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AVOIDING GEOLOGICAL BODIES THAT ARE
HAZARDS TO DRILLING OPERATIONS

FIELD OF THE DISCLOSURE

[0001] The present disclosure generally relates to systems and methods for avoiding
geological bodies that are hazards to drilling operations. More particularly, the present
disclosure relates to avoiding discrete three-dimensional (3D) geological bodies that are hazards
to drilling operations by identifying each 3D geological body near a well-path, defining the
extents of each 3D geological body relative to the well-path, and displaying the extents of each
3D geological body relative to the well-path.

BACKGROUND

[0002] Geosteering solutions are very important for optimizing well placement while
drilling, especially for landing the reservoir or drilling through the reservoir. Conventional
geosteering is usually based on a geological model constructed from seismic imaging and offset
well logs. Vertical offset wells are commonly drilled to provide stratigraphic information from
mud and well-logging, such as acoustic, resistivity, gamma ray, nuclear, nuclear magnetic
resonance, and fluid sampling tools. This type of geophysical data may be acquired during
logging while drilling (LWD) operations, or after with wireline tools.

[0003] Current, real-time geosteering techniques can image formation properties by
inverting resistivity data for layered earth one-dimension (1D) resistivity models. One such
technique uses distance to bed boundary (DTBB) inversion from deep LWD resistivity
measurements to produce a “curtain plot,” which is a simple visualization of stitched layered
earth 1D resistivity models that can be interpreted for geological structure and geosteering

decisions. Curtain plots may contain uncertainties, however. Such uncertainties may include, for
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example: i) a lack of two-dimensional (2D) and 3D model complexity at each measured depth
because the earth model is assumed to be locally in only 1D; and ii) non-unique resistivity
inversion, implying multiple earth models may satisfy the same resistivity data. A curtain plot
captures a possible solution, and reconciling differences between the curtain plot and the
geological model (especially in the absence of other LWD data) is a common challenge in

geosteering.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure is described below with references to the accompanying
drawings in which like elements are referenced with like reference numerals, and in which:

[0005] FIGS. 1A-1B are a flow diagram illustrating one embodiment of a method for
implementing the present disclosure.

[0006] FIG. 2 is a variable density log of resistivity illustrating step 102 in FIG. 1A.

[0007] FIG. 3 is a variable density log drilling cross-section illustrating step 114 in FIG.
1A.

[0008] FIG. 4 is a variable density log rug plot illustrating step 114 in FIG. 1A.

[0009] FIG. 5 is a block diagram illustrating one embodiment of a computer system for
implementing the present disclosure.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0010] The present disclosure overcomes one or more deficiencies in the prior art by
identifying each 3D geological body near a well-path, defining the extents of each 3D geological
body relative to the well-path, and displaying the extents of each 3D geological body relative to

the well-path to avoid the 3D geological bodies that are hazards to drilling operations.
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[0011] The subject matter of the present disclosure is described with specificity,
however, the description itself is not intended to limit the scope of the disclosure. The subject
matter thus, might also be embodied in other ways, to include different structures, steps and/or
combinations similar to and/or fewer than those described herein, in conjunction with other
present or future technologies. Moreover, although the term “step” may be used herein to
describe different elements of methods employed, the term should not be interpreted as implying
any particular order among or between various steps herein disclosed unless otherwise expressly
limited by the description to a particular order. While the present disclosure may be described
with respect to the oil and gas industry, it is not limited thereto and may also be applied in other
industries (e.g. drilling water wells) to achieve similar results.

Method Description

[0012] Referring now to FIGS. 1A-1B, a flow diagram illustrates one embodiment of a
method 100 for implementing the present disclosure.

[0013] In step 102, depth extents and width extents for each geological body are
identified along a measured depth (MD) and azimuthal bin, respectively, on a variable density
log (VDL) of resistivity using the client interface and/or the video interface described further in
reference to FIG. 5. A VDL is a type of offset well-log representing data taken from logging
tools in a high-angle, horizontal active well. In FIG. 2, a VDL of resistivity 200 illustrates the
identification of depth extents 202 and width extents 204 for a geological body 206 by marking
the same on the VDL as these extents are perceived from the resistivity data. Once the depth
extents and the width extents are marked, a 2D boundary for the geological body may be
displayed. The 2D boundary for the geological body 206 here forms an ellipse. In the same

manner, depth extents 208 and width extents 210 are identified for another geological body 212.
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In FIG. 2, the VDL of resistivity 200 represents resistivity data taken from a section of the high-
angle, horizontal active well.

