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(57) ABSTRACT 

In highly deviated Wells or When the relative dip angle 
betWeen formation layering and Wellbore axis is large, array 
induction measurements exhibit erratic spikes, misleading 
curve separations, and inaccurate resistivity values, prevent 
ing log analysts from accurately evaluating invasion and 
formation resistivities. To address these problems, various 
correction methods and inversion techniques have been 
developed. The correction methods, hoWever, only yield 
satisfactory results When the relative dip angle is loW to 
moderate, and inversion techniques are typically very time 
consuming. Conventionally, dipping bed effects are consid 
ered in terms of a charge effect and a volumetric effect. As 
even more complex earth models are considered, We ?nd 
that formation anisotropy also exaggerates the dipping 
effect, manifested by misleading curve separations in the 
array instrument readings. Our neWly developed deviated 
Well softWare focusing (DSF) method simultaneously 
accounts for all these dipping effects. The DSF method is 
derived from the Born approximation. The induction 
response is separated into tWo portions: a background 
response and a perturbation response. An inhomogeneous, 
anisotropic background formation model is used to calculate 
the background response, and the perturbation response is 
interpreted through a softWare focusing technique. The 
combination of the tWo solutions is the ?nal result. We shoW 
that our method signi?cantly reduces spurious separation 
betWeen shalloW and deep reading curves and minimiZes the 
confusion betWeen apparent and real invasion. 
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INHOMOGENEOUS BACKGROUND BASED 
FOCUSING METHOD FOR MULTIARRAY 

INDUCTION MEASUREMENTS IN A DEVIATED 
WELL 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application is a Continuation-in-Part of US. 
patent application Ser. No. 09/264,105 ?led on Mar. 8, 1999, 
now US. Pat. No. the contents of Which are fully 
incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to electromagnetic 
induction Well logging. More speci?cally, the present inven 
tion relates to an improved method of focusing the mea 
surements obtained With array induction tools in a deviated 
borehole. 

BACKGROUND OF THE INVENTION 

[0003] The production of hydrocarbons from subsurface 
formations typically commences by forming a borehole 
through the earth to a subsurface reservoir thought to contain 
hydrocarbons. From the borehole, various physical, chemi 
cal, and mechanical properties are “logged” for the purpose 
of determining the nature and characteristics, including for 
example, the porosity, permeability, saturation, and depth, of 
the subsurface formations encountered. One such logging 
technique commonly used in the industry is referred to as 
induction logging. Induction logging measures the conduc 
tivity or its inverse, the resistivity, of a formation. Formation 
conductivity is one possible indicator of the presence or 
absence of a signi?cant accumulation of hydrocarbons 
because, generally speaking, hydrocarbons are relatively 
poor conductors of electricity. Formation Water, on the other 
hand, typically salty, is a relatively good conductor of 
electricity. Thus, induction logging tools can obtain infor 
mation that, properly interpreted, indicates the presence or 
absence of hydrocarbons. 

[0004] These induction (also knoWn as electromagnetic 
induction) Well logging instruments Were ?rst introduced by 
Doll, H. G., “Introduction to Induction Logging and Appli 
cation to Logging of Wells Drilled With Oil Based Mud, 
”Journal of Petroleum Technology, June, 1949, pp. 148-62. 
Induction Well logging instruments typically include a sonde 
having one or more transmitter coils and one or more 

receiver coils at axially spaced apart locations. Induction 
Well logging instruments also typically include a source of 
alternating current (AC) Which is conducted through the 
transmitter coils. The AC passing through the transmitter 
coils induces a magnetic ?eld Within the surrounding for 
mation, causing the How of eddy currents Within the earth 
formations. In general, the magnitude of the eddy currents is 
proportional to the electrical conductivity (the inverse of the 
electrical resistivity) of the earth formations surrounding the 
instrument. The eddy currents, in turn, induce a magnetic 
?eld that is coupled to the receiver coil, thereby inducing in 
the receiver coil a voltage signal With magnitude and phase 
dependent upon the electrical characteristics of the adjacent 
formation. 

