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FORMATION INDEPENDENT CEMENT EVALUATION WITH ACTIVE
GAMMA RAY DETECTION

BACKGROUND

Natural resources such as gas, oil, and water residing in a geological
formation may be recovered by drilling a wellbore into the formation. A string of
pipe (e.g., casing) is run into the wellbore in order to provide structural support
for the wellbore sides. The casing may be metal (e.g., steel).

Primary cementing may be performed whereby a cement slurry is
injected into the annulus between the casing and the geological formation. The
cement is permitted to set into a hard mass (i.e., a sheath) to thereby support the
string of pipe within the wellbore and seal the annulus. Due to the tightly
coupled nature of the formation, sheath, and casing, it may be difficult to

evaluate the cured cement.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional diagram of a cased borehole in a geological
formation, according to various examples of the disclosure.

FIG. 2 is a block diagram showing a radioactive source and detector
logging tool within the cased hole, according to various examples of the
disclosure.

FIG. 3 is a graph showing detected energy spectra associated with good
cement from a detector having varying detector-to-source distances with a
relatively small size detector collimator, according to various examples of the
disclosure.

FIG. 4 is a graph showing detected energy spectra associated with good
and bad cement from a detector having a relatively close detector-to-source
distance, according to various examples of the disclosure.

FIG. 5 is a graph showing detected energy spectra associated with good
and bad cement from a detector having a relatively large detector-to-source

distance, according to various examples of the disclosure.
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FIG. 6 is a flowchart of a method for performing cement evaluation in a
downhole environment, according to various examples of the disclosure.

FIG. 7 is a diagram showing a drilling system, according to various
examples of the disclosure.

FIG. 8 is a diagram showing a wireline system, according to various
examples of the disclosure.

FIG. 9 is a block diagram of an example system operable to implement
the activities of multiple methods, according to various examples of the

disclosure.

DETAILED DESCRIPTION

Some of the challenges noted above, as well as others, can be addressed
by implementing the apparatus, systems, and methods described herein. In many
examples, a logging tool may be designed having a radioactive source and
detector with a collimator in which a detector-to-source distance and a detector
collimator geometry are set to provide downhole cement evaluation that is
substantially independent of geological formation properties (e.g., porosity
independent, density independent).

FIG. 1 is a cross-sectional diagram of a cased borehole 101 ina
geological formation 104, according to various examples of the disclosure. The
borehole 101 is lined with the casing 102 that may comprise a metal (e.g., steel).
Cement 103 is injected into the borehole 101 such that, after it reaches the
bottom of the borehole, it returns upward in the annulus region between the
casing 102 and the formation 104. Thus, the cement stabilizes the casing 102
within the borehole 101. A gap 106 may be present between the casing 102 and
the cement 103.

Due to possible imperfections introduced into the cement 103 during
construction and/or subsequent wear damage caused by use of the borehole, it is
often desirable to perform non-destructive testing of the cement. Using a logging
tool having a radioactive source, detector and detector collimator in the borehole,
possible gaps or bubbles in the cement or gaps 106 between the casing 102 and
the cement 103, as well as other imperfections in the cement, may be discovered.

Various examples may be used to detect the presence of these imperfections.

2
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The porosity of the geological formation 104 may vary for different
boreholes 101. As used herein, porosity may be defined as a percentage of pore
space in a unit volume of rock and is indicated by a porosity unit (pu) having a
range of 0-100 pu. For example, porosity = pore volumeltotal volume where 1pu

5 = 1% porosity.

FIG. 2 is a block diagram showing a radioactive source and detector
logging tool 210 within the cased hole, according to various examples of the
disclosure. The logging tool 210 uses photons transmitted from a radioactive
source 200 (e.g., chemical gamma) to penetrate the casing material 102, cement

10 103 and formation 104, with reflections back to a detector 204 to generate
spectra (e.g., FIGs. 3-5) associated with the cement 103 and possible gaps 106
behind the casing 102 and inside the cement 103. The logging tool 210 may be
located in a drill string tool housing to be used during a logging while drilling
(LWD)/measurement while drilling (MWD) operation (see FIG. 7) or a wireline

15  tool housing to be used during a wireline logging operation (see FIG. 8).