[0014] In step 104, MD extents of each geological body on the VDL, true vertical depth
(TVD) extents of each geological body on the VDL, and orientation extents of each geological
body to the well-path on the VDL are calculated using the depth extents and the width extents
identified for each respective geological body in step 102 and techniques well-known in the art.

[0015] In step 106, resistivity measurements of each geological body and the surrounding
formation are acquired from the VDL using the depth extents and the width extents identified for
each respective geological body in step 102.

[0016] In step 108, thickness extents are calculated for each geological body on the VDL
using azimuthal resistivity measurements from additional VDL's to identify orientation extents
and resistivity measurements that fall within a predetermined range of the orientation extents of
each respective geological body calculated in step 104 and the resistivity measurements of each
geological body acquired in step 106, respectively.

[0017] In step 110, an average resistivity of the formation surrounding each geological
body is identified using the shallowest azimuthal resistivity measurements from one or more of
the additional VDL’s used in step 108 that are not associated with each respective geological
body identified by the respective depth extents and the respective width extents from step 102.

[0018] In step 112, a distance from each geological body to the well-path is calculated
using : i) the depth extents and the width extents identified for each respective geological body in
step 102; ii) the orientation extents calculated for each respective geological body in step 104;
iii) the resistivity measurements acquired for each respective geological body in step 106; iv) the

thickness extents calculated for each respective geological body in step 108; v) the average
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resistivity of the formation surrounding each respective geological body identified in step 110;
and vi) conventional inversion techniques.

[0019] In step 114, the distance from each geological body to the well-path calculated in
step 112, the orientation extents of each geological body to the well-path calculated in step 104
and the depth/width extents of each geological body identified in step 102 are displayed with the
well-path in a geological model using the client interface and/or the video interface described
further in reference to FIG. 5. The form of the display may depend on the geological model and
may include, for example, a drilling cross-section, a rug plot or a 3D map. In FIG. 3, a VDL 300
illustrates a drilling cross-section with the extents of a geological body 302, the distance 304
from the geological body 302 to a well-path 306 and the orientation 308 of the geological body
302 to the well-path 306. The VDL 300 is a geological model based on resistivity, however, may
include any other type of data projected from a vertical offset well or a resistivity inversion of a
traditional layered earth model. The VDL 300 illustrates the formation geology surrounding the
well-path 306 (above, below, sides), which may include a geological body that represents a
hazard to further drilling operations and other events. The VDL 300 may also be colored or
shaded with a grey scale to further distinguish the petrophysical properties (e.g. resistivity) of the
formation geology surrounding the well-path 306. The VDL 300 may also be linked to a real-
time plot so as the MD of the well-path 306 increases, the drilling cross-section is updated
accordingly. In FIG. 4, a VDL 400 illustrates a rug plot with the extents of each geological body
402, 404, 406, 408, the distance from each geological body to a well-path 410, the orientation of
each geological body to the well-path 410 and a well bore 412. The VDL 400 is a geological
model based on resistivity, however, may include any other type of data projected from a vertical

offset well or a resistivity inversion of a traditional layered earth model. The VDL 400 is a
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variable horizontal slice through the data along the TVD of the well-path 410 in a predetermined
direction (azimuth 0°-360°). The horizontal scale is MD and the vertical scale is horizontal depth
on either side of the predetermined direction. In this manner, the formation geology may be
illustrated on either side of the well-path 410, which may include a geological body that
represents a hazard to further drilling operations and other events. The VDL 400 may also be
colored or shaded with a grey scale to further distinguish the petrophysical properties (e.g.
resistivity) of the formation geology surrounding the well-path 410.

[0020] In step 116, the well-path is adjusted by geosteering to avoid geological bodies
ahead of the drill bit that are hazards to drilling operations based on the geological bodies
displayed in step 114. The method 100 may be particularly useful for geosteering in channel
sands, drilling parallel to faults and mapping off-wellbore events, such as calcites and perched

water, which can assist in reservoir production estimates.

System Description

[0021] The present disclosure may be implemented through a computer-executable
program of instructions, such as program modules, generally referred to as software applications
or application programs executed by a computer. The software may include, for example,
routines, programs, objects, components and data structures that perform particular tasks or
implement particular abstract data types. The software forms an interface to allow a computer to
react according to a source of input. Any geosteering software application may be used as an
interface application to implement the present disclosure. The software may also cooperate with
other code segments to initiate a variety of tasks in response to data received in conjunction with
the source of the received data. The software may be stored and/or carried on any variety of

memory such as CD-ROM, magnetic disk, bubble memory and semiconductor memory (e.g.
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various types of RAM or ROM). Furthermore, the software and its results may be transmitted
over a variety of carrier media such as optical fiber, metallic wire and/or through any of a variety
of networks, such as the Internet.

