1n Fig. 6D and then applying the error function.
When both R and X signals are available from all antennae locations Hj, H,,, and

Hy, Ry and Ry may be determined simultaneously with greater accuracy by minimizing

the error function:

U
d M, e

error = |[H " +—-— {l—u +u2}
47 r

| 2

b el

s Mo € 1)

2

i LA W IR Ty

146]
The two above methods address determination of Ry and Ry at the most extreme
cases, 1.e. @= 0° or 90°. More often than not, the deviation angle for the borehole will be

somewhere within this range. The above method for determining the formation vertical

and horizontal resistivities may be used where the deviation angle is less than 30°.

However the effect of the deviation angle becomes significant for values above 30°. In

which instance, the full form of Eqgs. 19-24 must be used:

H, =20 €0 - ] ufi—ee)
u [ 2
by =SS s a2 -0

H, = M, e3 <uc?89(l-—e”(‘3'1))}
47 r sin &

\.

“ 4 2
H, = M, 33 —[1-—21 +u2] : z; (1—3"('6"1))4_”2 1_g_e"(ﬁ'—1)
A r sin“ @ . f
Hul :Hut =0

There are three variables that characterize the formation’s anisotropic
characteristics. Hy depends only on u (hence, Ry) and £, whereas, Hy, Hy, and H,, are all

dependent on #, £, and 6. Herein there are four independent measurements, each having

an R and X component, for this overly constrained model.
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Using both the R and X signals from Hj can be used to determine # (or Ry) and £,

if both @ (recalling that 8 =+/cos®@ + *sin?@ and as @ — 90°, B — a) and Ry/Ry are

large. This relationship is demonstrated in nomograph Fig. 7A, from which one may
determining Ry and £ as a function of the R and X signals from Hj for varying Ry and £.

Ry and S may also be determined from the R and X signals of Hj by minimization of the

error function:

2

CIror = H, — A:y: i: {2[1 _u]_|_u(1 — "D )}

[49]

Alternatively, Ry may be determined from the ratio of the R/X signals at Hy as shown in
nomograph Fig. 7A. Upon determining Ry (or ) and £, the may be substituted into Eqgs.

20 — 22 to determine the remaining two variables, Ry and 6. Thus, one can determine the
horizontal and vertical resistivities, Ry and Ry, without prior knowledge of the deviation

angle 6, which may be independently determined.

When R and X signals are available from Hj, Hy, Hy, and H,,, then Ry and Ry

and @may be determined by minimizing the error function:

2

error = [H, """ M, e {2[1 —ul+ u(l — "D )}

Ar 33
5\ |2
M, e" cos” @ _
+H,,"’easmd-—-- . : —-»[1-—-—u+u2]-—-u — (l—e"(ﬁ ”)¥
47w r sin” & J
[50]
512
1 Hhmeasured . Mo ez 2 C?Se (1_61;([;’.-1))>
A7 r sin @ )
N2
M, e" U _ o’ _
e N T IR R W A |
drc ¥ sin” & Js, J|

Commercially available computer programs may be used to minimize the error
function of Eq. 50. The minimization of the error as defined in Eq. 50 permits the use of

measured values, as opposed to values that have been rotated through the azimuth and

dip corrections, to simultaneously determine Ry, Ry and &

18



10

15

20

25

CA 02468865 2004-05-31
WO 03/048813 PCT/US02/38693

Note that if the deviation angle @1is already known, and is not small, then the any

or all of the Egs. 20 — 22 may be used to determine Ry and Ry. For instance, both the R
and X signals from Hj can be used to determine Ry and g, then Ry from £ if angle 0 is

known.

It will be appreciated that various methods for determining the vertical and
horizontal resistivity have been disclosed. Selection of the model to be used would be
based on the signals received and how well the inversion models correlate with the
measured formation. The determination of Ry can be: made as a function of the resistive
and reactive components of signal Ry and X (see discussion of Fig. 3B) or as a ratio
thereof (see discussion of Fig. 7B); from the resistive and reactive components Ry and
X (see discussion of Fig. 5B).

Accordingly, the preferred embodiment of the present invention discloses a
means for determining earth formation anisotropic resistivity utilizing a multi-component
induction tool. Moreover, a method is disclosed for performing inversion techniques to
determine the said characteristics utilizing various combinations of R and X signals at
varying antenna locations. Moreover, a method of determining formation deviation or
dip angle has been disclosed.