The logging tool 210 includes the radioactive source 200 for generating
the photon beam. The radioactive source 200 may comprise any monochromatic
high energy photon source, including gamma ray source (e.g., caesium-137).
Heat generated by source operation may be dissipated through cooling fluid

20 (e.g., air, water, oil).

The photons in the gamma ray beam interact with the cement 103 which
scatters the photons back through the gap material 106 (if any) and the casing
102. The logging tool 210 further comprises one or more gamma ray detectors
204 to detect photons reflected by the cement.

25 A radiation shield 203 is located between the radioactive source 200 and
the detector 204. The shield 203 blocks photons from traveling directly from the
source 200 to the detector 204 without passing through the cement 103. The
radiation shield 203 may be any photon blocking material (e.g., tungsten, lead)
appropriate for blocking high energy photons. The front of the detector 204 is

30  shielded with metal having a relatively high atomic number, such as tungsten, to
block photons coming from scattering other than the cement 103. A detector
collimator 220 may be cut into the detector shielding to allow the photons

scattered behind the casing to pass through. The size (e.g., diameter) D of the
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detector collimator 220, its relative position to a detector crystal and its angle (if
any) relative to the source 200 may determine the amount of gamma ray (i.e.,
photons) detected by the detector 204. The amount of photons may be
represented by the graphs of FIGs. 3-5 as a detection rate (i.e., counts per
second).

As discussed subsequently in greater detail, one example of a detector
collimator 205 may be angled more towards the source 200 than towards the
formation. Another example of a detector collimator 206 may be angled more
towards the formation 104 than towards the source 200. Various examples of the
detector collimator 220 may also have various sizes D in order to detect desired
energy spectra. In order to provide a more desirable formation independence of
the detected energy spectra, an energy range may be increased in response to the
detector collimator being angled more towards the source. In another example,
the energy range may be increased in response to decreasing the diameter of the
detector collimator. In either of these examples, the increased energy range may
be in the 300 keV to 500 keV range.

As used herein, a detector collimator 205 that is angled more towards the
formation comprises having the input of the detector collimator 205 having an
angle of approximately 90° with a longitudinal axis of the logging tool. A
detector collimator 205 that is angled more towards the source 200 comprises an
input of the detector collimator 205 having an included angle of substantially
less than 90° with the longitudinal axis of the logging tool.

The distance between the detector 204 and the source 200 may be
adjusted, in addition to adjusting the collimator angle and/or the collimator
diameter, to detect and evaluate gamma ray energy spectra within an energy
range (e.g., < 600 keV). The energy spectra are independent of the formation
properties (e.g. porosity, density) as indicated by the fact that the spectra are
substantially similar (e.g., amplitude and shape) even as the porosity of the
formation changes. The graphs of FIGs. 3-5 illustrate the resulting gamma ray
energy spectra from varying the various tool design parameters (e.g., detector-to-
source distance, collimator angle, collimator diameter).

During a logging operation, the logging tool 210 may be placed against

the casing 102 in the wellbore 101 in order to reduce or eliminate any gaps

4



WO 2016/171668 PCT/US2015/026800

10

15

20

25

30

between the tool 210 and the casing 102 that might alter spectral measurements.
Photons entering the cement 130 from the source 200 may be reflected back
through interaction with cement 103 at certain depths. As the logging tool rotates
in the azimuthal direction in the wellbore, the gamma ray interacts with the
cement encircling the wellbore 101 at the same depth so that the entire diameter
of the cement is investigated as the tool 210 moves through the wellbore 101.

For purposes of illustration, the graphs of example spectra illustrated in
FIGs. 3-5 were generated with a geological formation assumed to be sandstone
having a porosity range of 0-40 pu and a density range of 1.99-2.65 grams/cubic
centimeter (g/c’). While the subsequent examples refer mostly to formation
porosity, this density range may be representative of other formation types
having a different porosity. Therefore, the following examples and method for
cement evaluation include formation density/mineralogy independence as well
as formation porosity independence. Furthermore, the examples and method may
be applied to any layered formation structure (e.g., bi-layer structure) wherein
the evaluation of the first layer is independent of the properties of the layer
behind. Thus, the use of sandstone and the porosity range of 0-40 pu is simply
for purposes of illustration.

