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APPARENT RES!STIVITY IN THE PRESENCE OF WELL CASINGS'

F.N. TROFIMENKOFFZ, R.H. JOHNSTON? and J.W. HASLETT?

ABSTRACT

The effect of embedded conductors such as oil und gas well
casings on apparent resjstivity measurements on the curth's
surface is of interest in geophysical exploration directed o
hydracarbon detection. In this paper. a relatively simple and
computationally cfficient method of analysis iy presented 1o
determine the apparent resistivity error caused by the pres-
ence of perfect conductors embedded vertically into the earth.
The conductors may be of arbitrary length. The well casing is
treated mathematicatly as a pertectly conducting prolate ellip-
soid embedded inaninlinite earth, and the potential té which it
rises in the presence of'a point current source is determined by
using the reciprocity principle. The potential in the vicinity of
the ellipsoid and the peint source is then obtained by modelling
the ellipsoid by short line current sources and obtaining the
values of these sources by w matrix inversion, This is equivi-
tent to modelling the well casing by using a sceries ot short
cllipsoids that overlap by a very small amount at the ends. For
practical array geometries and well casing lengths. the numeri-
cal results converge when the casing is sectioned inte 1S or
fewer parts. The currents thus tound are equivilent tw the
currents that sctually flow into the different sections of the
well casing. A field point potential due to the line current
sources and the pomnt current source is then readily found. and
¢an be compared with the undisturbed field paint voltage in the
absence of the well casing. The ratio of these potentials gives
the ratio of the apparent resistivity with and without the casings,
Apparent resistivily profiles caleulated for Schlumberger und
dipole-dipode arrays with adjacent well casings are presented,
and resolts for the Schlumberger urray are compared with field
measurements in Alberta.

[NTRODUCTION

Recent interest in the use of surface electrical mea-
surements for hydrocarbon ¢xploration has raised new
questions regarding possible mechanisms that would
explain measurement anomalies'™. 1t is now generally
recognized that the electromagnetic reflection compo-
nent from subsurface resistivity discontinuitics is 100
small to serve as a reliable indicator™, The most likely
mechanism that could produce observed electrical anom-

alies is the presence of a geochemical halo or plume
above the hvdrocarbon reservoir' . These near-surface
geochemical plumes may produce resistivity, induced
polarization and electromagnetic coupling anomalies
whose characteristics depend strongly on the size and
depth of the geochemical features.

In order to study the nature of the electrical anoma-
lies experimentally, an obvious choice is to traverse
known oil and gas fields. While large anomalies are
observed in this way. there is some guestion as to
whether the presence of well casings contributes to o
major portion of the observed effects.

This problem has been addressed recently” by using
numerical techniques to obtain estimates of the effects
of well casings on apparent resistivity surveys, These
models have been uscd to interpret measured results
over known tields by means of a dipole-dipole transmitter-
receiverarray configuration. Ingeneral. the results have
been imconclusive.

This paper presents an accurate and computationally
efficient method of determining the eftect of well cas-
ings on apparent resistivilty measurements, Measure-
ments over two large Alberta oil ficlds are compared in
an attempt to resolve the questions of whether existing
ficlds may be used as models for exploration in particu-
lar areas, and whether any significant electrical anoma-
lies over hydrocarbon reservoirs are not explained by
the presence of well casings.

MATHEMATICAL FORMULATION

In this work well casings buricd vertically in the earth
are treated as halt-prolate ellipsoids of revolution in an
infinite half space. as shown in Figure 1. A single cur-
rent injection point at some location removed trom the
well casing 1s also shown, where it is understood that
the current return path is completed at an infinite dis-
tunce from the well casing. This configuration can be
analyzed by using the mcthod of images to consider a
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full ellipsoid inan infinite conducting medium, as shown
in Figure 2. For simplicity, the ellipsoid is assumed Lo
have infinite conductivity in the first instance. and to be
in perfect electrical contact with the surrounding carth.