While the invention is susceptible to various modifications and alternative forms,
specific embodiments have been shown by way of example in the drawings and that have
been described in detail herein. However, it should be understood that the invention 1s
not intended to be limited to the particular forms disclosed. Rather, the invention is to

cover all modifications, equivalents, an alternatives falling within the spirit and scope ot

the present invention as defined by the appended claims.
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APPENDIX 1

Transformation between Formation and Borehole Coordinate Systems

Consider a multi-component induction resistivity tool whose antenna directions (I, m, n)
are aligned to the (z, x, y) axis in the formation.

H, H, H,
H formation — sz Hxx ny
;_H w H, H,

Consider a deviated borehole in the formation. The deviation angle is noted as 0.
Without loss of generality, the deviated borehole 1s in the x-axis direction horizontally
(Fig.2). Consider a borehole coordinate system (1, t, u) where the u-axis coincides with
the formation’s y-axis. The borehole coordinate system and the formation coordinate

system are related by a rotational operation around the y- axis by an angle 6.

[ cosd sin@ Oz E:
f|=|—sin@ cos@ 0| %|=R,(0) %
al | 0 0 1] P

Consider the multi-component induction tool whose antenna directions are aligned to the
(1, t, u) direction.

H / H Xy H Xz _

borehole
HY*e \H H, H,|
H zX H zy H zz |

pyoorehole and Hiormation 4re related by the rotation as,

[sz H, sz_' :Hu , qum
H, H, H,|=R©)'|H, H, H,|R,©)
!_Hyz H,, Hyy_,! 7, H, H,_
cosd -sin@ O H, H, H,| cos@ sin@ 0]
H, H, H, |-sinfd cosfé 0

=|sinfd cosd O
[ 0 O 1_‘ ul H ! H un _ 0 O 1

Or, in terms of 1individual components,
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H”—l-H“ : H”'"Htt
9 - 2
+H, H,-H

nHIi > {I— L; _ cos20 + H, sin 26

H_, =(H,, - H, )cost"i’sir16’+(cos2 g —sin” @ )H” _ H, ;Hu

H_=H,cos’@+H,sin”§—2cosfsinf H, = -C0S 20 — H,, sin 20

H_=H,sin?@+H, cos’8+2cosf@sind H, =

sin26 + H, cos26

H, =H,cos6—-H, smf
H,=H

1l

HJ’}’ =H

nu

sinf + H_, cosé

The first three equations are rewritten as,
sz +Hxx = HII +Hft

H_—-H H,—-H
222 x _ 7 > ~cos260 — H, sin260

H_ = il ;H” sin 28 + H,, cos26

There are three independent invariants under this rotation:
H, =H

Hu

sz +Hxx = HII +Htt

2 2
(sz_Hxx + H 2=/H11_Htt +H2
\ 2 zZX \ 2 i

The right hand sides in all three equations can be related to the measurements. The left-

hand sides are expressed as shown below as functions of oy, oy, and 0. These three
equations can be used to invert the induction measurements to determine the formation

anisotropic resistivity values and the deviation angle 0.

In a longitudinally anisotropic formation, Hy, and Hyy vanishes as shown below in
Appendix 3. From this orthogonality condition,

H, =H,cos0—H, sint=0

ul 1t

H,=H,sm0+H, cosf =

ul 1t
the following two measurements are also zeros:
Hut = Hul = O :
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APPENDIX 2

Transformation between Tool and Borehole Coordinate Systems
Rotate the tool around the tool’s 1-axis by an angle ¢

fé‘] 1 0 0 ‘H [ﬂ
m|=|0 cosep sing ||t =R,(qo) t

n| |0 —sing cose ||u U

—— — i B | W—

Porehole and H™! are related by the rotation as,

_HII Hlt Hlu—l HII Hlm Hln]
H, H, H,|=K, ((0 )tr H, Hd,, H, K (‘79 )
[H o H, H, | [H w H,, H,
1 0 o \H, H, H_ |1 0 0
=10 cosp —-sine|H, A6 H H (0 cosp sme

0 sing cos@ [H H, H,|0 —sing cose

ni nm nn

Or, in terms of 1individual components,

H n H h

Hlt = Hlm COSgo'—liln Sin¢

Hlu = Hlm Siﬂ([)-l- Hln COS{D
. . H +H H —-H ,

H, =H, cos’p+H, sin’p—2cospsing H,, =—"" > = — > =-cos2p—H_  si

. . H +H H —-H

H =H, sin” o+ H, cos” p+2cospsmp H =—— > LN L 5 —Ccos2¢p+ H_ s
. . H —-H .

H, = (H o~ H )cos @ sin @ + (oos2 p—sin‘p JH =—"2" " sin2¢+ H, cos2p

2

The last three equations are rewritten as,
H +H =H +H,,

uu I

H!l — HZIH — Hmm _ H?I??

