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METHOD FOR DRILLING DIRECTIONAL
WELLS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

This invention relates generally to borechole formation
evaluation instrumentation and methods of using such
instrumentation in the drilling of directional wells. More
particularly, this invention relates to a method for measuring
the position of a drilistring while drilling a horizontal
borehole and maintaining the drillstring within desired
boundaries using electromagnetic propagation based earth
formation evaluation tools.

Borehole formation evaluation tools are known which
measure phase and/or amplitude of electromagnetic waves
to determine an electrical property (such as resistivity or
permitivity) of a section of a borehole. Typically, the exist-
ing tools used for this application are composed of one or
more transmitting antennas spaced from one or more pairs of
receiving antennas. An electromagnetic wave is propagated
from the transmitting antenna into the formation surround-
ing the borehole and is detected as it passes by the two
receiving antennas. In a resistivity measuring tool, magnetic
dipoles are employed which operate in the mf and lower hf
spectrum. In contrast, permitivity tools utilize electric
dipoles in the VHF or UHF and microwave ranges.

In a known resistivity sensor of the type hereinabove
discussed which is used by Teleco Qilfield Services, Inc.,
assignee of the present application, the resistivity sensor
measures both phase difference and amplitude ratio to
provide two resistivities with different depths of investiga-
tion. A signal received in a first (far) receiving antenna is
shifted in phase and its amplitude will be less than the signal
received in a second (near) receiving antenna. Resistivities
are then derived from both the phase difference (R, ;) and the
amplitude ratio (R ,) of the received signals. The differential
measurement is primarily responsive to the formation oppo-
site the receiving antennas and is less sensitive to the
borehole and/or variations in the transmitted signal as in
prior art sensing devices. An example of a formation evalu-
ation instrument of this type is described in FIGS. 1 and 2
of U.S. Pat. No. 5,001,675 which is assigned to the assignee
hereof and fully incorporated herein by reference. The
formation evaluation too} acquires the resistivity data in real
time and then transmits this information to the drilling
operator using any suitable measurement-while-drilling
transmussion technique such as mud pulse telemetry (see
U.S. Pat. Nos. 3,982,431, 4,013,945 and 4,021,774) or the
information is stored downhole for review after retrieval of
the tool.

In drilling a horizontal well, the goal is to drill the well in
such a way that the well stays within the pay zone (i.c., a
selected bed or stratum) for as long as possible in order to
achieve a higher recovery rate. Before drilling a horizontal
well, a course of drilling is planned based on knowledge
about the pay zone and the boundaries between the pay zone
and its neighboring beds. Because of the uncertainties in the
knowledge about the bed boundaries and the errors in
directional drilling, the well being drilled often can not stay
in the pay zone as desired. It is, therefore, very important to
know the relative position of the drill bit and the well with
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respect to the bed boundary in real time so that when the well
is very close to the bed boundary, proper action is taken,
ensuring that the well wil] stay within the pay zone.

SUMMARY OF THE INVENTION

The above-discussed and other drawbacks and deficien-
cies of the prior art are overcome or alleviated by the method
for drilling directional wells (e.g., horizontal wells) of the
present invention. In accordance with the present invention,
this drilling method comprises drilling a substantially ver-
tical well (genecrally referred 1o as an offset well) and
generating a first log of resistivity as a function of depth or,
as will be discussed later, an assumed log is generated from
knowledge other than a vertical well. Using any one of a
number of known dipping bed modeling techniques, this
first log 1s then modeled to provide a second log which is
indicative of resistivity of a selected bed (or stratum) along
a horizontal or substantially horizontal direction. A direc-
tional well (a second well or borehole) is then drilled near
the offset well. The directional well is initially vertical and
turns substantially horizontal in the substantially horizontal
(previously selected) bed. A measurement-while-drilling
(MWD) eleciromagnetic propagation tool i1s employed dur-
ing the directional drilling to provide a third log (i.e., a
horizontal log) while drilling (e.g., in real time). The third
log 18 compared to the second log (i.e. the modeled hori-
zontal log) so that the location of the drillstring (and
therefore the horizontal well) can be determined and the
direction of drilling corrected or adjusted accordingly so that
the drillstring 18 maintained within the desired stratum.

Bed boundaries (i.e., where adjacent beds meet) cause
three distinct features (i.€., separation, dips and horns) in the
horizontal logs. In accordance with the above-described
method of this invention, these features can be used 1o detect
the presence of the bed boundaries in drilling horizontal or
nearly horizontal wells (i.e., the directional well).

In another embodiment of this invention, no initial ver-
tical well is drilled. Instead, assumptions are made about the
resistivities of the vertical strata from other information such
as geological knowledge of the area or siesmic measure-
ments, These assumed resistivities are used in the aforemen-
tioned dipping bed model to generate the modeled log of the
substantially horizontal stratum, Thereafier, as in the first
embodiment, the real time resistivity log of the directional
well 1s compared to the modeled log 1o correct or adjust the
dnilling operation so as to maintain the drillstring within a
desired substiantially horizontal stratum.

Modeling can also be carried out on site with the position
of the resistivity tool relative to the bed boundary as an input
to the model. The tool’s position relative to the bed bound-
aries is varied in the model calculations until the real time
resistivity log is reproduced. By so doing, the tool’s Posi-
tion, and therefore the drill bit and well relative to the bed,
1s determined.