[0022] Moreover, those skilled in the art will appreciate that the disclosure may be
practiced with a variety of computer-system configurations, including hand-held devices,
multiprocessor  systems, microprocessor-based or programmable-consumer electronics,
minicomputers, mainframe computers, and the like. Any number of computer-systems and
computer networks are acceptable for use with the present disclosure. The disclosure may be
practiced in distributed-computing environments where tasks are performed by remote-
processing devices that are linked through a communications network. In a distributed-
computing environment, program modules may be located in both local and remote computer-
storage media including memory storage devices. The present disclosure may therefore, be
implemented in connection with various hardware, software or a combination thereof, in a
computer system or other processing system.

[0023] Referring now to FIG. 5, a block diagram illustrates one embodiment of a
system for implementing the present disclosure on a computer. The system includes a
computing unit, sometimes referred to as a computing system, which contains memory,
application programs, a client interface, a video interface, and a processing unit. The computing
unit is only one example of a suitable computing environment and is not intended to suggest any
limitation as to the scope of use or functionality of the disclosure.

[0024] The memory primarily stores the application programs, which may also be
described as program modules containing computer-executable instructions, executed by the

computing unit for implementing the present disclosure described herein and illustrated in FIGS.
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1-4. The memory therefore, includes a 3D geological body identification module, which enables
steps 102-112 described in reference to FIGS. 1A-1B. The 3D geological body identification
module may integrate functionality from the remaining application programs illustrated in FIG.
5. In particular, any geosteering application may be used as an interface application to perform
step 114 in FIG. 1B. Although geosteering interface applications may be used, the 3D geological
body identification module may be used as a stand-alone application.

[0025] Although the computing unit is shown as having a generalized memory, the
computing unit typically includes a variety of computer readable media. By way of example,
and not limitation, computer readable media may comprise computer storage media and
communication media. The computing system memory may include computer storage media in
the form of volatile and/or nonvolatile memory such as a read only memory (ROM) and random
access memory (RAM). A basic input/output system (BIOS), containing the basic routines that
help to transfer information between elements within the computing unit, such as during start-up,
is typically stored in ROM. The RAM typically contains data and/or program modules that are
immediately accessible to, and/or presently being operated on, the processing unit. By way of
example, and not limitation, the computing unit includes an operating system, application
programs, other program modules, and program data.

[0026] The components shown in the memory may also be included in other
removable/nonremovable, volatile/nonvolatile computer storage media or they may be
implemented in the computing unit through an application program interface (“API”) or cloud
computing, which may reside on a separate computing unit connected through a computer
system or network. For example only, a hard disk drive may read from or write to

nonremovable, nonvolatile magnetic media, a magnetic disk drive may read from or write to a
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removable, nonvolatile magnetic disk, and an optical disk drive may read from or write to a
removable, nonvolatile optical disk such as a CD ROM or other optical media. Other
removable/nonremovable, volatile/nonvolatile computer storage media that can be used in the
exemplary operating environment may include, but are not limited to, magnetic tape cassettes,
flash memory cards, digital versatile disks, digital video tape, solid state RAM, solid state ROM,
and the like. The drives and their associated computer storage media discussed above provide
storage of computer readable instructions, data structures, program modules and other data for
the computing unit.

[0027] A client may enter commands and information into the computing unit through
the client interface, which may be input devices such as a keyboard and pointing device,
commonly referred to as a mouse, trackball or touch pad. Input devices may include a
microphone, joystick, satellite dish, scanner, or the like. These and other input devices are often
connected to the processing unit through the client interface that is coupled to a system bus, but
may be connected by other interface and bus structures, such as a parallel port or a universal
serial bus (USB).

[0028] A monitor or other type of display device may be connected to the system bus
via an interface, such as a video interface. A graphical user interface (“GUI”) may also be used
with the video interface to receive instructions from the client interface and transmit instructions
to the processing unit. In addition to the monitor, computers may also include other peripheral
output devices such as speakers and printer, which may be connected through an output
peripheral interface.

[0029] Although many other internal components of the computing unit are not shown,

those of ordinary skill in the art will appreciate that such components and their interconnection
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are well-known.

