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Oulton Broad (GB) An apparatus for obtaining resistivity images of a borehole 
Correspondence Address includes an array of measure electrodes separated from a pad 
Kaushik R Sriram or the body of the instrument by a guard electrode. The 
MADAN’ MOSSMAN & SRIRAM’ P_C_ guard electrode is maintained at a slightly loWer potential 
Suite 700 than the pad and the measure electrode is at an intermediate 
2603 Augusta potential thereto. With this arrangement, the current from the 
Houston’ TX 77057 (Us) guard electrode defocuses the measure current from the 

measure electrode as it enters the formation, and at greater 

(21) APPL NO: 09/754,431 distances, the current from the measure electrode is refo 
cused by the effect of the current from the pad. This 

(22) Filed; Jam 4, 2001 defocusing and refocusing de?nes a region of investigation 
aWay from the borehole Wall that is relatively insensitive to 

Related US, Application Data borehole rugosity. Circumferential and vertical overlap may 
be obtained either by the arrangement of the measure 

(63) Non-provisional of provisional application No. electrodes, or by relying on the broadening of the measure 
60/175,585, ?led on Jan. 11, 2000. beam as it enters the formation. 
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IMAGE FOCUSING METHOD AND APPARATUS 
FOR WELLBORE RESISTIVITY IMAGING 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application claims priority from US. Provi 
sional Patent Application Ser. No. 60/175,585 ?led on Jan. 
11, 2000. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention generally relates to explorations for 
hydrocarbons involving electrical investigations of a bore 
hole penetrating an earth formation. More speci?cally, this 
invention relates to highly localiZed borehole investigations 
employing the introduction and measuring of individual 
focused survey currents injected toWard the Wall of a bore 
hole With a tool moved along the borehole. 

[0004] 2. Background of the Art 

[0005] Electrical earth borehole logging is Well knoWn and 
various devices and various techniques have been described 
for this purpose. In an electrical investigation of a borehole, 
current from an electrode is introduced in the formation 
from a tool inside the borehole. There are tWo modes of 
operation: in one, the current at the measuring electrode is 
maintained constant and a voltage is measured While in the 
second mode, the voltage of the electrode is ?xed and the 
current ?oWing from the electrode is measured. Ideally, it is 
desirable that if the current is varied to maintain constant the 
voltage measured at a monitor electrode, the current is 
inversely proportional to the resistivity of the earth forma 
tion being investigated. Conversely, it is desirable that if this 
current is maintained constant, the voltage measured at a 
monitor electrode is proportional to the resistivity of the 
earth formation being investigated. 

[0006] Techniques for investigating the earth formation 
With arrays of measuring electrodes have been proposed. 
See, for example, the US. Pat. No. 2,930,969 to Baker, 
Canadian Pat. No. 685,727 to Mann et al. US. Pat. No. 
4,468,623 to GianZero, and US. Pat. No. 5,502,686 to Dory 
et al. The Baker patent proposed a plurality of electrodes, 
each of Which Was formed of buttons Which are electrically 
joined by ?exible Wires With buttons and Wires embedded in 
the surface of a collapsible tube. The Mann patent proposes 
an array of small electrode buttons either mounted on a tool 
or a pad and each of Which introduces in sequence a 
separately measurable survey current for an electrical inves 
tigation of the earth formation. The electrode buttons are 
placed in a horiZontal plane With circumferential spacings 
betWeen electrodes and a device for sequentially exciting 
and measuring a survey current from the electrodes is 
described. 

[0007] The GianZero patent discloses tool mounted pads, 
each With a plurality of small measure electrodes from 
Which individually measurable survey currents are injected 
toWard the Wall of the borehole. The measure electrodes are 
arranged in an array in Which the measure electrodes are so 
placed at intervals along at least a circumferential direction 
(about the borehole axis) as to inject survey currents into the 
borehole Wall segments Which overlap With each other to a 
predetermined extent as the tool is moved along the bore 
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hole. The measure electrodes are made small to enable a 
detailed electrical investigation over a circumferentially 
contiguous segment of the borehole so as to obtain indica 
tions of the stratigraphy of the formation near the borehole 
Wall as Well as fractures and their orientations. In one 
technique, a spatially closed loop array of measure elec 
trodes is provided around a central electrode With the array 
used to detect the spatial pattern of electrical energy injected 
by the central electrode. In another embodiment, a linear 
array of measure electrodes is provided to inject a How of 
current into the formation over a circumferentially effec 
tively contiguous segment of the borehole. Discrete portions 
of the How of current are separably measurable so as to 
obtain a plurality of survey signals representative of the 
current density from the array and from Which a detailed 
electrical picture of a circumferentially continuous segment 
of the borehole Wall can be derived as the tool is moved 
along the borehole. In another form of an array of measure 
electrodes, they are arranged in a closed loop, such as a 
circle, to enable direct measurements of orientations of 
resistivity of anomalies 