The above-discussed and other features and advantages of
the present invention will be appreciated and understood by
those skilled in the art from the following detailed descrip-
tion and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings, wherein like elements are
numbered alike in the several FIGURES:

FIG. 1 is front elevation view, partly in cross section, of
a portion of an electromagnetic propagation resistivity tool
in a substanfially vertical borehole;
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FIG. 2 is a front elevation view, partly in cross section, of
the electromagnetic propagation resistivity tool in a substan-
tially horizontal portion of a directional borehole;

FIG. 2A is a schemalic diagram of an electromagnetic
propagation resistivity tool shown passing through several
bed boundaries at a selected dipping angle;

FIG. 3 is a schematic diagram of the electromagnetic
propagation resistivity tool in the directional well of FIG.
2A;

FIGS. 4A-4E are charts showing the phase difference
resistivity and amplitude ratio resistivity of the electromag-
netic propagation resistivity tool in the directional borehole
of FIG. 2A, FIG. 4A shows resistivity as the tool travels 1nto
and out of a 50 ohm-meter bed in a vertical well (0 degree
dipping angle) FIG. 4B shows resistivity as the tool travels
into and out of the 50 ohm-meter bed at a 45 degree dipping
angle, FIG. 4C shows resistivity as the tool travels into and
out of the 50 ohm-meter bed at a 60 degree dipping angle,
FI1G. 4D shows resistivity as the tool travels into and out of
the 50 ohm-meter bed at a 75 degree dipping angle, and FIG.
4E shows resistivity as the tool travels into and out of the 50
ohm-meter bed at a 90 degree dipping angle (honzontal
well);

FIG. § is a modeled response of phase difference rests-
tivity and amplitude ratio resistivity of the electromagnetic
propagation resistivity tool of FIG. 2A in a 200 ohm-meter
bed at a 90 degree dip angle;

FIG. 6 is a log chart of a first experimental directional well
in accordance with the present invention;

FIG. 7 is a log chart of a second experimental directional
well in accordance with the present invention; and

FIG. 8 is a chart of a model of the log of FIG. 7.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Naturally formed geological bed boundaries are not nec-
essarily horizontal and may not be perfect planes. During
directional drilling (i.e., horizontal drilling), a predeter-
mined course of drilling cannot ensure that the well being
drilled stays in the producing bed. Thus, an i1mportant
concern in horizontal drilling is early detection of thc bed
boundary so that the well can be maintained in the hydro-
carbon producing bed.

Referring to FIG. 1, a substantially vertical well 10 (i.e.,
borehole or dipping bed) is drilled near a desired well
location in accordance with well known methods. Well 14 is
a vertical offset well from which formation resistivity infor-
maltion is initially collected (i.e., a log). An electromagnetic
propagation resistivity tool 12 (generally incorporated into a
drill string 14 for measurement-while-drilling) 1s shown
disposed in well 10. Tool 12 is typically two MHz. Well 10
extends across several formations identified at 135, 16, 17 and
18. Well 10 has drilling fluid 19 flowing therein. Tool 12
includes a transmitter antenna 20, a near receiver antenna 22
and a far receiver antenna 24. In this example, the distances
between transmitter antenna 20 and near and far receiver
anitennas 22,24 are 27.5 and 34.5 inches, respectively.
Antennas 20, 22 and 24 are disposed on a drill collar which
houses the electronics for transmitting a electromagnetic
wave by antenna 20 to be detected by antennas 22 and 24.
Tool 12 is known in the art and described in FIG. 1 of

aformentioned U.S. Pat. No. 5,001,675,

In accordance with a first embodiment of the method of
this invention, resistivity as a function of depth is logged by
100l 12 so that the resistivities in the formations 15-18 and
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the bed boundaries which separate them can be determined.
This resistivity measurement is then used in dipping bed
modeling to approximate the response of tool 12 during
horizontal drilling. As will be discussed with reference to
FIG. 2, during actual drilling of horizontal or near horizontal
wells using a drillstring which incorporates tool 12, resis-
tivity readings from tool 12 are compared to the model and
used to detect bed boundaries in horizontal and near hori-
zontal wells. Based on these comparisons, adjustments 1o the
directional drilling operations can be made to maintain the
drillstring within a desired pay zone or stratum.

The model approximates the antennas 20, 22, 24 as
dipoles (the steel drill string 14 and borehoie effects are not
included). The dipole approximation provides a good
approximation except when the tool is within a few inches
of a bed boundary (e.g., between strata 17 and 18) and the
dipping angle is large (as described hereinafter). There are
different, well known methods which can be used 1o carry
out dipping bed model calculations. In the following
example, the model described in an article entitlied “Com-
putation of Induction Logs in Multiple-Layer Dipping For-
mation”, IEEE Trans. on Geoscience and Remole Sensing,
Vol. 27, No. 3 (1989), p. 259, by Ming Huang and Liang C.
Shen is used, the entire contents of which is incorporated
herein by reference.

Referring now to FIG. 2, a second well or borehole 26
(i.e., a directional well) is drilled which is initially vertical
and is thereafter directed generally horizontally into a pay
zone (i.e., hydrocarbon producing bed 17) selected from the
the offset well 10 resistivity log or otherwise. By comparing
the modeled tool response to the real uime tool response
during horizontal drilling, it can be determined approxi-
mately where in well 26 the tool 12' is, and thereby the
location of the borehole. The direction of drilling 1s shown
by arrow 28. Based on this comparison, the drilling operator
can adjust and/or correct the directional drilling operations
to maintain the drilling in a desired stratum. 2A 1s a
diagrammatic view of the direction well at any angle 9 with
FIG. 2 being the special case where 8 equals 90 degrees.