[0005] Typically, the signal from the receiver coil is 
applied to one or more phase detection circuits, each of 
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Which generates a signal proportional to the magnitude of 
that component of the receiver coil signal having a particu 
lar, predetermined phase. Thus, one such phase detector 
circuit senses the magnitude of the component of the 
receiver coil signal that is in-phase With the transmitter 
current in the transmitter coil. This component signal is 
commonly referred to as the real or inphase (R) component. 
A second phase detection circuit commonly used in induc 
tion logging tools detects the component of the receiver coil 
signal that is 90° out of phase With the transmitter current. 

[0006] This latter component signal is commonly referred 
to as the quadrature-phase component signal. Because 
the output signal from the receiver coil is not itself an 
absolute measure of conductivity, but rather is merely pro 
portional to the true formation conductivity, the output 
signal must be processed to obtain a log or plot of the true 
formation conductivity as a function of axial depth in the 
borehole. Most modem theoretical analysis of induction log 
processing is based upon the Work of H. G. Doll Which is 
summariZed in his 1949 article. According to Doll’s analy 
sis, the in-phase component of the signal induced in the 
receiver coil is directly proportional to the conductivity of 
the surrounding formation, and the constant of proportion 
ality, referred to by Doll as the “geometrical factor,” is a 
function of the geometry of the tool as it relates to the 
portion of the formation being measured. 

[0007] Doll calculated What he termed the “unit geometri 
cal factor,” Which de?nes the relationship betWeen the 
conductivity of a so-called “unit ground loop,” a horiZontal 
loop of homogeneous formational material having a circular 
shape With its center on the axis of the borehole and having 
a very small, square cross section, and the elementary 
voltage signal contributed by the unit ground loop to the 
total in-phase signal induced in the receiver coil. By inte 
grating the unit geometrical factor across all unit ground 
loops lying Within a horiZontal plane spaced at some axial 
distance Z from the center of the coil system, Doll obtained 
the geometrical factor for a “unit bed.” A plot of this 
geometrical factor as a function of the axial distance from 
the center of the coil system gives What is commonly 
referred to as the “vertical geometrical factor” for the tool. 
It is an accurate plot of the sonde response function relating 
formation conductivity to output voltage measurements for 
the tool, assuming no attenuation or phase shift of the 
induced magnetic ?eld as a consequence of the conductivity 
of the surrounding formation. 

[0008] Induction logging technology has evolved signi? 
cantly since its introduction by Doll. In recent years, induc 
tion devices consisting of several complex coil combinations 
have been replaced by tools With multiple arrays (see, for 
example, Beard, D. R., et at., “A NeW, Fully Digital, 
Full-spectrum Induction Device for Determining Accurate 
Resistivity With Enhanced Diagnostics and Data Integrity 
Veri?cation,” SPWLA 37th Annual Logging Symposium, 
June, 1996, Paper B; Beard, D. R., et at., “Practical Appli 
cations of a NeW Multichannel and Fully Digital Spectrum 
Induction System,” SPE Annual Technical Conference and 
Exhibition, 1996, Paper No. 36504; and Barber, T. D., et at., 
“A Multiarray Induction Tool optimiZed for Ef?cient 
Wellsite Operation,” SPE 70th Annual Technical Conference 
and Exhibition, 1995, Paper No. 30583). Each array consists 
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of one transmitter and a pair of receiver coils. These neW 
induction devices are commonly referred to as array-type 
induction tools. 

[0009] Asimple induction array (tWo-coil array and three 
coil array) responds to all its surrounding media, including 
formations, the borehole, and invasion Zones if there are any. 
This response Will be degraded by severe borehole effect and 
Will suffer from loW vertical and radial resolution. In order 
to avoid the Weaknesses of the simple induction arrays, array 
combinations are used to increase the response contribution 
from the medium of interest, such as uninvaded formation, 
and at the same time to reduce the response contribution 
from the medium of disinterest, such as the borehole. This 
process by Which the output of an induction logging instru 
ment is made to effectively Zoom in on a speci?c space of 
its surrounding medium and mute the unWanted peripherals 
is referred to as focusing. 