[0030] While the present disclosure has been described in connection with presently
preferred embodiments, it will be understood by those skilled in the art that it is not intended to
limit the disclosure to those embodiments. It is therefore, contemplated that various alternative
embodiments and modifications may be made to the disclosed embodiments without departing
from the spirit and scope of the disclosure defined by the appended claims and equivalents

thereof.

10
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CLAIMS

1. A method for avoiding geological bodies that are hazards to drilling operations,

comprising:

calculating measured depth extents, true vertical depth extents and orientation
extents of each geological body on a variable density log of resistivity using depth extents

and width extents identified for each respective geological body;

calculating thickness extents for each geological body on the variable density log
using azimuthal resistivity measurements from additional variable density logs of
resistivity to identify orientation extents and resistivity measurements that fall within a
predetermined range of the orientation extents and the resistivity measurements,

respectively, of each geological body;

calculating a distance from each geological body to a well-path using i) the depth
extents and the width extents identified for each respective geological body; ii) the
orientation extents for each respective geological body; iii) the resistivity measurements
for each respective geological body; iv) the thickness extents for each respective
geological body; v) an average resistivity of a formation surrounding each respective

geological body; and a computer processor;

displaying a geological model with the distance from each geological body to the

well-path, the orientation extents of each geological body to the well-path, the depth

11



WO 2018/093344 PCT/US2016/057039

extents of each geological body, the width extents of each geological body and the well-

path; and

geosteering the drilling operations to adjust the well-path and avoid each

geological body in the display that is a hazard to the drilling operations.

2. The method of claim 1, wherein the depth extents and the width extents are
identified for each geological body along a measured depth and azimuthal bin, respectively, on

the variable density log.

3. The method of claim 1, wherein the resistivity measurements are acquired for
each geological body and the formation surrounding each geological body from the variable
density log using the depth extents and the width extents identified for each respective geological

body.

4. The method of claim 1, wherein the average resistivity of the formation
surrounding each respective geological body is identified using each shallowest azimuthal
resistivity measurement from one or more of the additional variable density logs that is not
associated with each respective geological body identified by the respective depth extents and

the respective width extents.

5. The method of claim 1, wherein the variable density log represents data acquired

from logging tools in a high-angle, horizontal, active well.

6. The method of claim 1, wherein the display represents a drilling cross-section.

12
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7. The method of claim 6, further comprising linking the variable density log to a

real-time plot so as a measured depth of the well-path increases, the drilling cross-section is

updated.
8. The method of claim 1, wherein the display represents a rug-plot.
9. A non-transitory program storage device tangibly carrying computer executable

instructions for avoiding geological bodies that are hazards to drilling operations, the instructions

being executable to implement:

calculating measured depth extents, true vertical depth extents and orientation
extents of each geological body on a variable density log of resistivity using depth extents

and width extents identified for each respective geological body;

calculating thickness extents for each geological body on the variable density log
using azimuthal resistivity measurements from additional variable density logs of
resistivity to identify orientation extents and resistivity measurements that fall within a
predetermined range of the orientation extents and the resistivity measurements,

respectively, of each geological body;

calculating a distance from each geological body to a well-path using i) the depth
extents and the width extents identified for each respective geological body; ii) the
orientation extents for each respective geological body; iii) the resistivity measurements
for each respective geological body; iv) the thickness extents for each respective

geological body; and v) an average resistivity of a formation surrounding each respective

13
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geological body;

displaying a geological model with the distance from each geological body to the
well-path, the orientation extents of each geological body to the well-path, the depth
extents of each geological body, the width extents of each geological body and the well-

path; and

geosteering the drilling operations to adjust the well-path and avoid each

geological body in the display that is a hazard to the drilling operations.

10.  The program storage device of claim 9, wherein the depth extents and the width
extents are identified for each geological body along a measured depth and azimuthal bin,

respectively, on the variable density log.

11.  The program storage device of claim 9, wherein the resistivity measurements are
acquired for each geological body and the formation surrounding each geological body from the
variable density log using the depth extents and the width extents identified for each respective

geological body.

12.  The program storage device of claim 9, wherein the average resistivity of the
formation surrounding each respective geological body is identified using each shallowest
azimuthal resistivity measurement from one or more of the additional variable density logs that is
not associated with each respective geological body identified by the respective depth extents

and the respective width extents.

13.  The program storage device of claim 9, wherein the variable density log

14
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represents data acquired from logging tools in a high-angle, horizontal, active well.

14.  The program storage device of claim 9, wherein the display represents a drilling

cross-section.

15.  The program storage device of claim 14, further comprising linking the variable
density log to a real-time plot so as a measured depth of the well-path increases, the drilling

cross-section is updated.