The following graphs also show different curves associated with “good
cement” and “bad cement”. Asused herein, “good cement” is defined as cement
that fully fills the annulus between the casing and the geological formation. “Bad
cement” may be defined as water (H,O) or some other fluid replacing the cement
filled annulus between the casing and the geological formation.

As described previously, the tool design parameters include detector-to-
source spacing, detector collimator size, and detector collimator angle. The
optimal tool design parameters increase the spectrum count rates, increase the
spectrum sensitivity to cement quality, and decrease the spectrum sensitivity to
geological formation properties.

FIG. 3 is a graph showing detected energy spectra associated with good
cement from a detector having varying detector-to-source distances with a
relatively small diameter detector, according to various examples of the
disclosure. The graph shows detected photon energy along the x-axis (in keV)

and photon counts per second (cps) along the y-axis.
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The spectra of FIG. 3 illustrate the role of detector-to-source spacing on
the porosity independent cement evaluation. In order to determine a desirable
detector-to-source spacing, the cement quality is kept as an unchanged parameter
in generating the graph of FIG. 3. The different formation properties may be
represented by the formation porosity (O pu and 40 pu). A desirable detector-to-
source spacing selection has the least sensitivity on formation properties (i.e., the
spectra from O pu and 40 pu coincides with each other in an energy range as
large as possible). The closest detector-to-source position is chosen in such a
way that enough shielding can still be placed between the source and the detector
to minimize the streaming count rates. This design parameter may be determined
by the source strength and tool use. For each simulation to determine the
desirable detector-to-source spacing, the detector was set at a different position,
represented by a, b, ¢, d, e, f, with a as the closest, f as the farthest and
approximately 38 millimeters (mm) separation between two adjacent positions.

Various observations may be made from the spectra FIG. 3. For example,
when the detector is relatively close to the source, the energy spectra for the two
40 pu and O pu formations are substantially similar. Also, as the detector-to-
source spacing increases, the energy range where these two spectra match is
reduced. The spectra of FIG. 3 also illustrate that, as the detector-to-source
spacing increases, the energy range where the two spectra are substantially
similar moves toward relatively higher energy, as illustrated in the relatively
higher energy window 301.

The spectra of FIG. 3 illustrate that the detector-to-source spacing
determines the energy range where the porosity-independent cement evaluation
method may be applied. The farther the detector is from the source, the smaller
the formation-porosity independent energy range. However, detector-to-source
spacing that is too close may result in the depth of investigation being too small.
In other words, the entire range of cement thickness behind casing may not be
investigated. Thus a desirable detector-to-source spacing may be indicated by a
distance that enables the entire thickness of cement to be investigated while also
resulting in a received energy spectra that are substantially similar when the

formation properties change.
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The spectra illustrated in FIGs. 4 and 5 represent the energy spectra
detected at two detector-to-source positions: relatively close and relatively far,
respectively. For illustration purposes, the cement quality is chosen to be good
and bad as defined previously.

As used herein, a relatively close detector-to-source distance may be
defined as a distance that results in a received energy spectra at the detector that
responds only to the material filled annulus between the casing and the
formation. Thus, no change in the total photon count rate or spectrum shape is
observed when the formation porosity changes.

Also as used herein, a relatively large detector-to-source distance may be
defined as a distance that results in a received energy spectra at the detector only
insensitive to the changes in the formation in a limited range of energy, which is
the high energy end of the spectra. Thus, as the formation porosity changes, the
received energy spectra does not change within a small energy range as well as
indicated by no differences in the received energy spectra within a small energy
range.

FIG. 4 is a graph showing detected energy spectra associated with good
and bad cement from a detector having a relatively close detector-to-source
distance, according to various examples of the disclosure. The graph shows
detected photon energy along the x-axis (in keV) and photon ¢ps along the y-
axis. This graph represents the energy spectra of a detector-to-source distance
that is small relative to the detector-to-source distance represented by the graph
of FIG. 4.

Two cement quality groups of curves 401, 403 each represent respective
cement qualities (i.e., good cement, bad cement) where each group of curves
401, 403 is associated with the same range of porosity units. For example, the
figure shows a first group of curves 401 representing photons detected from
good cement, where each curve in that group of curves 401 has a different
formation porosity unit value from 0-40 pu. The second group of curves 403
represents photons detected from bad cement, where each curve in that group of
curves 403 has a different formation porosity unit value from 0-40 pu.

