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ABSTRACT OF THE DISCLOSURE

Acoustic\signals generated by drilling a bore hole
with a drill bit are received at sensors placed 1in the
drill string. The acoustic signals received by the
~ sensors are processed, é.g. using a Fourier transform,
and a characteristic of the acoustic signals is used to
identify lithology, roék strength, presence of o1l,

presence of gas, change in lithology, or the like.
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APPARATUS AND METHOD OF IDENTIFYING ROCK PROPERTIES
WHILE DRILLING

TECHNICAL FIELD

The present disclosure 1s related generally to
identifying rock properties, and more particularly to

identifying rock properties while drilling.
BACKGROUND

When conducting drilling operations, operators
employ any number of methods and devices to ascertain
information about downhole conditions. For example,
information about a formation’s lithology and the type of
formation fluid can be determined using wireline logging
or measurement-while-drilling (MWD) technigques. In
developed reservoirs, similar information can be inferred
from logs of offset wells, geological maps, and the like.
Cuttings circulated to the surface may also be used to
identify a formation’s lithology, and changes in mud
welght or resistivity (in water based muds) can be used
to indicate the presence of hydrocarbons. Numerous other
techniques and tools may also be used to gather
information about downhole conditions.

Most of the methods mentioned above, however, do not
provide real-time information during drilling operations.
Wireline logging can be conducted only after the
formation of interest has already been drilled through.
Offset logs offer only general guidance, since there is
no guarantee that the location, porosity, thickness, etc.

of a formation of interest will be the same between
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offset wells and a well being drilled. Cuttings and
changes 1n mud characteristics are known only after mud
that is at the bit has had time to circulate to the
surface. Some MWD tools require drilling to be suspended
while a wireline or slickline 1s dropped through the
dril]l string to retrieve data recorded by the downhole
tool.

Acoustic-type MWD tools may provide information
about formation properties 1in real-time. Acoustic-type
tools generally measure various properties of acoustic
signals (e.g. the time it takes an acoustilic signal to
travel from a transmitter, through the formation, and
back to a receiver) to determine properties of the rock
surrounding the wellbore. Such tools may be hindered by,
for example, the acoustic signal being required to pass
through multiple formation types having different
acoustic properties, variations in mud density, noise

generated by the drill string, or the like.

SUMMARY

It would be advantageous 1f a way could be found to
determine downhole conditions in real-time, while
drilling operations are being conducted.

Accordingly, an embodiment of the present disclosure
provides a method that can be used to identify the type
of rock being drilled through. The method identifies the
type of rock being drilled through based on one or more
characteristic of an acoustic signal generated by a drill
bit being used to drill a wellbore.

The characteristic of the acoustics signal may be
identified based on a frequency domain analysis of the
acoustic signal. In at least one embodiment, for

example, an acoustic signal generated by the drilling

AUS01:393882.1
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action of a bit is transmitted through the body of the
bit to a sensor located in a downhole sub-assembly
connected to the bit. A Fourier transform is performed
on the received signal, and a characteristic of the
5 signal, e.g. an amplitude pattern, is determined.
The characteristic determined for the signal may be
used to 1dentify the type of rock being drilled through.
In one embodiment, for example, a bit characteristic is
determined by rotating a selected type of drill bit in
10 contact with a known type of rock. If this bit
characteristic corresponds to a characteristic of the
signal generated during drilling, the type of rock being
drilled through can be identified.
In addition to identifying a rock type, wvarious
15 other rock properties, e.g. porosity, permeability,
presence of a formation fluid, type of formation fluid,

and the like can be determined using methods and

apparatus according to various embodiments of the present
disclosure.

20 Characteristics of an acoustic signal generated by
drilling through a formation may also be used to identify

changes in lithology, to optimize bit rate of penetration
and bit life, and to monitor the condition of a cutting

structure on the bit.