16.  The program storage device of claim 9, wherein the display represents a rug-plot.

17. A non-transitory program storage device tangibly carrying computer executable
instructions for avoiding geological bodies that are hazards to drilling operations, the instructions

being executable to implement:

calculating measured depth extents, true vertical depth extents and orientation
extents of each geological body on a variable density log of resistivity using depth extents
and width extents identified for each respective geological body, wherein the depth
extents and the width extents are identified for each geological body along a measured

depth and azimuthal bin, respectively, on the variable density log;

calculating thickness extents for each geological body on the variable density log

using azimuthal resistivity;

calculating a distance from each geological body to a well-path using: i) the depth

extents and the width extents identified for each respective geological body; ii) the

15
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orientation extents for each respective geological body; iii) the resistivity measurements
for each respective geological body; iv) the thickness extents for each respective
geological body; and v) an average resistivity of a formation surrounding each respective

geological body;

displaying a geological model with the distance from each geological body to the
well-path, the orientation extents of each geological body to the well-path and the well-

path; and

geosteering the drilling operations to adjust the well-path and avoid each

geological body in the display that is a hazard to drilling operations.

18.  The program storage device of claim 17, wherein the resistivity measurements are
acquired for each geological body and the formation surrounding each geological body from the
variable density log using the depth extents and the width extents identified for each respective

geological body.

19.  The program storage device of claim 17, wherein the average resistivity of the
formation surrounding each respective geological body is identified using each shallowest
azimuthal resistivity measurement from one or more of the additional variable density logs that is
not associated with each respective geological body identified by the respective depth extents

and the respective width extents.

20.  The program storage device of claim 17, wherein the variable density log

represents data acquired from logging tools in a high-angle, horizontal, active well.

16
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adjust the planned well-path within the projected
uncertainties for the planned well-path and avoid the
projected uncertainties of each formation boundary displayed on the curtain
plot in step 308

314~ X

Update the curtain plot created in step 302 or updated in step 314,
in real-time, as the drilled well-path is progressively drilled

(en)

FIG. 3




WO 2018/093344 PCT/US2016/057039
3/9

/"“ 40&

FiG. 4




WO 2018/093344 PCT/US2016/057039
4/9

Computing Unit

Memory —| Client Interface

Geological Formation
[dentification Module

Inversion Video Interface
Module

Geosteering
Application

— Processing Unit

FIG. §



WO 2018/093344 PCT/US2016/057039
5/9

( Stat ) e

102~ v

Identify depth extents and width extents for each geological body
along a measured depth (MD) and azimuthal bin, respectively,
on a variable density log (VDL) of resistivity

104~ y

Calculate MD extents of each geological body on the VDL, true
vertical depth(TVD) extents of each geological body on the VDL, and
orientation extents of each geological bOdK to the well-path on the
VLD using the depth extents and the width extents
identified for each respective geological body in step 102

106~ Y

Acquire resistivity measurements of each geological body and the
surrounding formation from the VDL using the depth extents
and the width extents identified for each respective geological
body in step 102
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Calculate thickness extents for each geological body on
the VDL using azimuthal resistivity measurements from additional
VDL's to identify orientation extents and resistivity measurements that
fall within a predetermined range of the orientation extents of
each respective ?eological body calculated in step 104 and the resistivi
measurements of each geological body acquired in step 106, respectively

110\ Yy

ldentify an average resistivity of the formation surrounding each geological
body using the shallowest azimuthal resistivity measurements from
one or more of the additional VDL's used in step 108 that are not
associated with each respective geological body identified by the
respective depth extents and the respective width extents from step 102

®

FIiG. 1A




WO 2018/093344 PCT/US2016/057039
6/9

12~ CAE

Calculate a distance from each geological body to the well-path
using: 1) the depth extents and the width extents identified for
each respective geological body in step 102; 2) the orientation
extents calculated for each respective geological body in step 104; 3
the resistivity measurements acquired for each respective geologica
body in step 106; 4) the thickness extents calculated for each respective
geological body in step 108; and 5) the average resistivity of the formation
surrounding each respective geological body identified in step 110

114~ i

DisplaK the distance from each geological body to the
well-path calculated instep 112, the orientation extents of
each geological body to the well-path calculated in step 104 and the
depth/width extents of each geological body identified in step 102
with the well-path in a geclogical model

116\ h 4

Adjust the well-path by geosteering to avoid geological bodies ahead of
the drill bit that are hazards to drilling operations based on the
geological bodies displayed in step 114

End

FIG. 1B
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