As seen in FIG. 4, there is a clear difference in the photon count rates

between the good cement and the bad cement cases. With the same cement
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quality (e.g., good, bad), there is no change in the spectra shape or magnitude,
over the entire energy range, when the formation porosity changes from O pu to
40 pu. The spectra amplitude and shape over the entire illustrated energy range is
solely a result of the change in quality of cement and, thus, independent of the
formation porosity.

FIG. 5 is a graph showing detected energy spectra associated with good
and bad cement from a detector having a relatively large detector-to-source
distance, according to various examples of the disclosure. The graph shows
detected photon energy along the x-axis (in keV) and photon ¢ps along the y-
axis. This graph represents the energy spectra of a detector-to-source distance
that is large relative to the detector-to-source distance represented by the graph
of FIG. 4 and as defined above.

Two cement quality groups of curves 501, 503 each represent respective
cement qualities (i.e., good cement, bad cement) where each group of curves
501, 503 is associated with the same range of porosity units. For example, the
figure shows a first group of curves 501 representing photons detected from
good cement, where each curve in that group of curves 501 has a different
formation porosity unit value from 0-40 pu. The second group of curves 503
represents photons detected from bad cement, where each curve in that group of
curves 503 has a different formation porosity unit value from 0-40 pu.

For formations with the same porosity, the count rates are different for
good cement and bad cement. As the formation porosity changes, no porosity
independence is exhibited over the energy range as is illustrated in the results of
the near detector of FIG. 4. However, as seen in the inset plot 510 of FIG. 5, the
formation porosity independence is kept in an energy range of approximately
300 keV to approximately 500 keV. Thus, the energy range where the spectra are
independent of formation porosity is moved toward the high energy end.

The spectra of FIG. 5 illustrate that the detector-to-source distance
determines an energy range where the formation (e.g., porosity) independent
cement evaluation method may be applied. The greater the detector-to-source
distance, the smaller the formation-porosity independent energy range. And an

energy range can always be chosen in such a way that it is insensitive to the
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formation properties, while its spectra shape and count rates in that range can
solely reflect the quality of cement behind the casing.

Varying other tool design parameters may also change the energy range
where the detector spectra are independent of the formation porosity. For
example, in addition to setting the detector-to-source spacing as described
previously, the detector collimator size and angle may be adjusted and set that
result in an energy range where the detector spectra response is independent of
formation porosity. Within this energy range, the detector spectra response is
determined by the cement quality inside the annulus between the casing and
formation. By analyzing the total count rates, spectra shape, and spectra
amplitude, the cement quality information is obtained.

FIG. 6 is a flowchart of a method for performing cement evaluation in a
downhole environment, according to various examples of the disclosure. The
method may include, in block 601, generating a gamma ray from a source into
the cement disposed in the geological formation. In block 603, photons reflected
from the geological formation and the cement, resulting from an interaction of
the cement with the gamma-ray, are detected on a detector comprising a
collimator such that the tool design parameters (e.g., a detector-to-source
distance, a collimator angle, and/or a collimator size) are adjusted to provide an
energy spectra independent of the geological formation. For example, the
detector-to-source distance is set such that received energy spectra at the detector
responds only to the material filled annulus between the casing and the
formation. This step may further comprise digitizing the detected count rates of
different energy into multichannel spectra, wherein the multichannel spectra are
not substantially affected by the geological formation.

In block 605, the quality of the cement is determined based on the energy
spectra of the detected photons (e.g., the photon count rate, spectra shape and,
spectra amplitude). For example, a relatively lower received photon count rate is
an indication of higher cement quality than a relatively higher received photon
count rate. In another example, determining the quality of the cement based on
the energy spectra of the detected photons may include determining the energy

spectra in a range of 300 keV to 500 keV, as noted in the inset 510 of FIG. 5.
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FIG. 7 is a diagram showing a drilling system 764, according to various
examples of the disclosure. The system 764 includes a drilling rig 702 located at
the surface 704 of a well 706. The drilling rig 702 may provide support for a
drillstring 708. The drillstring 708 may operate to penetrate the rotary table 710
for drilling the borehole 712 through the subsurface formations 104. The
drillstring 708 may include a drill pipe 718 and a bottom hole assembly (BHA)
720 (e.g., drill string), perhaps located at the lower portion of the drill pipe 718.