25 BRIEF DESCRIPTION OF THE DRAWINGS

A more complete and thorough understanding of the
present embodiments and advantages thereof may be
acquired by referring to the following description taken
in conjunction with the accompanying drawings, in which

30 like reference numbers indicate like features, and

wherein:

AUS(01:393882.1
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FIGURE 1 is a diagram of a drill string employing
roller cone bits according to an embodiment of the
present disclosure.

FIGURE 2 is a diagram illustrating a fixed cutter
bit threaded onto a downhole subassembly according to an
embodiment of the present disclosure.

FIGURE 3 is a diagram illustrating how information
from sensors on a downhole sub may be processed according
to an embodiment of the present disclosure.

FIGURE 4 1is a frequency domalin plot illustrating
characteristics of a sharp drill bit used on two
different types of rock, 1i.e., granite and limestone,
according to an embodiment of the present disclosure.

FIGURE 5 is a frequency plot of a dull drill bit
used on granite and limestone, illustrating a common
drill bit characteristic for each rock type according to
an embodiment of the present disclosure.

FIGURE 6 illustrates a phase frequency plot of a
sharp drill bit being used to drill limestone according
to an embodiment of the present disclosure.

FIGURE 7 is a phase frequency plot of a dull drill

bit used to drill through limestone according to an

embodiment of the present disclosure.

FIGURE 8 is a flow diagram illustrating a method

according to an embodiment of the present disclosure.

DETAILED DESCRIPTION OF THE DRAWINGS

Preferred embodiments and their advantages are best
understood by reference to FIGURES 1 through 8, wherein

like numbers are used to indicate like and corresponding

parts.

Figure 1 shows a schematic of the system including drill

string 100 in borehole 110. In this embodiment, a sensor sub 120

containing

AUS01:393883.1
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accelerometers 1s position above a bit 130. The sensors
could be placed above or below a mud motor or other BHA
components as well. Acoustic signals generated by the bit
130 are picked up by the accelerometers. These acoustic
signals can then be analyzed to describe the
rock/formation properties being drilled. These include,
but are not limited to, rock hardness, rock type,
presence of oi1il, presence of gas, change in lithology,
cutting structure condition, and rock strength.
Conventional measurement while drilling (MWD) or acoustic
telemetry technologies can be used to convey this
information to the surface. This applies to any future
telemetry while drilling system. It should be noted that
the term "rock" as used herein, includes various
geological materials that may be encountered during
drilling operations, e.g., salt, clay, shale, sand and
the like, 1n addition to those materials more formally
classified as "rocks.'

FIGURE 2 shows a schematic of a drill string 200
positioned in wellbore 210. Drill string 200 includes a
sensor sub 220 positioned above bit 230. Drill bit 230,
1n the illustrated embodiment, is a fixed bit cutter that
generates acoustic signals as drill string 200 drills
through rock to enlarge bore hole 210. Drill bit 230 is

threadedly connected to sensor sub 220.

Acoustic energy generated as drill bit 230 drills
through rock surrounding bore hole 210 are transmitted
through the body of drill bit 230 and received by sensors
positioned in sensor sub 220. Since drill bit 230 is
relatively solid metal, acoustic energy traveling through
the body of drill bit 230 will generally reach sensors

located in sensor sub 220 faster than acoustic energy

AUS01:393882.1
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traveling either through the borehole or through the
formation surrounding borehole 210. Additionally, the
acoustic energy traveling through the body of drill bit
230 will generally be less attenuated than acoustic
energy traveling outside of the bit.

The sensors 1n sensor sub 220 may include
accelerometers, hydrophones, or any of various other
sultable acoustic sensors known to those skilled in the
art. As noted previously with respect to FIGURE 1,
sensors may be placed above or below a mud motor or other
BHA in addition to, or in place of, sensors being placed
directly above bit 230, as illustrated.