[0008] The Dory patent discloses the use of an acoustic 
sensor in combination With pad mounted electrodes, the use 
of the acoustic sensors making it possible to ?ll in the gaps 
in the image obtained by using pad mounted electrodes due 
to the fact that in large diameter boreholes, the pads Will 
necessarily not provide a complete coverage of the borehole. 

[0009] The prior art devices, being contact devices, are 
sensitive to the effects of borehole rugosity: the currents 
?oWing from the electrodes depend upon good contact 
betWeen the electrode and the borehole Wall. If the borehole 
Wall is irregular, the contact and the current from the 
electrodes is irregular, resulting in inaccurate imaging of the 
borehole. A second draWback is the relatively shalloW depth 
of investigation caused by the use of measure electrodes at 
the same potential as the pad and the resulting divergence of 
the measure currents. 

SUMMARY OF THE INVENTION 

[0010] The present invention is a method and apparatus 
for obtaining resistivity images of a borehole. The apparatus 
includes an array of measure electrodes separated from a pad 
or the body of the instrument by guard electrodes. The guard 
electrode is maintained at a slightly loWer potential than the 
pad and the measure electrode is at an intermediate potential 
thereto. With this arrangement, the current from the measure 
electrode initially diverges as it enters the formation, then 
converges (focuses) and then ?nally diverges again to de?ne 
a depth of investigation. This arrangement makes it rela 
tively insensitive to borehole rugosity. If required, circum 
ferential and vertical overlap may be obtained either by the 
arrangement of the measure electrodes to provide the over 
lap, or by relying on the broadening of the measure beam in 
a region of investigation Within the formation. 

BRIEF DESCRIPTION OF THE FIGURES 

[0011] FIG. 1 (PRIOR ART) is a perspective and block 
diagram vieW of a borehole investigating tool With pads; 

[0012] FIG. 2 illustrates an idealiZed current ?oW neces 
sary for obtaining proper measurements using the tool of 
FIG. 1; 
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[0013] FIG. 3 illustrates the actual How of current using 
the tool of FIG. 1; 

[0014] FIG. 4 is a schematic cross section illustrating the 
arrangement of electrodes and the How of currents in an 
embodiment of the present invention; 

[0015] FIGS. 5A-5D are illustrations of arrangements of 
electrodes in various embodiments of the present invention 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0016] In order to gain a proper understanding of the 
present invention, reference is made to FIGS. 1-5. 

[0017] FIG. 1 (Prior Art) shoWs a pad 30 and array 70 of 
ten circular measure electrodes 36 as closely spaced as 
possible in a multiple number of roWs 74, 76. The electrodes 
36 are surrounded by insulator rings 44. Measure electrodes 
36 are mounted ?ush on pad 30 Whose surface 42 is 
conductive. Insulators 44 electrically isolate measure elec 
trodes 36 from the conductive pad surface 42 While in the 
operation of a pad 30 the electrical potential of the several 
measure electrodes 36 and conductive surface 42 is effec 
tively the same. The currents ?oWing from each of the 
electrodes 36 is indicative of the resistivity of the formation 
in contact With the electrode. The pad 30 or the body of the 
instrument (not shoWn) acts as an effective electrode. 