EXAMPLES

In this example the thickness of the hydrocarbon produc-
ing bed 17 is 60 feet. Bed 17 and the shoulder resistivities
are 50 and 2 ohm-meters, respectively. A schematic plot of
the formation geometry and the tool is shown in FIG. 3. The
true vertical depth 32 is defined as the distance between the
upper bed boundary 34 and the midpoint between the two
receiver antennas 36 (the tool measure point). A negative
true vertical depth means that the midpoint 1s in the upper
shoulder bed. In the following, the distance between the tool
and the bed boundary is the magnitude of the true vertical
depth.

Referring to FIGS. 4A—4E, apparcni resistivities are plot-
ted as functions of vertical depth for O, 45, 60, 75, and 90
degree dipping angles, respectively. Dipping angle 38 (FIG.
3) is defined as the angle between the borechole and the
perpendicular to the bedding plane. On a vertical depth plot,
the effect of dipping is negligible for dipping angles from O
degrees up to about 45 degrees (FIG. 4A and 4B). At about
60 degrees (FIG. 4C), horns 40 in apparent resistivities (i.¢.,
phase difference resistivity and amplitude ratio resistivity)
appear around the bed boundaries. Horns 40 are produced by
the interference between the electromagnetic wave gener-
ated by the transmitter antenna 20 as well as the bulk eddy
currents and the electromagnetic wave generated by the
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surface charges on the bed boundary caused by the discon-
tinuity. A solid line 42 represents phase difference resistivity
and a dashed line 44 represent amplitude ratio resistivity. As
the dipping angle 38 increases, the horns 40 become more
pronounced (e.g., at 75 degrees, FIG. 4D). Near 90 degrees
(F1G. 4E), the values of horns 40 are off scale and the width
of the phase resistivity horn i1s about 1.5 feet. Near 90
degrees, the response does not change very much with the
dipping angle. For example, the response at 85 degrees is
almost identical to that of 90 degrees as functions of true
vertical depth. In honizontal well 26 inside a relatively
resistive bed, the phase difference resistivity readings drop
when the tool is about 4 feet away from the conductive
boundary and then rise drastically as the 100l approaches the
bed boundary. Phase and amplitude resistivities sg¢parate
when the tool is about 10 feet away from the boundary. The
separation becomes significant when the distance between

the tool and the boundary is 6 feet.

In this particular example, three features can be used to
detect a conductive bed boundary is a horizontal well;
resistivity horns 40; resistivity drops; and phase and ampli-
tude resistivity separation. The phase resistivity horns 40 are
detectable when the tool is about 1 foot away from the bed
boundary. The resistivity drops can identify the bed bound-
ary presence when tools are about 4 feet away. Bed bound-
aries causc a significant phase and amplitude resistivity
separation when tools are up to 6 feet away.

The phase and amplitude resistivity separation feature are
preferred to identify the bed boundary since it provides the
earliest detection. When the tool 12 is 6.5 feet away from the
bed boundary, the separation between the phase and ampli-
tude resistivities 1s about 20 percent of the true bed resis-
tivity. If the phase and the amplitude resistivity separation
caused by other factors (¢.g., invasion, tool eccentering or
dielectric effects) is less than 20 percent, the bed boundary
can be detected when the boundary is 6.5 feet away. At 87
or 93 degree dipping angle, 6.5 foot vertical depth corre-
sponds to 130 feet in measured hole depth. If 30 percent
separation criteria is used, the bed boundary can be detected
when the tool is 5 feet away from the boundary. In practice,
however, many factors may cause phase and amplitude
resistivity separations. Amplitude resistivity readings of tool
12 may not be reliable at very high resistivities. Therefore,
separation of phase and amplitude curves can provide early
bed boundary detection in a limited number of situations.

When amplitude resistivity readings are not reliable, the
phase resistivity drop feature is preferred for the detection of
conductive bed boundaries. The phase resistivity is 8 percent
lower than the bed resistivity if the tool is 4 feet away from
the bed boundary. If 20 percent drop criteria is used, the bed
boundary can be identified when tool 12 is 2.5 feet away. At
87 or 93 degrees. 2.5 feet in vertical depth corresponds to 50
feet in measured depth. If the drill bit 1s 20 feet ahead of the
tool, the bed boundary can be detected when the drill bit is
I foot away from the bed boundary.

The horns in resistivity readings provide the most unam-
biguous signature of the bed boundary presence since no
other known physical effect can produce a horm of this
magnitude 1n apparent resistivity readings. However, the
tool has to be about 1.5 feet or closer to the bed boundary
to detect these homs. In most cases, when a horn 40 shows
up in the resistivity log, the drill bit has already crossed the
boundary. In situations where the penalty for the bit’s
crossing the bed boundary is small or none, horns 40 can be
used as the bed boundary detector. In any case, horns 40 on
resistivity logs signify with certainty the presence of a bed
boundary.
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In a second example similar to the first example, the bed
thickness and the shoulder resistivity are same as those of
the first example. The bed resistivity 1s 200 ohm-meters. In
FIG. 3, phase and amplitude resistivities 42',44" are plotted
as functions of true vertical depth. The dipping angle is 90
degrees. The three features are simiiar 1o those in the first
example (FIGS. 4A-D) with only quantitative differences.
The Phase and amplitude resistivity separation is 20 percent
of the bed resistivity when the tool 1s 12 feet from the
boundary. At 10 feet the separation 1s 30 percent. The phase
resistivity drop 15 20 percent at 4 feet. The horn width is
about the same as that in the first example.