Referring next to FIGURE 3, processing of acoustic
signals received at sensors 310, 320, and 330 will be
discussed according to an embodiment of the present
disclosure. Acoustic signals from drill bit 340 are
received at sensors 310-330 and processed by processor
350. In at least one embodiment, processor 350 performs

Fourier transform on the signals received at sensors

310-330 using of a Fast Fourier Transform (FFT) to
generate FFT data. Processor 350 then applies a strata
identification algorithm to the FFT data. A strata
identification algorithm may, according to an embodiment
of the present disclosure, include comparing the FFT data
to previously stored data to determine common
characteristics between the FFT data and the previously
stored data.

For example, a particular type of drill bit may
generate acoustic signals having identifiable frequency
characteristics when used to drill through a particular
tvpe of rock. These characteristics may be identified in

advance, and stored in a computer readable memory (not

AUS01:393882.1
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illustrated) in a processor 350. In one embodiment, the
strata identification algorithm identifies commonalities
between the FFT data and one or more previously stored
bit characteristics. If the characteristics of the
acoustic signals generated by drill bit 340 are
consistent with the known characteristics against which
they are compared, then the type of rock being drilled
through can be identified based on common
characteristics.

Refer to FIGURE 4 for an example. FIGURE 4
1llustrates an amplitude frequency plot generated as a
result of performing a Fourier transform of acoustic
signals generated by simulated drilling of granite and
limestone using a particular type of drill bit. In this
case, a portion of a fixed cutter drill bit was moved
first across a sample of granite and then across a sample
of limestone, while recording acoustic signals generated
by this movement.

The drill bit used to obtain the data in FIGURE 4
was a sharp drill bit. The acoustic signals generated by
moving the portion of the sharp drill bit across granite
generated an acoustic signal. A Fourier transform was
performed on this signal to arrive at the amplitude
frequency plot shown with the dashed line therethrough.
The amplitude frequency plot with the solid line drawn
through i1t is the frequency domailin representation of
acoustic signals generated when the sharp drill bit was
moved across limestone rock.

One may note visually that the amplitude plot for
limestone has peaks at frequencies of approximately 1700
Hz and 3700 Hz, while the amplitude plot of granite has a

peak centered at approximately 700 Hz. One may also note

AUS01:393882.1
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the difference in rise and fall times of the peaks 1in
granite and limestone, with the peaks in limestone being
much sharper than the peaks in granite.
Applying this known frequency response to the
5 example discussed 1in relation to FIGURE 3, if drill bit
340 1s drilling through limestone, then the FFT data
generated from the acoustic signals received at sensors
310-330 can be expected to show frequency peaks at
approximately 1700 Hz and 3700 Hz, as illustrated 1in
10 FIGURE 4. Likewise, 1f drilling through granite, a
frequency peak would be expected at approximately 700 Hz.
It should be appreciated that characteristics of the
FFT data other than the frequency at which amplitude
peaks occur can be used in distinguishing granite and
15 limestone. For example, the amplitude of the peaks may
vary, as 1l1llustrated in FIGURE 4. In the example
illustrated 1in FIGURE 4, the amplitude peaks for granite
are higher than the amplitude peaks for limestone.
Consequently, some embodiments of the present disclosure
20 may compare both amplitude and location of frequency
spikes to determine the type of rock being drilled
through. Additionally, signal analysis technigques other
than frequency domain analysis may be used consistent
with the teachings of the present disclosure. Although
25 limestone and granite are use for illustration, the
teachings disclosed hereln are equally applicable to
other rock types.
Referring next to FIGURE 5, amplitude frequency
plots of a dull drill bit being used to drill through
30 granite and limestone are 1llustrated according to an
embodiment of the present disclosure. Note that the

frequency peaks of the drill bit drilling through

AUS01:3593882.1
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limestone occur at approximately the same frequencies 1n
the limestone regardless of whether the drill bit is dull
(FIGURE 5) or sharp (FIGURE 4).