[0018] FIG. 2 shoWs a schematic cross section of a 
resistivity array device including a measure electrode. 
ShoWn is a device 100 in contact With a borehole Wall 106 
With a formation 102. The device includes a pad of Which 
portions 101a, 101b are shoWn, along With a measure 
electrode 103 and gaps 107 electrically separating the mea 
sure electrode 103 from the pad. For simplifying the illus 
tration, the connections betWeen a source of electrical cur 
rent and the measure electrode 103 and the pad 101a, 101b 
are not shoWn. Also shoWn Within the formation 102 are 
idealiZed current paths of electrical current 109a, 10% and 
1096 from the measure electrode 103 and current paths of 
the electrical current 111a, 111b, . . . 111f from the pad. For 
the idealiZed situation shoWn the current How is directly into 
the formation and the How lines are parallel for a distance 
indicated by 105 after Which the current paths start diverg 
ing. As those versed in the art Would knoW, the current Will 
ultimately return back to the source through a return elec 
trode (not shoWn). The distance from the borehole Wall 106 
to 105 is the depth of investigation of the tool. The magni 
tude of the current ?oWing from the measure electrode 103 
is indicative of the electrical conductivity of the formation 
adjacent to the measure electrode 103 up to the depth of 
investigation. In the prior art array resistivity devices, the 
currents from the individual measure electrodes are mea 

sured to give an indication of the conductivity of the 
formation adjacent to the electrodes. 

[0019] Turning noW to FIG. 3, the real situation is indi 
cated. Due to the geometry of the pads, the conductive 
portion of the tool body in the vicinity of the pads and the 
geometry of the electrically isolating section of the tool 
betWeen the pad section and the aforementioned return 
electrode, the electrical current from pad and the measure 
electrodes diverges quite rapidly. The is indicated by the 
paths 109a‘, 109b‘ and 109C‘ of current from the measure 
electrode 103 and the rapid divergence of the currents 
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111a‘ . . . 111]" from the pad. As a result of this, the current 
?oWing from the electrode 103 depends upon the conduc 
tivity of the formation in a ?rst region in contact With the 
measure electrode as Well as portions of the formations 
surrounding this ?rst region. This reduces the resolution of 
the instrument. In addition, the current paths Will be effected 
by irregularities in the borehole Wall as indicated by 106‘. 
Both of these effects (the divergence and the effects of 
rugosity) can give erroneous indications of formation con 
ductivity. 
[0020] These tWo problems are addressed in the present 
invention by use of a beam focusing technique. This tech 
nique causes the measure beam (current from the measure 
electrode) to be defocused as it leaves the instrument and 
then refocus again approximately 1A1 to 1/2 inch (0.625 to 1.25 
cm.) aWay from the pad carrying the measure electrode. This 
desensitiZes the image to the effects of borehole Wall rug 
osity. This is described beloW. 

[0021] Turning noW to FIG. 4, a schematic cross section 
of the measure electrode of the present invention is shoWn. 
For illustrative purposes, a single measure electrode 215 is 
shoWn. This measure electrode is ?anked by a primary guard 
electrode 203a, 203b that separate the measure electrode 215 
from the pad or body of the instrument 201a, 201b. The 
measure electrode 215 is maintained at a voltage V that is 
higher than the voltage V-E of the guard electrodes 203a, 
203b but less than the voltage V +6 of the pad 201a, 201b. 
In a typical application, the voltage V is 5 volts While the 
values of 6 and E are of the order of 500 pV. These are the 
relative voltages When electrical current is flowing out of the 
measure electrodes. 

[0022] In an alternate embodiment of the present inven 
tion, the arrangement of the electrodes is unchanged but the 
current ?oWs into the measure electrodes. In such an 
arrangement, the magnitudes of the voltages are the same as 
discussed above. This con?guration is not discussed further 
but Would be a straightforWard variation of the discussion 
here on current ?oWing out of the measure electrodes. 

[0023] The loWer potential of the primary guard 203a, 
203b causes the current from the measure electrode 215 to 
diverge as it leaves the measure electrode. The more diver 
gent the beam, the less the sensitivity to that element of the 
length of the measure beam. As the measure beam 
progresses further into the formation, the higher potential of 
the pad 201a, 201b causes the beam from the measure 
electrode 215 and the guard 203a, 203b to be pinched in, 
thereby increasing the sensitivity from that portion of the 
measure beam. Since the greatest divergence of the measure 
beam is closest to the borehole Wall, the beam is quite 
insensitive to the effects of borehole rugosity. At large 
distances from the borehole Wall such as 205b, the measure 
beam again diverges. The region betWeen 205a and 205b 
includes the region of greatest sensitivity of the tool. The 
region of greatest sensitivity is roughly de?ned by the 
portion betWeen 205c and 205b Where the diameter of the 
measure beam is small, With the smallest value being 
attained at a distance betWeen 205c and 205b. By suitable 
adjustment of the electrical potentials, it is possible to obtain 
a measure beam having a diameter Within the sensitive 
region that is larger than or smaller than the diameter of the 
measure electrodes. The electrodes and the pad are con 
nected to sources of electrical current to maintain the desired 
voltages and, as in prior art devices, the current from the 
measure electrode is indicative of formation conductivity. 
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[0024] One advantage of the present invention over prior 
art devices is the ability to make accurate measurements in 
irregular boreholes. As may be seen in FIG. 4, there is no 
requirement of physical contact betWeen the entire measure 
electrode and the formation: all that is necessary is good 
electrical contact, even through any intervening borehole 
?uid. Due to the defocusing of the beam near the measure 
electrode, the present device is relatively insensitive to the 
presence of borehole ?uid betWeen portions of the electrode 
and the formation. Similarly, the invention also functions 
properly When there is incomplete physical contact betWeen 
the guard electrode and the formation. 