Therefore horns, resistivity drops, and phase and ampli-
tude resistivity separations can be used to detect the pres-
ence of a bed boundary. It will be appreciated that this
method of maintaining a directional borehole in a bed (i.e.,
detection of bed boundaries) can be employed without the
offset well and, thus without the vertical resistivity logs for
comparison. The horns provide the most reliable detection,
but the tool has to be about 1.5 feet from the boundary. The
phase and amplitude resistivity separation feature can detect
the boundary from a relatively large distance. This feature
can not be used when other factors cause large phase and
amplitude resistivity separations or when the amplitude
resistivity readings are not reliable.

FIELD TEST

Referring to FIG. 6, in a first field test, a wireline
induction log 46 of a vertical well (in accordance with a first
step of the method of this invention and corresponding to the
vertical dnlling shown in FIG. 1) indicates that there is a 60
loot thick gas producing sand bed located at about 1700 feet
below the sea level. The upper shoulder is shale whose
resistivity is about 2 ohm-meters. The lower shoulder is a
water and sand stratum with a resistivity of 0.6 ohm-meters.
The 1nduction resistivity in the bed varies significantly. The
average 15 about S0 ohm-meters, without shoulder bed effect
correction. The bed ts not compietely horizontal, but the dip
is at most a few degrees.

In order to avoid water coning, it is desired that the
horizontal wells should stay in the top third of the producing
bed. In drilling the horizontal portions of the wells, 2 MHz
electromagnetic resistivity MWD tools of the type described
with reference to U.S. Pat. No. 5,001,675 are used.

Resistivity log 46 shows phase difference resistivity
(RPD), amplitude ratio resistivity (RAR), true vertical depth
(TVD), natural gamma ray, and inclination are plotied as a
function of measured hole depth. Two horns are present on
the phase resistivity curve 48. From the vertical depth
reading, one can see that both homns indicate the upper bed
boundary crossing at 40. The first horn 52 signifies the tool
entering 1nto the pay bed from the upper shoulder. The
second horn 54 shows the tool leaving the bed and entering
the upper shoulder. Unfortunately, since 200 ohm-meters is
above the range of the amplitude ratio resistivity measure-
ment, the phase and amplitude resistivity separation feature
can not be seen. The phase resistivity drop feature is present.
Since the phase resistivity reading in the bed fluctuates
somewhat, one must be cautious when using thc phase
resistivity drop feature to detect the bed boundary in situa-
tions like this.

Referring to FIG. 7, a log 56 from a second field test is
shown. As in the previous well log (FIG. 6), the tool entered
the bed from the upper shoulder and again exited the bed
into the upper shoulder. Two horns 58 appear when the tool

3
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crosses the upper bed boundary. The double horns are likely
caused by another layer of sand in the upper shoulder.

In accordance with a second step of this-invention, the log
56 in FIG. 7 is modeled in a dipping bed model (such as the
aforementioned model by Huang and Shen). FIG. 8 shows
the model response obtained with a one foot sand layer
located 3 feet above the 60 foot sand bed. The well enters the
pay sand at 87 degrees and leaves the pay sand at 93 degrees.
The hole depth offset is arbitrarily chosen. The well path as
a function of hole depth is also shown. As mentioned, the
model response in FIG. 8 reproduces, at least qualitatively,
the log 56 in FIG. 7. The amplitude resistivity under the first
phase resistivity horn, according to the model, is measur-
able, but it is not around 20 chm-meters which is shown 1n

log 56.

Log §6 (FIG. 7) is essentially symmetrical about an
midpoint of 3425 feet measured depth. This phenomenon is
due to the fact that this depth corresponds to the deepest
stratigraphic penetration into the producing sand. At mea-
sured depths below 3435, the well has turned upward (an
inclination greater than 90 degrees) and 1s drilling strati-
graphically upwards out of the top of the producing sand.
The section below 3435 is compressed with respect to the
section above this point duc to a greater apparent dip angle
between the borehole and the formation. Similar symmetry
can be seen in log 46 (FIG. 6), which reaches its deepest
stratigraphic penetration at roughly 3600 feet measured
depth. Also note the similarity between these actual logs 46,
56 and the modeled log response of FIG. 8.

The mode! response study shows that the horns, the
resistivity drops, and the phase and amplitude resistivity
separations in horizontal well logs are due 10 the bed
boundary presence. The three features (resistivity horns,
resistivity drops and phase and amplitude resistivity sepa-
rations) can be used to detect the presence of bed bound-
aries. The resistivity homs and the phase resistivity drop
feature are present in both horizontal well logs 46, 56.

As a bed boundary is detected, this information is passed
on to the directional dnlling operator who will adjust the
drilling parameters to alter the drilling direction and thereby
maintain the drilistring within the desired horizontal stra-
tum.

In a second embodiment of this invention, no vertical well
is required. Instead, assumptions are made about the resis-
tivities of the vertical strata from other information such as
geological knowledge of the area or seismic measurcments.
These assumed resistivities are used in the aforementioned
dipping bed model to generate the modeled log of the
substantially horizontal stratum. Thereafter, as in the first
embodiment, the electromagnetic propagation resistivity
tool is used in the directional well to obtain a real time
resistivity log of the substantially horizontal stratum. That
log is then compared to the modeled log with the comparison
being used to adjust or correct the drilling operations to
maintain the dnllstring within the desired stratum.