The frequency peaks in granite occur at different
frequencies depending on whether the bit 1s dull or
sharp. The peak amplitude obtained from the dull drill
bit in granite, however, is similar to the peak amplitude
obtained using the sharp drill bit in granite.
Additionally, the general appearance of the granite curve
in both FIGURES 4 and 5 illustrates a longer period
between peaks than curves generated for limestone. Thus,
the period between peaks may also be used in some
embodiments to aid in identification of the rock-type
being drilled through. Note that regardless of whether a
sharp or dull bit is used, the distinction between
signals generated by drilling through limestone and those
generated by drilling through granite are apparent.

In other embodiments, the strata identification
algorithm used by processor 350 need not necessarily be
based on pre-characterized data, particularly if
identifying a change in the type of rock being drilled
through, rather than rock-type identification 1s desired.
Identifying changes in rock strata may be useful, for
example, 1n fields where the lithology of rock being
drilled through is fairly constant, but it is deemed
important to know when, for example, the drill bit has
drilled through a shale cap and into sandstone.

In such a case, 1t may not be necessary to analyze
and compare the FFT data generated downhole with stored
data to 1dentify characteristics of a particular rock
type. Instead, i1t may be enough to know that there 1s a

difference between an acoustic signal generated ten

AUS01:393882.1
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seconds ago and an acoustic signal being currently
generated. This difference between two acoustic signals
can, therefore, be used to i1dentify changes in lithology,
and allow the driller to adjust various parameters, such
as weight on bit, mud weight, rotational speed of the
drill string, or the like, to reduce formation damage
when a production zone is contacted.

Referring next to FIGURES 6 and 7, phase/frequency
plots of a drill bit in limestone are illustrated.
FIGURE 6 1llustrates a sharp drill bit in limestone and
FIGURE 7 1llustrates a dull drill bit in limestone. It
may be noted that the phase/frequency plots of FIGURES 6
and 7 are not as closely correlated as the amplitude
frequency plots shown in FIGURES 4 and 5. Nevertheless,
various statistical analysis techniques known to those
skilled in the art can be applied to these
phase/frequency plots to help determine characteristics
common to both phase/frequency responses illustrated in
FIGURES 6 and 7. Furthermore, such phase/frequency plots
may be useful in conjunction with amplitude frequency
plots, or other information, to accurately identify a
type of rock being drilled through.

The discussion up to this point has focused
primarily on determining a rock type by using the
frequency characteristics of acoustic signals generated
by a drill bit drilling through a particular type of
rock. Other embodiments of the present disclosure also
use frequency characteristics of acoustic signals
generated by the drill bit during drilling to determine
other downhole parameters.

For example, the acoustic characteristics of a drill

bit drilling through limestone filled with saltwater can

AUS01:393882.1



10

15

20

25

30

CA 02519822 2005-09-15
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be very different than the acoustic signals generated by
a drill bit drilling through gas filled limestone.
Examples of other characteristics that may be determined
using the teachings set forth herein include, porosity of
the rock, permeability of the rock, presence of fluid
within the rock, and the type of fluid within the rock.
Other rock properties may also be determined using the
teachings set forth herein.

Referring again briefly to FIGURE 3, 1n various
embodiments, processor 350 reduces the volume of strata
information to limit the amount of bandwidth needed to
transmit the strata information up-hole, to the surface

of the well. For example, if the strata information

indicates that the drill bit is currently drilling

through limestone, then a binary data encoder 360 may
encode this information into, a few bits of data to be
sent through the telemetry system 370.

Referring now to FIGURE 8, a method according to an
embodiment of the present disclosure will be discussed.
Method 800 begins at 810 where a bit type 1s selected for
characterization. The bit type selected for
characterization may include a roller cone bit, a fixed
cutter bit, or any other type of bit that may be 1in
industry use.

The method proceeds to 815, where acoustic signals
generated using a sharp bit i1n a first type of rock are
recorded. A dull bit of the same bit type 1s used to
drill through the same type of rock at 820, and acoustic
signals generated using the dull bit are recorded.