[0010] The older style tools attempt to focus the tool 
response using carefully selected coil arrangements. The 
focusing therefore is ?xed by the tool design, i.e. these tools 
are “hardWare-focused”. In array-type induction tools, the 
measurements from various arrays are combined through a 
softWare algorithm to achieve focusing of the signal 
response, i.e. these tools are “software-focused”. This pro 
cessing produces a set of curves With predetermined depth of 
investigation, vertical resolution and other optimiZed 2-D 
features. 

[0011] Using softWare-based focusing provides greater 
?exibility for handling various logging environments and 
for creating more reliable induction logs. HoWever, the 
quality and accuracy of the ?nal focused logs are dependant 
on the accuracy of the softWare focusing method. 

[0012] Prior art focusing methods are based on a method 
that Was proposed by Barber and Zhou (see Barber, T. D. and 
Rosthal, R. A., “Using a Multiarray Induction Tool to 
Achieve High-Resolution Logs With Minimum Environ 
mental Effects,” SPE 66th Annual Technical Conference and 
Exhibition, 1991, Paper No. 22725 and Zhou, Q., Beard, D. 
and Tabrovsky L., “Numerical Focusing of Induction Log 
ging Measurements,” 12th Workshop in Electromagnetic 
Induction in Earth,” August, 1994) and is, for reference 
purposes, here referred to as the “conventional focusing 
method”. The conventional focusing method can be 
expressed mathematically as 

[0013] Where oai is the measured log from the ith array; Wi 
is the focusing ?lter; mMy is the total number of arrays; and 
Zrnin and ZrnaX de?ne the depth WindoW surrounding the 
output point. 

[0014] Theoretically, the softWare focusing method 
described by eq. (1) can be traced back to the Born approxi 
mation (a linear approximation of the measured response of 
a medium) and then the condition for eq. (1) is an assump 
tion of an homogeneous background. This focusing method 
produces good quality focused logs When the formation 
conductivity varies With small to moderate contrasts 
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betWeen adjacent formation beds. HoWever, When the for 
mation conductivity varies With very large conductivity 
contrasts, i.e. if the formation is very “inhomogeneous”, the 
focused logs are not as good as Would be expected. 

[0015] The root cause of this shortcoming is the nonlin 
earity of the induction response With respect to the formation 
conductivity. The basic assumption for the focusing algo 
rithm expressed through eq. (1) is that the array measure 
ments behave linearly With conductivity. The error due to the 
violation of this linearity assumption is referred to as the 
nonlinearity effect. The nonlinearity effect is formation 
dependent: the larger the inhomogeneity, the stronger the 
nonlinearity effect. A focusing method based on a formation 
response With a homogeneous background, propagates or 
even ampli?es the nonlinearity effect. 

[0016] In a given logging environment, the inhomogeneity 
of a formation is described by numerous factors. Formation 
layering contributes to the vertical inhomogeneity, Which is 
conventionally described by the Rt/RS contrast, Where Rt is 
the formation resistivity and R5 is the shoulder resistivity. 
Radial inhomogeneity is expressed through the Rt/RX0 and 
the RXO/Rrn contrast, Where RX0 is the resistivity of the 
invaded Zone and Rrn is the mud resistivity. Other inhomo 
geneities are introduced through borehole irregularity, tool 
eccentricity, borehole deviation, etc. Despite the multitude 
of factors, the vertical inhomogeneity often dominates, 
particularly When the Rt/ RS contrast is large. 

[0017] The induction logging response function varies 
With formation inhomogeneity due to the nonlinearity of the 
induction measurements. The focusing ?lters are designed 
based on Born geometric factors, Which equal the response 
functions under a homogeneous background. With such 
designed ?lters and eq. (1), the nonlinearity effect is propa 
gated or even ampli?ed through the focusing process, espe 
cially When the formation is inhomogeneous With a large 
conductivity contrast. 

[0018] US. patent application Ser. No. 09/264,105 (now 
US. Pat. No. ) having the same assignee as the 
present application and the contents of Which are fully 
incorporated herein by reference, teaches use of an an 
inhomogeneous background formation model. Using this 
inhomogeneous background formation model, the formation 
response of the induction tool measurement can be split into 
tWo portions: the response due to an inhomogeneous back 
ground conductivity, a background response, and a certain 
“response residue”. The background response is the com 
puter simulated measurements of the inhomogeneous back 
ground model. The response residue is the difference 
betWeen raW measurements and the background responses. 