In a third embodiment of this invention, either the actual
dipping bed model or a library of the output resistivity logs
of the dipping bed model for varying conditions 1s employed
in real time as the well is actually being drilled. The term
“library”’ means a group of previously generated dipping bed
model log outputs for various expected downhole conditions
(similar to a “look-up” table). As the real time resistivity log
is the real time generated model resistivity logs or with the
library of modeled resistivity logs. Input parameters to the
model or to the library are then modified until the output
agrees or matches with the real time resistivity log. At that
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time the input parameters are assumed to be correct. The
input parameters consist of a selected combination of the
bed resistivities, the bed thicknesses and the dipping angle.
The input parameters from the matched modeled log can be
used to assist the drilling operator in maintaining the drill-
string within the selected stratum.

While the the preferred embodiments have been shown
and described, various modifications an substitutions may be
made thereto without departing from the spirit and scope of
the invention. Accordingly, it is 1o be understood that the
present invention has been described by way of illustrations
and not limitations.

What is claimed is:

1. A method of locating a substantially horizontal bed of
interest in a formation and maintaining a drilistring therein
during the drilling operation, said dnllstring including a
measurement-while-drilling (MWD) electromagnetic propa-
gation resistivity sensor, comprising the steps of:

drilling a substantially vertical offset well 1in a formation
having at least one selected substantially horizontal bed
therein;

measuring resistivity in the formation at the offset well to
provide a first resistivily log as a function of depth;

modeling the substantially horizontal bed to provide a
modeled resistivity log indicative of the resistivity
taken along the substantially horizontal bed, said mod-
eling being based on said first resistivity log;

drilling a directional well in said formation near said
offset well, a portion of said directional well being
disposed in said substantially horizonal bed,;

measunng resistivity in said directional well using the
MWD clectromagnetic propagation resistivity sensor to
provide a second log of resistivity taken substantially
horizontally;

comparing said second log 10 said modeled log to deter-
mine the location of said directional well; and

adjusting the directional drilling operation so as 10 main-
tain said drillstring within said substantially horizontal
bed during the drilling of said directional well 1n
response to said comparing step.
2. The method of claim 1 wherein said second log and said
modeled log comprises:

at least one resistivity horn being indicative of a boundary

between said bed and an adjacent bed.

3. The method of claim 2 wherein said horn is a phase
difference resistivity horn.

4. The method of claim 2 wherein said hormn 1s an
amplitude ratio resistivity horn.

5. The method of claim 1 wherein said second log and said
modeled log are phase difference resistivity logs.

6. The method of claim 1 wherein said second log and said
modeled resistivity log are amplitude ratio resistivity logs.

7. The method of claim 1 wherein said adjusting step
further includes:

maintaining said drillstring within the upper poruion of

said bed during the drilling of said directional well in
response Lo said comparing.

8. A method of locating a substantially horizontal bed of
interest in a formation and maintaining a drillstring therein
during the drilling operation, said drlistring including a
measurement-while-drilling (MWD) electromagnetic propa-
gation resistivily sensor, comprising the steps of:

drilling a substantially vertical offset well in a formation

having at least one selected substantially horizontal bed
therein;
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measuring resistivity in the formation at the well to
provide a first resistivity log as a function of depth;

modeling the substantially horizontal bed to provide a
modeled resistivity log indicative of the resistivity
taken along the substantially horizontal bed, said mod-
eling being based on said first resistivity log;

drilling a substantially horizontal well within said sub-
stantially horizontal bed,;

measuring resistivity in said horizontal well using the
MWD electromagnetic propagation resistivity sensor to
provide a second log of resistivity taken substantially
horizontally:

comparing said second log to said modeled log to deter-
mine the location of said horizontal well; and

adjusting the horizontal drilling operation so as to main-
tain said drillstring within said substantially horizontal
bed during the drilling of said well in response to said
comparing siep.

9. A method of locating a substantially horizontal bed of
interest in a formation and maintaining a drillstring therein
during the drilling operation, said drillstring including a
measurement-while-drilling (MWD) electromagnetic propa-
gation resistivity sensor, comprising the steps of:

generating a first resistivity log for a substantially hori-
zontal bed using assumed resistivity values for a
desired course of drilling in a preselected dipping bed
model 10 provide a modeled resistivity log indicative of
the resistivity taken along the substantially horizontal
bed in a formation;

drilling a directional well in said formation, a portion
drilling a directional well in said formation, a portion of
said directional well being disposed in said substan-
tially horizontal bed;

measuring resistivity in said directional well using the
MWD electromagnetic propagation resistivily sensor to
provide a second log of resistivity taken substantially
horizontally;

comparing said second log to said modeled first log to
determine the location of said directional well; and

adjusting the directional drilling operation so as to main-
tain said dnllstring within said substantially horizontal
bed during the drilling of said directional well in
response 1o said comparing step.
10. The method of claim 9 wherein said second log and
said modeled log comprises:

at least one resistivity horn being indicative of a boundary

between said bed and an adjacent bed.

11. The method of claim 10 wherein said horn is a phase
difference resistivity horn.

12. The method of claim 10 wherein said horn is an
amplitude ratio resistivity horn.

13. The method of claim 9 wherein said second log and
said modeled log are phase difference resistivily logs.

14. The method of claim 9 wherein said second log and
said modeled resistivity log are amplitude ratio resistivity
logs.

15. The method of claim 9 wherein said adjusting step
further includes:

maintaining said dnllstring within the upper portion of

said bed during the drlling of said directional well in
response to said comparing.