Having recorded acoustic signals generated by both
dull and sharp bits in the same type of rock, the method

proceeds to 825, where a Fourier transform 1s performed

AUS(01:393882.1
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on these acoustic signals. Based on the information
obtained from the Fourier transform, a bit characteristic
common to acoustic signals generated by both sharp and
dull bits can be determined in 830. An example of this
can be seen by referring again briefly to FIGURES 4 and
5, 1n which a dull and sharp bit produce similar peaks
while drilling through limestone and granite. These
common characteristics can be stored in a memory for
later use by a processor 350 (FIGURE 3).

Referring again to FIGURE 8, note, that at this
point, the method has determined that a particular type
of drill bit will generally produce a characteristic
acoustic signal, e.g. an acoustic signature, when
drilling through a particular type of rock. The method,
from 815-835, may be repeated as many times as desired,
until the selected bit type has been characterized for as
many different types of rock, or rock properties, as
desired. Additionally, in at least one embodiment,
multiple different types of drill bits are characterized
across multiple different types of rock properties, with
characteristics for multiple bit types being stored in a
common memory.

In 840, the memory holding the common characteristic
is coupled to a downhole processing system} for example
in a downhole subassembly. If the memory includes
information related to various multiple different bit
types, then a single subassembly may be used with
nmultiple different drill bit types. In other
embodiments, for example where information for only a
single drill bit type i1s stored 1n a memory, a downhole
subassembly may be programmed for use with a desired type

of bit. Alternatively, a separate subassembly, may be

AUS01:393882.1
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specifically configured for use with each different type
of drill bit.

At 845, the downhole subassembly that contains the
drill bit characteristics is placed into a drill string.
As the wellbore is drilled, acoustic signals generated by
the drill bit are monitored at 850. At 855, a Fourier
transform of the monitored signals i1s performed. At 860
a characteristic of the acoustic signal generated by the
drill bit while drilling the wellbore is identified.

At 865, the characteristic of the acoustic signal
generated during drilling is compared to the previously
determined bit characteristic. At 870 a correspondence
between these two characteristics 1s used to determine
the type of rock, contents of the rock, or other various
properties assoclated with the rock being drilled
through.

Note that various methods according to the present
disclosure may implement more or fewer actions than
illustrated in FIGURE 8. For example, 810-835 of method
800 may be performed independent of 840-870.
Additionally, some methods may omit 810-835 completely.

The scope of the claims should not be limited by the

preferred embodiments set forth in the examples, but should

be given the broadest interpretation consistent with the
description as a whole.

AUS01:393883.1
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What is Claimed is:

1. A method comprising:

drilling a wellbore into a first type of rock using a drill bit;

sensing a first acoustic signal generated by the drill bit drilling into the first type of rock
and transmitted through the body of the drill bit;

identifying a bit characteristic by rotating a selected type of drill bit in contact with a

known type of rock and analyzing a second acoustic signal generated thereby and transmitted

through the body of the selected type of drill bit; and

identifying the first type of rock as being the same type of rock as the known type of rock
based on a correspondence between the first acoustic signal generated by the drill bit and

transmitted through the body of the drill bit and the bit characteristic.

2. The method of claim 1, further comprising determining a characteristic of the first

acoustic signal based on a frequency domain amplitude analysis.

3. The method of claim 1, further comprising determining a change in rock type based, at

least in part, on a characteristic of the first acoustic signal.

4. The method of claim 1, further comprising: identifying a characteristic common to both a

third acoustic signal generated by a sharp drill bit of the selected type and a fourth acoustic
signal generated by a dull drill bit of the selected type.

5. The method of claim 1, wherein sensing the first acoustic signal comprises receiving, at a

sensor mounted to a downhole assembly, the first acoustic signal transmitted through a body of
the drill bat.

6. T'he method of claim 5, wherein receiving the first acoustic signal at the sensor comprises

receiving the signal with an accelerometer.