[0019] The ’105 application uses an initial formation 
model estimated from raW array measurements or processed 
logs and used as the background conductivity model. For the 
background response, the focusing result can be directly 
obtained using focusing target functions instead of applying 
the conventional focusing processing. Therefore, the focus 
ing result of the background response is ideal and free of any 
nonlinearity effect. The conventional focusing procedure is 
applied to the response residue. The ?nal focusing response 
is obtained by adding the tWo focusing results. Due to the 
relatively small amplitude of the response residue, the 
nonlinearity effect introduced to the focused result is very 
small. Hence, the nonlinearity effect on the ?nal focusing 
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result is largely reduced. Thus, by introducing an inhomo 
geneous formation background model into the focusing 
algorithm, an improved focusing method is achieved having 
a reduction in the propagation of nonlinearity effects. 

[0020] The teachings of the ’105 application are, hoWever, 
limited to near vertical Wells (Wells in Which the borehole 
aXis makes a small angle With the normal to the bedding 
planes). In highly deviated Wells When the angle betWeen the 
normal to the bedding planes and Wellbore aXis is large, 
array induction measurements eXhibit erratic spikes, mis 
leading curve separations, and inaccurate resistivity values, 
preventing log analysts from accurately evaluating invasion 
and formation resistivities. There is a need for a method of 
determination of formation resistivities in deviated bore 
holes. Such a method should preferably also account for any 
anisotropy in the resistivity of the formations. The present 
invention satis?es this need. 

SUMMARY OF THE INVENTION 

[0021] The present invention is a method and apparatus of 
using an induction logging tool in a deviated borehole Within 
earth formations for determining an anisotropic conductivity 
of the formation. An anisotropic background model is esti 
mated from borehole corrected data. An asymptotic conduc 
tivity of the anisotropic background model is determined 
based on the horiZontal and vertical conductivities of the 
model and a knoWn inclination of the tool to the normal to 
the bedding planes. Amodeled response is calculated for this 
anisotropic background model using a forWard modeling 
program and skin effect corrections are applied to this 
modeled response. A response residual is calculated as a 
difference betWeen the skin-effect corrected response and 
the borehole corrected data. This residual is focused and 
focused residual is combined With a focused output of the 
background model. Where appropriate, the intermediate 
outputs are converted to a true vertical depth to account for 
the inclination of the borehole aXis. 

BRIEF DESCRIPTION OF THE FIGURES 

[0022] FIG. 1 shoWs an induction instrument disposed in 
a Wellbore penetrating earth formations. 

[0023] FIG. 2 shoWs a model used to illustrate the method 
of the present invention 

[0024] FIG. 3 is a How chart illustrating steps of the 
present invention. 

[0025] FIGS. 4a and 4b shoWs the effect of anisotropy and 
deviation on resistivity measurements. 

[0026] FIGS. 5a and 5b shoW a comparison of results 
obtained using prior art methods and the method of the 
present invention on model data. 

[0027] FIGS. 6a and 6b illustrate the relative insensitivity 
of the method of the present invention to an incorrect 
inclination angle used in the analysis on model data.. 

[0028] FIGS. 7 shoWs a comparison of results obtained 
using prior art methods and the method of the present 
invention on ?eld measurements. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

[0029] Referring noW to FIG. 1, an electromagnetic 
induction Well logging instrument 10 is shoWn disposed in 
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a Wellbore 2 drilled through earth formations. The earth 
formations are shoWn generally at 4. The instrument 10 can 
be loWered into and WithdraWn from the Wellbore 2 by 
means of an armored electrical cable 6 or similar convey 
ance knoWn in the art. The instrument 10 can be assembled 
from three subsections: an auXiliary electronics unit 14 
disposed at one end of the instrument 10; a coil mandrel unit 
8 attached to the auXiliary electronics unit 14; and a receiver/ 
signal processing/telemetry electronics unit 12 attached to 
the other end of the coil mandrel unit 8, this unit 12 typically 
being attached to the cable 6. 