[0025] In the conteXt of the present invention, the Word 
“pad” is used here only for convenience and the invention 
Would Work equally Well if the body of the instrument is 
used instead of the pad for the purpose of carrying measure 
electrodes and/or injecting currents into the formation as 
described beloW. Those versed in the art Would recogniZe 
that the pad in the present invention does not actually have 
to contact the borehole Wall. The primary function of the pad 
is to focus the measure beam after the defocusing caused by 
the guard electrode. This can be accomplished by a tool body 
that is not in actual contact With the borehole Wall almost as 
Well as by a pad in contact With the borehole Wall. Accord 
ingly, use of the Word “pad” hereinafter and particularly in 
the claims is intended to include the body of the instrument 
as Well. 

[0026] Various con?gurations of measure electrodes, 
guard electrodes and pads may be used in the invention. 
FIG. 5a illustrates an array of measure electrodes 315a, 
315b, 315c . . . set Within a substantially rectangular guard 

electrode 303 With gaps 307a (that contain insulating mate 
rial therein). The guard electrode 303 is separated from the 
pad or body 301 by a substantially rectangular insulating gap 
307b. In one embodiment of the invention, the spacing 
betWeen the measure electrodes is selected as in the Gian 
Zero patent to provide overlap in aZimuth and depth, i.e., the 
diameter D of the measure electrode is greater than the 
horiZontal spacing d1 of the electrodes 315b, 315c in adja 
cent roWs and the vertical spacing d2 betWeen the roWs of 
electrodes. In another embodiment of the invention, the 
electrodes do not have this aZimuthal an and vertical over 
lap, but due to the broadening of the measure beam dis 
cussed above in reference to FIG. 4, overlap in aZimuth and 
borehole depth of the region of investigation is obtained. 

[0027] FIG. 5b depicts another arrangement of electrodes 
in the present invention. In this, the measure electrodes 415 
are concentric With the guard electrodes 403. Insulating gaps 
407 and 419 are also indicated. As With the embodiment 
discussed above With reference to FIG. 5a, the measure 
electrodes may or may not have overlap in aZimuth and 
depth. When the measure electrodes themselves do not 
overlap, the broadening of the measure beam provides 
overlap of measurements at the depth of investigation. 

[0028] FIG. 5c illustrates an arrangement of measure 
electrodes 515 separated from a guard electrode 519 by 
insulating gap 503. The guard electrode 503 is, in turn, 
separated form the pad by insulating gap 519. 

[0029] FIG. 5a' illustrates a con?guration of the measure 
electrodes measure electrodes 615 are arranged in tWo 
groups With insulating gaps 607. As in FIG. 5c, the guard 
electrode 603 is separated from the pad by another gap 619. 
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[0030] In another embodiment of the invention (not 
shoWn), a secondary guard electrode located betWeen the 
pad and the guard electrode is used to provide the focusing 
of the beam in the region of investigation. 

[0031] 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. 