If it is assumed that a positive current is injected al
the source point, the ellipsoid extracts current from the
carth near the injection point and injects current into
the earth at its extremities, as shown in Figure 3. 1f the
magnitude of the current that the cllipsoid {or well
casing) sinks or generates into the earth atong its length
can be caleulated ., the well casing may then be replaced
by a series of current sources and sinks. Once this s
done. the potential at any other point in the earth may
be caleulated with respect to infinity. The ratio of the
potential at any point to the potential that would arise at
that point when the ellipsoid is absent is thenthe normal-
ized apparent resistivity at that location. The potential
of the cllipsoid, V.. when current is injected at a dis-
tance ry from the ¢llipsoid can be found by using the
reciprocity principle. 1 the source current 7, is injected
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Fig. 1. Mode! of a well casing in a conductive earth in the presence of
an injected current |,
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Fig. 2. Analytical model used to represent the well casing embedded
in a conductive half space.

inte the ellipsoid, the source point in guestion takes ona
potential V. given by®

p].f [1+"112+r? (”

= In
4]’5!1 r

Ve

(ry)=. 1 is the length of the well casing.
and p is the resistivity of the carth, The reciprocity
principle then states that V. is also the potential assumed
by the ellipsoid or well ¢asing when current is injected
at the source point under consideration.

To caleulate the current that cach section of the ellip-
soid injects into the ground. the length 27 s sectioned
into M elemental line sources. as shown in Figure 4. In
general. the potential at any peint inaconducting medium
due to a line current source /s given by®
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Fig, 3. Well casing current distribution in the presence of an extermnal
source |..
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Fig. 4. Sectioned line source model of the embedded casing.
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where the dimensions z, r, z, and z» are shown in Figure
5. The potential at a distance  from the line source at
any point along the ellipsoid in Figure 4 can then be
found by using cquation (2). recognizing that cach line
current source will contribute to the potential at the
point of interest. For example, for the uppermost line
source in Figurc 4 it is possible to write

Vao=Rola+ Ry + Rofg + Rl + Ry + Ron Iy (3

where R, = P

41t\}?1 + (417 5)2

_ P2
Ro= 475 ™ [Srd

and

_ Jp 2p +1 _
R = = = —
" {2,0'- 1} p=1234 M-

where ry 15 the radius of the well casing, assumed to be
much smaller than /3, For an arbitrary number of sec-
tions, M. the potential at a radius r, from the centre of
each line source is given by

N
Ve = Re:mls+ E I, Rl'ﬂ—n-l 4)

w= =N

R = &
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where p = 1.23.. . . N
and N = (M — 1)/2.
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For M line sources. M equations result, and they may be
written in matrix form as

Ry Ry R, Ry R,
R1 Rg Ri Rz R3

V| = |[Resm| {c = [R2 By Ko £ Ry| X |f, ()
Ry, R, R, Ry R,

R, Ry Ry Ry Ry

The currents (/) are set so that all Vs become equal
tothe ellipsoid voltage. The matrix may then beinverted
to find the elemental currents that cach line source
generates or sinks, j.e.

[1,,] = [R“] x [Ve — Rogm Is] (6)

The R matrix ts a symmetric Tocplitz matrix and the
currents may be found by using the computationally
efficient Levinsonalgorithm. Alternatively. the symme-
try of the matrix and the line currents may be noted. Itis
then clear that the ellipsoid currents are symmetrical
around the earth surface plane. Therefore [, = [ |,
and the top or bottom N rows of the matrix can be
discarded.

It is further possible to combine the columns that
correspond to the same absolute current subseript, Writ-
ing the matrix in this form gives

Ve— Rew s Ry 2R 2R, ' 2Ry I
R Re+Rs Ry +Ry - : I
Ry, R+ R : : I
= . ) = (7)
Ve = Ron 1, Ry : : : : In

This matrix may be inverted by conventional means
to solve for the elemental line source currents.

Once the elemental currents are found for 4 given
injccted source current, [, equation (2} may be used to
calculate the potential at any point in the source-free
region. This potential consists of the contributions from
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Fig. 5. Relevant dimensions for the calculation of a field point poten-
tial due 10 a line current source.
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Fig. 6. Pian view of a simple electrode array in the presence of a well
casing.
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cach calculated line source and from the injected cur-
rent [.. Thus

VF.P = 10R5F0+2[1 Ref"1+2[2 ReF2+]s RsF %)

where
ReFm = p
4R \1;2 + (2ml/ M)§
and
Ry = P
4na

The normalized apparent resistivity pu/p s then given
by

Pa Vep

p I, R (9)

I

An cxample of a p,/p profile tor the array geometry of
Figure 6 i~ given in Figure 7.