[0030] The coil mandrel unit 8 includes induction trans 
mitter and receiver coils, as Will be further explained, for 
inducing electromagnetic ?elds in the earth formations 4 and 
for receiving voltage signals induced by eddy currents 
?oWing in the earth formations 4 as a result of the electro 
magnetic ?elds induced therein. 

[0031] The auXiliary electronics unit 14 can include a 
signal generator and poWer ampli?ers (not shoWn) to cause 
alternating currents of selected frequencies to How through 
transmitter coils in the coil mandrel unit 8. 

[0032] The receiver/signal processing/telemetry electron 
ics unit 12 can include receiver circuits (not shoWn) for 
detecting voltages induced in receiver coils in the coil 
mandrel unit 8, and circuits for processing these received 
voltages (not shoWn) into signals representative of the 
conductivities of various layers, shoWn as 4A through 4F of 
the earth formations 4. As a matter of convenience the 
receiver/signal processing/telemetry electronics unit 12 can 
include signal telemetry to transmit the conductivity-related 
signals to the earth’s surface along the cable 6 for further 
processing, or alternatively can store the conductivity 
related signals in an appropriate recording device (not 
shoWn) for processing after the instrument 10 is WithdraWn 
from the Wellbore 2. 

[0033] FIG. 2 shoWs the model used in the present inven 
tion. The model comprises layers 111a, 111b, 111c. . . 
111i, . . . each having thickness hi. The horiZontal and 

vertical resistivities are denoted by Rhl, Rvl, . . . Rhl, Rvl, or 
equivalently, by horiZontal and vertical conductivities 0V1, 
0V1, . . . ohl, 0V1, With the normal to the layer boundaries 
inclined at an angle 0 to the aXis 321 of the borehole that 
de?nes the Z- aXis of the tool. In the method of the present 
invention, the angle 0 is assumed to be a knoWn quantity. In 
practice, this may be obtained by making measurements that 
give the relative dip of the formations. Micro-resistivity 
logs, dipmeters or other measurements may be used for the 
purpose. It is commonly observed that the normal to the 
layer boundaries de?nes a symmetry aXis for the anisotropy 
of the formations. The horiZontal and vertical resistivities (or 
conductivities) are de?ned With respect to directions parallel 
to the layer boundaries and normal to the layer boundaries. 

[0034] The focusing ?lter for the conventional focusing 
method given by eq. (1) is obtained by solving the folloWing 
problem: 



US 2001/0039477 A1 

[0035] With certain constraints. In eq. (2) gp is a 2-D 
response function de?ning ideal 2-D features of the focusing 
and is often referred to as the “focusing 2-D target function”; 
giB is the Born 2-D geometric factor of the i-th array. The 
basic assumption for the focusing algorithm expressed 
through eq. (1) is the Born-Doll approximation, 

[0036] Where 012] is the measurement of the i-th array, and 
o(p‘,Z‘) is the 2-D formation conductivity distribution. 

[0037] The inhomogeneous background-based focusing 
(IBF) method taught in the ’105 application stems from the 
Born Approximation and is mathematically expressed as 

0770(1) 

[0038] Where oba is the induction response of the back 
ground, ob is the background conductivity. The difference 
betWeen the true formation conductivity an d the back 
ground conductivity, o—ob, is referred to as the “conductiv 
ity perturbation.” By introducing a background, the Born 
approximation separates the induction response into tWo 
portions: the background contribution and the perturbation 
contribution. If the background conductivity is properly 
chosen, the Born approximation can better represent the 
induction measurements than the Doll approximation and 
the Born-Doll approximation. 