16. A method of locating a substantially horizontal bed of
interest in a formation and maintaining a drillstring therein
during the dnlling operation, said drillstring including a
measurecment-while-dnlling (MWD) electromagnetic propa-
gation resistivity sensor, comprising the steps of:
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generating a group of dipping bed model logs for various
expected downhole conditions;

drilling a directional well in a formation, a portion of said
directional well being disposed in a substantially hon-
zontal bed;

measuring resistivity in said directional well using the
MWD electromagnetic propagation resistivily sensor (o
provide a real time log of resistivity taken substantially
horizontally;

comparing said real time log to at least one of the model
logs in said group of dipping bed model logs until onc
of said model logs substantially matches said real time
log defining a matched model log;

using input parameters from said matched model log to
determine the location of said directional well; and

adjusting the directional dnlling operation so as 10 main-

tain said drilisiring within said substantially honzontal

bed during the drilling of said directional well in
response to said comparing step.

17. A method of locating a substantially hornizontal bed of

interest in a formation and maintaining a dnlistring therein

during the dnlling operation, said drillstring including a
measurement-while-drilling (MWD) electromagnetic propa-
gation resistivity sensor, comprising the steps of:

drilling a directional well 1n a formation, a portion of said

directional well being disposed in a substantially hori-
zontal bed;

measuring resistivity in said directional well using the
MWD electromagnetic propagation resistivity Sensor 1o
provide a real time log of resistivity taken substantiaily
horizontally;

generating a model resistivity log from a presclected
dipping bed model for a substantially horizontal bed
using input values selected so that the model resistivity
log will substantially match the real time log defining
a matched model log;

using put parameters from said matched model log to
determine the location of said directional well; and

adjusting the directional drilling operation so as to main-
tain said drillstring within said substantially horizontal
bed during the drilling of said directional well in
response to said comparing step.

18. A method of locating a bed of interest in a formation
and maintaining a drillstring therein during the drilling
operation, said drillstring including a measurement-while-
drilling (MWD) resistivity sensor, comprising the steps of:

(1) modeling ar least one substantially horizontal bed 10

provide a modeled resistivity log indicative of the
resistivity taken along the substantially horizontal bed,
said modeling being based on information related to
said substantially horizontal bed;

(2) drilling a directional well, a portion of said directional
well intended to be disposed in said substantially
horizontal bed;

(3) measuring resistivity in said directional well using the
MWD resistivity sensor to provide a measured log of
resistivity; and

(4) comparing the measured log to said modeled log to
determine the location or position of said directional
well with respect to said substantially horizontal bed.

19. The method of claim 18 including the step of:

adjusting the directional drilling operation so as to main-
tain said drillstring within said substantially horizontal
bed during the drilling of said directional well in
response to said comparing step.
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20. The method of claim 18 wherein:

said tnformation is selected from at least one of (a) data
from an offset well which intersects with said horizontal
bed, (b) seismic data, (c) assumptions of the horizontal
bed, and (d) prior geological knowledge of the hori- 5

zontal bed.
21. The method of claim 18 including the steps of:

identifving at least one resistivity horn in said measured
log; and
using said resistivity horn as an indicator of a boundary 10
between said substantially horizontal bed and an adja-
cent bed.
22. The method of claim 21 wherein said comparing step
further includes:

comparing said measured resistivity horn to said modeled 15
resistivity log to determine the location or position of
said directional well.

23. The method of claim 21 wherein said horn is a phase
difference resistivity hormn.

24. The method of claim 21 wherein said horn is an
amplitude ratio resistivity horn.

23. The method of claim 18 wherein said measured log
and said modeled log are phase difference resistivity logs.

26. The method of claim 18 wherein said measured log
and said modeled log are amplitude ratio resistivity logs.

27. The method of claim 18 wherein said measured log
and said modeled log include both phase difference resis-
tvity logs and amplitude ratio resistivity logs.

28. The method of claim 19 wherein said adjusting step
further includes:

maintaining said drillstring within the upper portion of
said bed during the drilling of said directional well,
29. The method of claim 18 wherein said measured log
includes resistivity from phase difference and reststivity from
amplitude ratio and including the steps of:
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identifying separations between said phase difference and
amplitude ratio in said measured log,; and

using said separations as an indicator of a boundary
between said substantially horizontal bed and an adja-
cen! bed.

30. The method of claim 18 including the steps of:

identifying resistivity drops in said measured log, and

40

using said resistivity drops as an indicator of a boundary
between said bed and an adjacent bed,
31. The method of claim 18 wherein:

said MWD resistivity sensor comprises an electromag-
netic propagation resistivity tool.
32. The method of claim 18 wherein:

said measured log and said modeled log are derived from
at least one of phase and amplitude measurements of an
electromagnetic propagation resistivity tool.

33. The method of claim 18 wherein:

said measured log and said modeled log are derived from
at least one of phase and amplitude measurements of an
electromagnetic propagation resistivity tool.

34. A method of locating a bed of interest tn a formation
and maintaining a drillstring therein during the drilling
operation, said drillstring including a measurement-while-
drilling (MWD) resistivity sensor, comprising the steps of:

measuring resistivity in the formation at an offset well to

provide a first resistivity log as a function of depth, the
offset well having at least one selected substantially
horizonial bed therein;

modeling the substantially horizontal bed to provide a
modeled resistivity log indicative of the resistivity taken
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along the substantially horizontal bed, said modeling
being based on said first resistivity log;

drilling a directional well in said formation near said
offset well, a portion of said directional well intended
to be disposed in said substantially horizontal bed,

measuring resistivity tn said directional well using the
MWD resistivity sensor to provide a second log of
resistivity taken substantially horizontally; and

comparing said second log to said modeled log to deter-
mine the location or position of said directional well

with respect to said substantially horizontal bed.
35. The method of claim 34 including the step of:

adjusting the directional drilling operation so as to main-
tain said drillstring within said substantially horizontal
bed during the drilling of said directional well in
response to said comparing step.