Foragiven well casing of finite length. an appropriate
choice for the number of elemental line sources. M. is
important. In general, the larger the value of M, the
betterthe convergence toafinal answer. Asanexample.
the solution for a casing 3000 min length with a current
injection point 200 m away will converge to within 1%
ofafinal answerwhenM — [Sisused. Thisfinabanswer
has been caretully checked by wtechmique that doces not
require invoking the reciprocity principle.
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Fig. 7. Apparent resistivity profile obtained by stepping the simple
array of Figure 6 past a single well.

Fig. B. Plan view of a Schlumberger array and a single well.

EXTENSION 1O PRACTICAL MEASUREMENT ARRAYS

The results obtained by using equation (7) can readily
be extended to the case of dual-current injection points
and dual-potential pickup arrays. such as those encoun-
tered in practice. by using the principle of superposition.
Typical peometries tor the Schlumberger and dipole-
dipole arrays are shown in Figures 8 and 9.

Example resistivity profiles for sets of 2. 4 and 6well
casings 7" in diameter and 8000 f1 long are shown in
Figures 10 and (1. for the Schiumberger and dipole-
dipole arrays. The wells are situated at the centres of

Fig. 9. Plan view of a dipole-dipole array and a single well.
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Fig. 10. Theorstical Schlumberger resistivity profiles for sets of 2, 4
and & wells on LSD spacings.
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Fig. 11. Theoretical dipole-dipole resistivity profiles for 2, 4 and 6
wells on LSD spacings.



APPARENT RESISTIVITY 69

legal subdivisions (1.SDs), a situation often encoun-
tered in practice. As can be seen, the nature of the
profile obtained depends strongly on the well plan, so
that no general statement of the shape of an expected
profile can be made.

INCLUSION OF INTERNAL CASING RESISUVANCE
AND SURFACE IMPEDANCE

The calculations described above are based on a per-
fect conductor that is in perfect contact with the sur-
rounding carth. In practice, finite casing resistance and
surface impedance. although small, can substantially
alter the results obtained on the basis of these assumptions.
A casing bulk material resistivity of 2.5 « 10 7 ohm-
metres, for example, can reduce the effect of the well
casing by as much as a factor of two. becausc of the
redistribution of currents that results in the model as
resistance effects arcincluded. Similar effects are obtained
for realistic values of surtace impedance. A substantial
amount of work has been done on these effects and will
be described in future publications. However. it can be
stated that the results obtained from the simple theory

presented here consistently overestimate the effect of

the casimgs.

A CASE STuby

Inanattempt to determine whether well casing effects
in the field arc as theoretically predicted, resistivity
profiles were run near a drilling location with and with-
out drill string in the hole. The results are shown in
Figure 12, Unlortunately. an cxceptionally heavy rain
occurred between the two sets of measurements. und a
buried fence wire near the traverse caused some snall
changes in the first stations as shown, Nevertheless, it
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Fig.12. A case study of the effects of drill string using a Schlumberger
array.

is clear that only small differences were seen between
the two profiles, as expected theoretically for the geom-
etries involved.

MEASUREMENTS OVFR KNOWN FIEI.DS IN ALBERTA

Resistivity profiles were also measured overtwo large
Alberta hvdrocarbon reservoirs, as shownin Figures 13
and 14. The measurements were made by using a con-
ventional Schlumbergerarray, and the resultingresistiv-
ity profiles are shown in Figures 13 and 16. Also shown
are the subsurface structural profiles, and the theoreti-
cal resistivity profiles that would be expected on the
basis of well casings only. These theorctical profiles
were calculated to include exact details of each well
within a half-milc of the traverse, bascd on data avail-
able from well completion records for the ficlds. In
addition, it must be noted that the theoretical profiles
are overestimales of the etfects of the casings because
they do not include casing resistance and surtace impe-
dance effects.

In both the Innistail and Bonnie Glen ficlds a large
residual resistivity anomaly remains after the citects of
well casing are removed. suggesting that some effect
other than well casing is causing the observed resistiv-
ity anomalies.

CONCLUSION

An accurate and computationally efficient technique
for calculating the effects of well casing on geophysical
resistivity surveys has been described. Field measure-
ments over two large hydrocarbon reservoirs in Alberta
have been corrected for well casing cffects. and a sub-
stantial resistivity anomaly remains, suggesting that
such anomalics may exist and provide usetul explora-
tion input in addition to seismic and other data.
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