[0039] The IBF takes the folloWing form: 

[0040] Where obp is the focusing result of the background 
model, something that is easily calculated from the back 
ground model, and Aop is the focusing result of the pertur 
bation, expressed as: 

[0041] Because obp is directly determined, the focusing 
?lter W only applies to the residue, [o1a(Z)—o1ba(Z)]. Thus, 
the error propagation of the softWare focusing is largely 
reduced and the ?nal focusing results are improved 

[0042] The physics of induction measurements in a devi 
ated Well can be mathematically expressed by the folloWing 
integral equation 
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-continued 

[0043] Where E is the electric ?eld; r is the location of the 
observation point; k is the Wave number of the medium; gO 
is the Green’s function. From this equation tWo basic 
dipping effects are derived: the charge effect and the volu 
metric effect. The charge effect corresponds to the third term 
of the integral equation. It is caused by the charge build-up 
While the induced eddy current ?oWs across the formation 
interfaces. The volumetric effect relates to the second term. 
When the dip angle is relatively large (>30°), the softWare 
focusing of array induction measurements ampli?es these 
dipping effects. 

[0044] The softWare focusing of array induction measure 
ments in deviated Wells also faces a conceptual dilemma. 
The major functionality of the softWare focusing of array 
induction measurements is to enhance the response contri 
bution of the target area, Which is prede?ned by the required 
vertical resolution and the depth of investigation. As the 
depth of investigation increases, the target area moves 
deeper into the formation in the direction perpendicular to 
the tool axis, referred to as the “focusing direction.” When 
the borehole is perpendicular to the formation layering, i.e., 
the relative dip angle equals Zero, no other boundaries cross 
the focusing direction except for the invasion frontiers. In 
this case any separation of the focused curves indicates the 
presence of invasion. While in deviated Wells, formation 
interfaces cross the focusing direction. As a result, the 
separation of the focused curves no longer represents inva 
sion only, making the interpretation of the focused curves 
impossible. 

[0045] Besides the charge effect and the volumetric effect, 
the anisotropy is also an important dipping effect contribu 
tor. When the tool is located far aWay from formation 
boundaries or the formation is homogeneous, the induction 
measurement of a tWo-coil con?guration in an anisotropic 
formation can be expressed as 

01, 0c 

[0046] Where no is the angular frequency, p is the magnetic 
permeability, L is the spacing betWeen the transmitter and 
the receiver, and kh is de?ned as 

equal? 

[0047] Where oh is the horiZontal conductivity and [3 is 
de?ned as 

_ \/ sin20 + A2cos20 (8 a) 

_ f 

[0048] and )L is de?ned as the square root of the ratio of the 
horiZontal conductivity to the vertical conductivity. 
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[0049] Eq. (8) leads to the observation that the effect of 
anisotropy in an induction measurement is a function of the 
frequency and the transmitter-receiver spacing. Because the 
skin-effect correction and the standard softWare focusing 
assume the formation is isotropic, the anisotropy effect 
propagates into the ?nal focusing results. 

[0050] In terms of the amplitude of induction measure 
ments, Moran and GianZero (1979) derived that a co-aXial 
induction tool reads an asymptotic conductivity oe given by: 

0515011 (9) 

[0051] The charge effect, the volumetric effect, and the 
anisotropy effect all relate to the anisotropic, inhomoge 
neous background of the formation. Hence, With the Born 
approximation these dipping effects can be separated from 
the borehole- and invasion-related perturbation response if 
the background conductivities obh obv are properly deter 
mined and the relative dip angle is given. 

[0052] Turning noW to FIG. 3, a schematic ?oW chart of 
the method of the present invention is shoWn. Starting With 
the borehole corrected data 201, a background model is 
formulated 203. As Would be recogniZed by those versed in 
the art, the better the background model, the better the 
results Will be; hoWever, the choice of the background 
formation model is not as critical in the method of the 
present invention as is the choice of an initial model in an 
iterative nonlinear optimiZation method. 

[0053] Using a knoWn inclination angle 0205 (this may be 
obtained by high resolution acoustic or resistivity imaging 
tools that can determine the orientation of bedding planes 
relative to the borehole), an asymptotic conductivity model 
is obtained using eqs. (8a) and With the asymptotic 
conductivity, the background model may be treated as a 
deviated isotropic model. This model is then converted to 
true vertical depth 209 to give a conductivity model as a 
function of the borehole depth (TVD). This is a straightfor 
Ward stretching related to the angle 0. A response to the 
background model is generated 211 and corrected for skin 
effects 213 using knoWn methods. 

[0054] The borehole corrected data are compared With the 
skin-corrected model output and a response residue is deter 
mined 217 as a difference betWeen the former and the latter. 
This residue is focused using eq. 