36. The method of claim 34 wherein said adjusting step

further includes:.

maintaining said drillstring within the upper portion of
said bed during the drilling of said horizontal well.
37. A method of locating a bed of interest in a formation
and maintaining a drillstring therein durning the drilling
operation, said drillstring including a measurement-while-
drilling (MWD) resistivity sensor, comprising the sieps of:

(1) modeling at least one substantially horizontal bed to
provide a modeled resistivity log indicative of the
reststivity taken along the substantially horizontal bed,
said modeling being based on information related to
said substantially horizontal bed,

(2) drilling a substantially horizontal well within said
substantially horizontal bed, a portion of said horizon-
tal well intended 10 be disposed in said substannially
horizontal bed;

(3) measuring resistivity in said horizontal well using the
MWD resistivity sensor to provide a measured log of
resistivity taken substantially horizontally; and

(4) comparing the measured log to said modeled log to
determine the location or position of said horizontal
well with respect 1o said substantially horizontal bed.

38. The method of claim 37 including the step of:

adjusting the directional drilling operation so as to main-
tain said drillstring within said substantially horizontal
bed during the drilling of said horizontal well in
response to said comparing step.

39. The method of claim 37 wheremn:

sald information is selected from at least one of (a) dala
from an offset well which bed, and (d) prior geological
knowledge of the horizontal bed.

40). The method of claim 37 including the steps of:

identifying at least one resistivity horn in said measured
log; and

using satd resistivity horn as an indicator of a boundary
between said substantially hornizontal bed and an adja-
cent bed.
41. The method of claim 40 wherein said comparing step
further includes:

comparing said measured resistivity horn to said modeled
resistivity log to determine the location or position of
said directional well.
42. The method of claim 40 wherein said horn s a phase
difference resistivity horn.
43. The method of claim 40 wherein said horn Iis an
amplitude ratio resistivity horn.
44. The method of claim 37 wherein said measured log
and said modeled log are phase difference resistivity logs.
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45. The method of claim 37 wherein said measured log
and said modeled log are amplitude ratio resistivity logs.

46. The method of claim 37 wherein said measured log
and said modeled log include both phase difference resis-
uvity logs and amplitude ratio resistivity logs. 5

47. The method of claim 37 wherein said measured log
includes resistivity from phase difference and resistivity from
amplitude ratio and including the steps of:

identifying separations between said phase difference and
amplitude ratio in said measured log; and 10

using said separations as an indicator of a boundary
between said bed and an adjacent bed.
48. The method of claim 37 including steps of-

identifying resistivity drops in said measured log; and

using said resistivity drops as an indicator of a boundary

between said bed and an adjacent bed.

49. A method of locating a substantially horizontal bed of
interest in a formation and maintaining a drillstring therein
during the drilling operation, said drillstring including a 4
measurement-while-drilling (MWD) resistivity sensor, com-
prising the siteps of:

generating a modeled resistivity log for a substantially

horizontal bed using assumed resistivity values jor a
destred course of drilling from a preselected dipping 25
bed model, said modeled resistivity log being indicative

of the resistivity taken along the substantially horizon-

tal bed in a formation;

drilling a directional well in said formation, a portion of
said directional well intended 1o be disposed in said 30
substantially horizontal bed;

measuring resistivity in said directional well using the
MWD resistivity sensor to provide a log of resistivity
taken substantially horizontally; and .5

comparing said measured log to said modeled log to
determine the location or position of said directional

well with respect to said substantially horizontal bed.
50. The method of claim 49 including the steps of-

adjusting the directional drilling operation so as to main- 4
tain said drillstring within said substantially horizontal
bed during the drilling of said directional well in
response to said comparing step.

31. A method of locating a substantially horizontal bed of
interest in a formation and maintaining a drillstring therein 45
during the drilling operation, said drillstring including a
measurement-while-drilling (MWD) resistivity sensor, com-
prising the steps of:

generating a group of dipping bed model logs for various
expected downhole conditions; 50

drilling a directional well in a formation, a portion of said
directional well intended to be disposed in a substan-
ttally horizontal bed;

measuring resistivity in said directional well using the
MWD resistivity sensor to provide a real time log of 5
resistivity taken substantially horizontally;

comparing said real time log to at least one of the model
logs in said group of dipping bed model logs until one
of said model logs substantially matches said real time
log defining a matched model log; and

using tnput parameters from said matched model log to
determine the location or position of said directional
well with respect to said substantially horizontal bed.

J2. The method of claim 51 including the step of- 65

adjusting the directional drilling operation so as to main-
tain said drillstring within said substantially horizontal
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bed during the drilling of said directional well in
response to said comparing step.

33. A method of locating a substantially horizontal bed of
interes! in a formation and maintaining a drillstring therein
during the drilling operation, said drillstring including a
measurement-while-drilling (MWD) resistivity sensor, com-
prising the steps of:

drilling a directional well in a formation, a portion of said

directional well being disposed in a substantially hori-
zontal bed;

measuring resistivity in said directional well using the
MWD resistivity sensor 1o provide a real time log of
resistivity taken substantially horizontally;

generating a model resistivity log from a preselected
dipping bed model for a substantially horizontal bed
using input values selected so that the model resistivity
log will substantially match the real time log defining
a matched model log; and

using inpu! parameters from said matched model log to
determine the location or position of said directional
well with respect to said substantially horizontal bed

54. The method of claim 53 including the step of-

adjusting the directional drilling operation so as to main-
tain said drillstring within said substantially horizontal
bed during the drilling of said directional well in
response to said comparing step.