7. The method of claim 1, wherein sensing the first acoustic signal comprises receiving the

acoustic signal using a hydrophone.
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8. The method of claim 1, further comprising: sensing the first acoustic signal downhole;

and transmitting information associated with the acoustic signal uphole.

9. The method of claim 8, further comprising: processing the first acoustic signal downhole

to generate a processed signal; and transmitting the processed signal to an associated well

surface.
10.  An apparatus comprising:

a sensor operable to receive a first acoustic signal generated by a drill bit drilling into

rock and transmitted through the body of the drill bit;

a processing system configured to analyze the first acoustic signal and determine a
property associated with the rock based, at least in part, on a characteristic common to both a

second acoustic signal generated by a sharp drill bit of a selected type and a third acoustic signal

generated by a dull drill bit of the selected type;

the processing system operable to perform a Fourier transform of the first acoustic signal

using a computer readable medium embodying a program of executable instructions and

combinatorial logic;

the processing system operable to determine the property associated with the rock based

on a frequency domain amplitude analysis; and

the processing system operable to determine the property associated with the rock based

on the characteristic.

11.  The apparatus of claim 10, further comprising a performing means selected from a group

consisting of a computer readable medium embodying a program of executable instructions, and

combinatorial logic.

12.  The apparatus of claim 10, wherein the property associated with the rock is selected from

a group consisting of a lithology of the rock, a porosity of the rock, a permeability of the rock,

presence of a fluid within the rock, and a type of fluid within the rock.
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13.  The apparatus of claim 10, wherein the sensor comprises an accelerometer configured to

receive the first acoustic signal transmitted through a body of the drill bit.
14.  The apparatus of claim 10, wherein the apparatus comprises a downhole sub-assembly.
15.  The apparatus of claim 10, wherein the sensor comprises a hydrophone.

16.  The apparatus of claim 10, further comprising a telemetry system to transmit information

associated with the first acoustic signal to an associated wellsurface.
17.  The apparatus of claim 16, further comprising an encoder to generate a processed signal.
18.  The apparatus of claim 10, further comprising: a data encoder; and a telemetry system.

19.  The apparatus of claim 10, further comprising the sensor configured to receive a first

acoustic signal traveling through the drill bit.
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™ FIG. 8

SELECT BIT TYPE FOR CHARACTERIZATION

GENERATE ACOUSTIC SIGNAL USING
SHARP BIT IN FIRST ROCK TYPE

GENERATE ACOUSTIC SIGNAL USING
DULL BIT IN FIRST ROCK TYPE

PERFORM FOURIER TRANSFORM ON ACOUSTIC SIGNALS
GENERATED BY BOTH SHARP BIT AND DULL BIT

STORE COMMON CHARACTERISTIC IN MEMORY

COUPLE MEMORY HOLDING COMMON CHARACTERISTIC
TO PROCESSING SYSTEM IN DOWNHOLE SUB-ASSEMBLY

PLACE DOWNHOLE SUB-ASSEMBLY INTO DRILL STRING
THAT INCLUDES BIT OF THE SAME BIT TYPE CHARACTERIZED

MONITOR ACOUSTIC SIGNALS GENERATED

PERFORM FOURIER TRANSFORM OF

ACQOUSTIC SIGNAL GENERATED BY DRILL BIT

DETERMINE CHARACTERISTIC OF ACOUSTIC

SIGNAL GENERATED BY DRILL BIT

COMPARE CHARACTERISTIC OF ACOUSTIC SIGNAL
GENERATED BY DRILL BIT TO BIT CHARACTERISTIC

DETERMINE BIT CHARACTERISTIC COMMON TO ACOUSTIC
SIGNALS GENERATOR BY SHARP BIT AND DULL BIT

BY DRILL BIT DURING DRILLING

DETERMINE ROCK PROPERTY BASED ON CORRESPONDENCE

BETWEEN BIT CHARACTERISTIC AND CHARACTERISTIC OF
ACOUSTIC SIGNAL GENERATED WHILE DRILLING
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