[0055] In parallel, the ideal focusing results for the model 
corrected for true vertical depth are determined 215. When 
the output of 215 is summed 221 With the output from 219, 
the end result is the desired focusing result 223. 

EXAMPLES 

[0056] Turning noW to FIGS. 4a and 4b, numerical results 
of forWard modeling are shoWn. The model consists of tWo 
semi-in?nite formations. The upper one is an isotropic 
formation of 1 Ohm-m resistivity and the loWer one is an 
anisotropic formation With vertical resistivity of 10 Ohm-m 
and horiZontal resistivity of 0.54 Ohm-m. The relative dip 
angle is 60 degrees. The resistivities of the loWer half space 
are speci?cally chosen to have an asymptotic resistivity of 1 
Ohm-m. FIG. 4a shoWs the HDIL skin-effect-corrected 
curves for seven different source-receiver distances. The 
‘bump’ and the separation of the curves in the vicinity of the 
formation interface present a pronounced boundary-related 
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dipping effect. Because the anisotropy effect differs With 
frequency and array spacing, a constant curve separation is 
seen in the anisotropic formation. These tWo anisotropy 
related features propagate through the HDIL softWare focus 
ing. The HDIL vertical resolution matching (VRM) curves 
shoWn in FIG. 4b clearly demonstrate this fact. FIGS. 4a 
and 4b also shoW that a co-aXial induction tool tends to read 
the asymptotic conductivity in an anisotropic formation, 
Which is determined by eq. Vertical Resolution Match 
ing (VRM) is a process that enhances the curves to prede 
termined vertical resolutions of, for eXample 0.5 foot, 1 foot, 
2 feet, and/or 4 feet. In FIGS. 4a, 4b and also in the 
eXamples beloW, only the equivalent or asymptotic resistiv 
ity values are shoWn. If the anisotropy factor and the angle 
of inclination are knoWn, then the vertical and horiZontal 
resistivities may be recovered. 

[0057] FIG. 5a shoWs the result of processing data from 
a second, layered model using the method described in the 
’105 application, i.e., assuming that the borehole is vertical 
and ignoring the effect of anisotropy. In the actual model, the 
borehole had a 70° inclination to the normal to the bedding 
plane. Again, the data for seven different source-receiver 
distances are displayed after VRM and clearly shoW that 
ignoring the effects of anisotropy and dip. In comparison, 
FIG. 5b shoWs the results of processing the same model 
output With the method of the present invention, i.e., includ 
ing the effects of the deviated borehole and of anisotropy. 
The results in FIG. 5b are clearly superior to the prior art 
method. 

[0058] The method of the present invention is relatively 
insensitive to errors in the assumed inclination angle. This is 
shoWn in FIGS. 6a and 6b Where the same model output for 
Which results are shoWn in FIGS. 5a, 5b Were processed 
using the method of the present invention With an incorrect 
assumption of the inclination angle. FIG. 6a Was obtained 
by assuming an angle of 650 Whereas FIG. 6b Was obtained 
assuming an angle of 75°, When, as noted above, the actual 
angle Was 70°. The method of the present invention is seen 
to be robust for errors in the inclination angle of 5°. 

[0059] FIG. 7 shoWs a ?eld eXample. Caliper and gamma 
ray logs are presented in the left track. The HDIL 1-ft VRM 
curves produced With the standard focusing method are 
shoWn in the middle track. The curve separation over the pay 
Zones (e.g., at depths 630-650) and can be easily interpreted 
as resistive invasion. This interpretation, hoWever, con?icts 
With local experiences. With a relative dip angle of 45 
degrees, the method of the present invention produced a set 
of more reliable curves (in the right track). The value of the 
dip angle Was later con?rmed by image tools. 

[0060] The present invention has been discussed above 
With respect to measurements made by a transverse induc 
tion logging tool conveyed on a Wireline. This is not 
intended to be a limitation and the method is equally 
applicable to measurements made using a comparable tool 
conveyed on a measurement-While-drilling (MWD) assem 
bly conveyed on a drill string or on coiled tubing. 