33. For use in connection with an earth borehole drilling
apparatus that includes a drilling rig, a drillstring operating
from said drilling rig for drilling an earth borehole, said
drillstring including a bottom hole arrangement comprising
a drill bit, a downhole resistivity measuring subsystem for
measuring downhole formation resistivity near said bit by
propagating electromagnetic energy into earth formations
near said bit, receiving electromagnetic energy that has
propagated through the formations and producing measure-
ment signals that depend on the received signals; a method
for directing the drilling of a well bore with respect to a
geological bed boundary in said earth formations, compris-
ing the steps of:

producing from said measurement signals a recording of

downhole formation resistivity as a function of bore-
hole depth, said formation resistivity being in the form
of a log depicting phase difference and amplitude ratio;

identifying separations between said phase difference and
amplitude ratio in said log; and

implementing a change in the drilling direction of said
drill bit in response to said identification of any sepa-
rations between said phase difference and amplitude
ratio.

56. For use in conjunction with an earth borehole direc-
tional drilling apparatus that includes a drilling rig, a
drillstring operating from said drilling rig for drilling an
earth borehole, said drillstring including a bottom hole
arrangement comprising a drill bit, a downhole resistivity
measuring subsystem for measuring downhole earth forma-
tion resistivity near said bit by propagating electromagnetic
energy into earth formations near said bit, receiving elec-
tromagnetic energy that has propagated through the forma-
tions and producing measurement signals that depend on the
received signals and downhole telemetry means for trans-
mitting the measurement signals; wherein said apparatus
has initiated drilling a well bore within a first geological bed
in said formations and approximately adjacent a geological
bed boundary between said first bed and a second geologi-
cal bed in said formations; a method for maintaining
drilling of the well bore in said first bed, comprising the
steps of:
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deriving from said measurement signals, downhole for-
mation resistivity, said formation resistivity being in the
form of a log depicting phase difference and amplitude
ratio;

monitoring said resistivity, as a function of the borehole
depth of the drill bit posttion;

identifying separations between said phase difference and
amplitude ratio in said log; and

implementing changes in the drilling direction of said
drill bit in response to the identification of any sepa-
rations between said phase difference and amplitude
ratio.

57. For use in conjunction with an earth borehole drilling
apparatus that includes a drilling rig, a drillstring operating
from said drilling rig for drilling an earth borehole, said
drillstring including a bottom hole arrangement comprising
a drill bit, a downhole resistivity measuring subsystem for
measuring downhole formation resistivity near said bii,
receiving electromagnetic energy that has propagated
through the formations and producing measurement signal
that depend on the recetved signals;

a method for directing the drilling of a well bore with
respect to a geological bed boundary in said earth
formations, comprising the steps of:
producing from said measurement signals a recording

of downhole formation resistivity as a function of

borehole depth;

identifying resistivity drops in said resistivity record-
ing; and

implementing a change in the drilling direction of said
drill bit in response to said identification of any
resistivity drops.

58. For use in conjunction with an earth borehole direc-
tional drilling apparatus that includes a drilling rig, a
drillstring operating from said drilling rig for drilling an
earth borehole, said drillstring including a bottom hole
arrangemen! comprising a drill bit, a downhole resistivity
measuring subsystem for measuring downhole earth forma-
tion resistivity near said bit by propagating electromagnelic
energy into earth formations near said bit, receiving elec-
tromagnetic energy that has propagated through the forma-
tions and producing measurement! signals that depend on the
recetved signals, and downhole telemetry means for trans-
miiting the measurement signals uphole and uphole telem-
etry means for receiving the measuremen! signals; wherein
said apparatus has initiated drilling a well bore with a first
geological bed in said formations and approximately adja-
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cent a geological bed boundary between said first bed and
a second geological bed in said formations; a method for
maintaining drilling of the well bore ins aid first bed,
comprising the steps of:

deriving from said measurement signals, downhole for-
malion resisiivity;

monitoring said resistivity as a function of the borehole
depth of the drill bit position to detect any resisuvity
drops; and

implementing changes in the drilling direction of said
drill bit in response to the detection of any reststivity
drops.

59. A method of locating a bed of interest in a formation
and maintaining a drillstring therein during the drilling
operation, said drillstring including a measurement-while-
drilling (MWD) sensor, comprising the steps of:

(1) modeling at least one substantially horizontal bed to
provide a modeled log of a set of parameters indicative
of the response taken as the MWD sensor traverses or
moves within the bed, said modeling being based on

information related to said substantially horizontal bed
and the path of the MWD sensor;

(2) drilling a directional well, a portion of said directional
well intended to be disposed in said substantially
horizontal bed;

(3) measuring and recording MWD sensor output param-
eters indicative of the formation parameters in said
directional well using the MWD sensor 1o provide a
measured log of said output paramelers; and

(4) comparing the measured log to said modeled log to
determine the location or position of said directional
well with respect to said substantially horizontal bed.

60. The method of claim 59 including the step of:

adjusting the directional drilling operation so as to main-
tain said drillstring within said substantially horizontal
bed during the drilling of said directional well in

response to said comparing step.
61. The method of claim 59 wherein:

said information is selected from at least one of (a) data
from an offset well which intersects with said horizontal
bed, (b) seismic data, (c) assumptions of the horizontal
bed, and (d) prior geological knowledge of the hori-
zontal bed.
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