— cos2¢p — H
) 5 @ mn

H -
H = __mm H m_ain 2 @ + H

fu mn
2

sin 2@

COS2¢

There are three independent invariants under this rotation.
H,=H,
H +H =H +H

uu Himn hH

H,~-H,Y H,,-H,\
( I H 1 4 Hm 2 — ( mm H nn 1 Hng
2 ) 2

The orthogonality condition, H,, = H , =0, implies
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H, =H, smp+H_cosg=0
H - H
H =— ; sin2¢p+ H,  cos2p =0

Thus, the azimuthal angle ¢ can be determined from a set of (H},,, H}j,) measurements or
(Hym, Hyy, H,yy) measurements.

is solved and the azimuthal angle o is given by,

tan @ = i . COSQ = il SIn @ = !
H’m | \[H Im2 + H ln2 \/H im + H
2H 2t
tan 2 (0 —_ mn . an ‘p

H —H ﬁl—tanzgo

mm nn

And, (Hy,, Hyw Hym Hym Hyy) must satisfy the following consistency condition:

Hmn — (H mm H nn )H Im H
(H Im H In )
This is obtained by eliminating ¢ as
H e Hmm 7 Hmz Slll 2(0 - H - COS 2§0
T (H mm H nH )H ImH + (H lm2 o H lnu2 mn __ 0
H, >+ H

Im

The four measurements {Hy, Hy H, H,,}in the borehole (1,t,u) coordinate system are
provided with five{H}, Hp,, Hyy, Hym H,n} measurements in the (1,m,n) coordinate
system as below:

H, =H,
: 2 2
Hlt zHIm COS(D—'HIHSIIlgoz\/HIm +H1n

- H :
o ;H”" S 5 ~—Ccos2¢p —H,  smlg

H,=H, cos’¢p+H, sin®¢@—2cospsinp H,, =

_ HmmHImz _I_]:'{m:r[{ln2 +2HImHInHmn

H >+H’
Hmm H T Hnn H
H *—-H?

im In

—H :
Hom * B Ho —Ccos2¢p+ H, sin2p

H, =H,_ sin>¢p+H_ cos’¢@+2cosgsing H,, =

. 2 2
_ HmmHln2 +‘HmzHIm2 "ZHImHmHmn
- L H ' '+H’
H H,m —HmmH
H *—H°’

Im In

If H,,, is measured additionally, then the orthogonality condition above can be used for
a consistency check (QC).

23



CA 02468865 2004-05-31
WO 03/048813 PCT/US02/38693

Appendix 3.

Determination of oy, oy, and 0.
In the formation coordinate system (z, X, y),

H, = ]ZT <k(3(l—u)-l-uz);z—z—-—(l—u—l-uz)j?
M Y
i, = {(30_1,)4.2,2);5;3
H_ = jZ;‘ <T(3(1—-u)+u2)—§—(l—u+u2)}§;+ I,
H, = ZZ; {—(1-u+u2)}i: I, + 1,
where
u=1ik,r

r=\/x2 +32+2%; p=qxi+ )]
and at a receiver located at (z,x,y)=(Lcos6, Lsin9, 0),

~

[y = M, <£(e" -—e"ﬁ)>--1-——- M, e { Y (l—e"(ﬂ_l))}

Ar | r | p* 4z r? (sin’ @
M eu iy
= = : I,
47 r
M u 4 2 \ M eu -
I = . € uz l_ﬁ_e::(ﬂ—l) — z 11
I 47 }”3 \ /B y 4 7'3
. o)
ﬂzx/coszé’-i-azsmz@; o’ =—=
On

r=0L;, p=Lsin0

We also set that all the transmitter have the identical strength: M;=M;=M,=Mj.
Then,

Ho+H, =2oe {[l—u—u2]+- a (l—e"(ﬂ"l))}

A 73 sin” @
M eu " 2 2 . 2 u u([n’—l)}
H —H =—"2"_B1-u)+u°lcos” 8 —sin” &)- —|l—e
ZZ XX 472_ }”3 k[ ( ) :K ) Sin2 9( )
M. e ]
H,_ = 1 L 83 {3(1—u)+u2}cosé?sm¢9
T ¥
M, e | u ._ @ o)
H =H — 0~ _1_u+u2 . l_eu(ﬂ 1) +u2 1__811([3 ) >
o SO VP i [ ] Slnzé’( ) )

Three invariants are then written as,
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N

H_+H_= IZ;) i: {[lmu—uz]: Si;:z 9(1—6’”(‘6"1));

: ) N }
(HzZ;HH) +Hzx2 i(MO..e_ {(3(1_U)+u2)2_2]‘0 COS29[3(1—U)+U2]+102}

{4 [ \
H Mo e <-[1—u-l-u2]‘"“"."u 9(1-—6"('8_1))-!-1{2(1—%e“(ﬁ'n }

oo Ag 3 | sin” )
where
F u N —
Iy =— (l—e % 1))
sin” @
: | o
B=+cos’@+a’sin®0; a’=—=—L
A~ oy

There are three invariants: There are three unknowns, kg, A, and 6.
Or, simply using all 4 equations for Hy, Hy, H.., and H,, one can determine kg, A, and &
Since

H yy = H u

H +H_ =H,+H,

zZZ

2

(sz_Hxx_\ +H 2=/HII—HII\

2 ) . 2 )
the above equations hold also in the (1,t,u) tool coordinates.