What is claimed is: 
1. An apparatus conveyed in a borehole for obtaining a 

resistivity image of an earth formation penetrated by the 
borehole, the apparatus comprising: 

(a) a plurality of measure electrodes in electrical contact 
With the formation, each of the plurality of measure 
electrodes connected to a source of electrical current 
for conveying a beam of measure current correspond 
ing to each measure electrode into the formation, said 
plurality of measure electrodes at a ?rst electrical 
potential; 

(b) at least one guard electrode at a second potential 
substantially encircling each of said plurality of mea 
sure electrodes for conveying a current for defocusing 
the measure currents for a ?rst distance into the for 
mation, said second potential having a magnitude less 
than a magnitude of the ?rst potential; and 

(c) a pad at a third electrical potential connected to a 
source of electrical current for conveying a current into 
the formation for refocusing the measure current at a 
second distance into the formation, said third potential 
greater having a magnitude greater than a magnitude of 
the ?rst potential and said second distance being greater 
than the ?rst distance. 

2. The apparatus of claim 1 Wherein the at least one guard 
electrode is at a distance that is one of in contact With the 
formation, and, (ii) in close proximity to the formation. 

3. The apparatus of claim 1 Wherein the pad is at a 
distance that is one of in contact With the formation, and, 
(ii) in close proximity to the formation. 

4. The apparatus of claim 1 Wherein the plurality of 
measure electrodes have a ?rst diameter associated With 
each of the measure electrodes. 

5. The apparatus of claim 1 Wherein each beam of 
measure current has a second diameter at a distance related 
to the ?rst distance and the second distance, said second 
diameter greater than the ?rst diameter. 

6. The apparatus of claim 5 Wherein each beam of 
measure current has an effective diameter related to the ?rst 
distance and the second distance Wherein said effective 
diameter is less than the second diameter. 

7. The apparatus of claim 4 Wherein said measure elec 
trodes are arranged in an array on the pad at intervals Which 
are selected to space the measure electrodes along circum 
ferential and borehole aXis directions to provide overlap of 
the ?rst diameter of the plurality of electrodes. 

8. The apparatus of claim 6 Wherein said measure elec 
trodes are arranged in an array on the pad at intervals Which 
are selected to space the measure electrodes along circum 
ferential and borehole aXis directions to provide overlap of 
the effective diameter of the measure current associated With 
each of the plurality of electrodes. 
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9. The apparatus of claim 1 wherein the at least one guard 
electrode comprises a plurality of guard electrodes, said 
plurality of guard electrodes less than or equal to the 
plurality of measure electrodes. 

10. The apparatus of claim 1 further comprising a meter 
for measuring the current at each of the measure electrodes. 

11. The apparatus of claim 1 further comprising a meter 
for measuring a potential of each of the measure electrodes. 

12. A method of obtaining a resistivity image of an earth 
formation penetrated by a borehole, the method comprising: 

(a) connecting a source of electrical current to each of a 
plurality of measure electrodes at a ?rst electrical 
potential in electrical contact With the formation and 
conveying a beam of measure current corresponding to 
each measure electrode into the formation; 

(b) using at least one guard electrode at a second potential 
substantially encircling each of said plurality of mea 
sure electrodes thereby defocusing the measure cur 
rents for a ?rst distance into the formation, and Wherein 
a magnitude of said second potential is less than a 
magnitude of the ?rst potential; and 

(c) using one of a pad, and, (ii) a secondary guard 
electrode, at a third electrical potential connected to a 
source of electrical current for conveying a current into 
the formation for refocusing the measure current at a 
second distance into the formation, said third potential 
having a magnitude greater than a magnitude of the ?rst 
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potential and said second distance greater than the ?rst 
distance. 

13. The method of claim 12 Wherein the at least one guard 
electrode is at a distance that is one of in contact With the 
formation, and, (ii) in close proximity to the formation. 

14. The method of claim 12 Wherein the pad is at a 
distance that is one of in contact With the formation, and, 
(ii) in close proximity to the formation. 

15. The method of claim 12 further comprising de?ning 
an effective diameter for each of the measure beams Within 
the formation. 

16. The method of claim 12 further comprising arranging 
the measure electrodes arranged in an array on the pad at 
intervals Which are selected to space the measure electrodes 
along circumferential and borehole aXis directions to pro 
vide overlap of a diameter of the plurality of electrodes. 

17. The method of claim 15 further comprising arranging 
the measure electrodes arranged in an array on the pad at 
intervals Which are selected to space the measure electrodes 
along circumferential and borehole aXis directions to pro 
vide overlap of the effective diameter of each of the measure 
beams Within the formation. 

18. The measure of claim 12 further comprising measur 
ing the current at each of the measure electrodes. 

19. The measure of claim 12 further comprising measur 
ing the electrical potential at each of the measure electrodes. 