[0061] While the foregoing disclosure is directed to the 
preferred embodiments of the invention, various modi?ca 
tions Will be apparent to those skilled in the art. It is intended 
that all variations Within the scope and spirit of the appended 
claims be embraced by the foregoing disclosure. 
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1. A method of using an induction logging tool in a 
borehole Within earth formations for determining conduc 
tivities thereof, the borehole axis having an inclination angle 
to a symmetry aXis of said earth formations, the method 
comprising: 

(a) estimating an anisotropic background formation 
model from borehole corrected data, said anisotropic 
background model comprising horiZontal and vertical 
resistivities; 

(b) determining asymptotic conductivities of the aniso 
tropic background model relative to the borehole aXis 
using an assumed value for said inclination angle; 

(c) obtaining a modeled response for said anisotropic 
background model With said asymptotic conductivities; 

(c) making skin-effect corrections to said modeled 
response giving a skin-effect corrected response; 

(d) calculating a response residual as a difference betWeen 
the skin-effect corrected response and the borehole 
corrected data; 

(e) focusing said residual giving a focused residual; 

(f) calculating an idealiZed focused result for said back 
ground model; and 

(g) combining the results of said focusing of said residual 
With said ideal focused results. 

2. The method of claim 1 Wherein obtaining the asymp 
totic conductivity of the anisotropic background model 
further comprises using the relation oe=[3oh Wherein (Is is 
the asymptotic conductivity, oh is the horiZontal conductiv 
Hy, 

\/ sin20 + A2cos20 

Where 6 is the assumed angle of inclination and )t is the 
square root of the ratio of the horiZontal conductivity and 
vertical conductivity. 

3. The method of claim 1 Wherein calculating said 
response residual further comprises converting the skin 
effect corrected response to true vertical depth. 

4. The method of claim 1 Wherein calculating the ideal 
iZed focusing result for said background model further 
comprises converting the background model to true vertical 
depth. 

5. The method of claim 1, Wherein said response residual 
is smaller than said modeled response. 

6. The method of claim 1 Wherein focusing said residual 
further comprises using linear focusing. 

7. The method of claim 2 Wherein calculating said 
response residual further comprises converting the skin 
effect corrected response to true vertical depth. 

8. The method of claim 7 Wherein calculating the ideal 
iZed focusing result for said background model further 
comprises converting the background model to true vertical 
depth. 
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9. The method of claim 1 Wherein the assumed angle of 
inclination differs from the angle of inclination by less than 
5°. 

10. A system for making geophysical measurements in a 
deviated borehole having an aXis With an inclination angle to 
a symmetry aXis of earth formations, the system comprising: 

(a) a logging tool to make geophysical measurements 
having at least one transmitter and at least one receiver 
array; and 

(b) a computing device programmed to 

(i) estimate an background formation model from said 
geophysical measurements, 

(ii) determine an asymptotic conductivity of the aniso 
tropic background model using an assumed inclina 
tion angle, 

(iii) obtain a modeled response for said background 
model, giving a modeled response, 

(iii) make skin-effect corrections for said modeled 
response giving a skin-effect corrected response, 

(iv) calculate a response residual as a difference 
betWeen the skin-effect corrected response and bore 
hole corrected geophysical measurements, 

(v) focus said residual giving a focused residual, 

(vi) calculate an idealized focused result for said back 
ground model, and 

(vii) combine the results of said focusing of said 
residual With said ideal focused results. 

11. The system of claim 10 Wherein the computing device 
is further programmed to obtain said asymptotic conductiv 
ity using the relation oe=[3oh Wherein (I6 is the asymptotic 
conductivity, oh is the horiZontal conductivity, 

sin20 + A2 00520 

A2 

Where 6 is the assumed angle of inclination, and )t is the 
square root of the ratio of the horiZontal conductivity and 
vertical conductivity. 

12. The system of claim 10 Wherein the computing device 
is further programmed to convert the skin-effect corrected 
response to true vertical depth. 

13. The system of claim 10 Wherein the computing device 
is further programmed to convert the background model to 
true vertical depth. 

14. The system of claim 10 Wherein the assumed angle of 
inclination differs from the angle of inclination by less than 
5°. 