2

+H,’

But, it turns out the following may be easier to solve for kg £, and 6., hence A.
H, = M, - o1 —u]+ ull — "D )
r

47
0 o- M,e" | [l—u +u2{]+u cos” @ (l_eu(ﬁ-l) )1
Y Ag g3 sin” @ J
M, e" | cosé
H — 0 U 1_87‘(13’-1) }
S VR { sin9( )
H = M, e [1—u+u2]- 4 (1~e”(ﬂ”l))+u2/l a e"(ﬂ’l)\
Y Ax o’ sin? 6 P )
At 6=0,
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M,
H, _T‘E’g‘{z[l“u]}
M, e ) a? +1]
H“ T'—S{—II“U"I-UZ 5 - }
H, =0
H,, = Hrt
At 6=m/2,
m, = ei{z[l-—-u]ﬂtu(l e" )|
“Ag P
M (7
H, =" ; —u+u
L R s
H, = 0
Hul — O
H =0
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WHAT IS CLAIMED:

1. A method for determining the horizontal resistivity and vertical resistivity of an earth
formation, the earth formation being penetrated by a borehole, comprising:

(a) developing an inversion model for various earth formations;

(b)  deploying an induction tool in said borehole, said tool having a longitudinal
axis, a transmitter array comprised three mutually orthogonal transmitter antennae, at least
one of the antenna being oriented parallel to said tool longitudinal axis, and a receiver array
offset from the transmitter array, said receiver array being comprised of three mutually
orthogonal receiver antennae, the receiving array sharing a common orientation with said
transmitter array;

(¢)  activating said transmitter antenna array and measuring electromagnetic
signals values induced in said receiving array antennae, including resistive and reactive
components of said signal values; '

(d)  determining an azimuth angle for said tool;

(¢)  calculating secondary signal values signals as a function of said measured
signal values and said azimuth angle; and

(D simultaneously determining said horizontal resistivity, vertical resistivity and a
dip angle as a function of selected resistive and reactive components of said secondary

signals by minimizing error utilizing said inversion model,

2. The method of claim 1, wherein said azimuth angle is calculated as a function of said
electromagnetic signals in said receiver array antennae perpendicular to said tool longitudinal

axis, relative to a direction of said horizontal resistivity and said vertical resistivity.

6
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3.  The method of claims 1 or 2, wherein step(f) further includes the simultaneous

determination of a dip angle.

4. The method of claim 1, wherein said secondary signal values are calculated by

rotating said measured signals values through a negative of said azimuth angle.

5. The method of claim 3, wherein said dip angle is calculated as a function of said
secondary values for said electromagnetic signals for a receiver antenna parallel to said tool

longitudinal axis with respect to said vertical resistivity.
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(a) developing an inversion model for various earth formations:

(b) deploying an induction tool in said borehole, said tool having a
longitudinal axis, a transmitter array comprised three mutually orthogonal transmitter
antennae, at least one of the antenna being oriented parallel to said tool longitudinal axis,
and a receiver array offset from the transmitter array, said receiver array being comprised
of three mutually orthogonal receiver antennae, the receiving array sharing a common
orientation with said transmitter array;

(¢) activating said transmitter antenna array and measuring electromagnetic
signal values induced in said receiving array antennae, including resistive and reactive
components of said signal values; and

(d) simultaneously - determining said horizontal resistivity, vertical resistivity
and a dip angle by as a function of selected resistive and reactive components of said

signal values measured in said receiving array antennae.

1. The method of claim 10, wherein said selected resistive and reactive components
of said measured signal values in selected receiving array antennae are induced by

selected transmitter array antennae.

12. The method of claim 11, wherein said selected resistive and reactive components
of saild measured signal values in said receiving antennae array are induced by
transmitter array antennae similarly oriented and a non-zero signal induced by said
transmitter array antenna oriented parallel to said tool longitudinal axis, measured in a
receiver array antenna lying in a plane perpendicular to said transmitter array antenna

oriented parallel to said tool longitudinal axis.
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