The BHA 720 may include drill collars 722, a down hole tool 724
including the logging tool 210, and a drill bit 726. The drill bit 726 may operate
to create the borehole 712 by penetrating the surface 704 and the subsurface
formations 104. The downhole tool 724 may comprise any of a number of
different types of tools besides the logging tool 210. The logging tool 210 may
be used in MWD/LWD operations within a borehole 712 that has already been
cased with casing and cement. Using the logging tool 210 during the
MWD/LWD operations may provide data to the surface (e.g., hardwired,
telemetry) on already cased and cemented portions of the borehole 712 as other
portions of the borehole 712 are being drilled.

During drilling operations within the cased borehole 712, the drillstring
708 (perhaps including the drill pipe 718 and the BHA 720) may be rotated by
the rotary table 710. Although not shown, in addition to or alternatively, the
BHA 720 may also be rotated by a motor (e.g., a mud motor) that is located
down hole. The drill collars 722 may be used to add weight to the drill bit 726.
The drill collars 722 may also operate to stiffen the bottom hole assembly 720,
allowing the bottom hole assembly 720 to transfer the added weight to the drill
bit 726, and in turn, to assist the drill bit 726 in penetrating the surface 704 and
subsurface formations 714.

During drilling operations within the cased borehole 712, a mud pump
732 may pump drilling fluid (sometimes known by those of ordinary skill in the
art as “drilling mud”) from a mud pit 734 through a hose 736 into the drill pipe
718 and down to the drill bit 726. The drilling fluid can flow out from the drill
bit 726 and be returned to the surface 704 through an annular area 740 between
the drill pipe 718 and the sides of the borehole 712. The drilling fluid may then

be returned to the mud pit 734, where such fluid is filtered. In some examples,
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the drilling fluid can be used to cool the drill bit 726, as well as to provide
lubrication for the drill bit 726 during drilling operations. Additionally, the
drilling fluid may be used to remove subsurface formation cuttings created by
operating the drill bit 726.

5 A workstation 792 including a controller 796 may include modules
comprising hardware circuitry, a processor, and/or memory circuits that may
store software program modules and objects, and/or firmware, and combinations
thereof that are configured to execute the method of FIG. 7. For example, the
workstation 792 with controller 796 may be configured to digitize count rates of

10 different energy into multichannel spectra and generate formation independent
energy spectra and use the spectra shape and amplitude to determine cement
quality, according to the methods described previously. The controller 796 may
be configured to determine a photon count rate, an amplitude, and a shape of the
energy spectra in order to determine the quality of the cement.

15 Thus, in various examples, components of a system operable to conduct
high energy photon detection, as described herein or in a similar manner, can be
realized in combinations of hardware and/or processor executed software. These
implementations can include a machine-readable storage device having machine-
executable instructions, such as a computer-readable storage device having

20  computer-executable instructions. Further, a computer-readable storage device
may be a physical device that stores data represented by a physical structure
within the device. Such a physical device is a non-transitory device. Examples of
machine-readable storage devices can include, but are not limited to, read only
memory (ROM), random access memory (RAM), a magnetic disk storage

25  device, an optical storage device, a flash memory, and other electronic,
magnetic, and/or optical memory devices.

FIG. 8 is a diagram showing a wireline system 864, according to various
examples of the disclosure. The system 864 may comprise a wireline logging
tool body 820, as part of a wireline logging operation in a cased and cemented

30  borehole 712, that includes the logging tool 210 as described previously.

A drilling platform 786 equipped with a derrick 788 that supports a hoist
890 can be seen. Drilling oil and gas wells is commonly carried out using a

string of drill pipes connected together so as to form a drillstring that is lowered
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through a rotary table 710 into the cased borehole 712. Here it is assumed that
the drillstring has been temporarily removed from the borehole 712 to allow the
wireline logging tool body 820, such as a probe or sonde with the logging tool
210, to be lowered by wireline or logging cable 874 (e.g., slickline cable) into
the borehole 712. Typically, the wireline logging tool body 820 is lowered to the
bottom of the region of interest and subsequently pulled upward at a
substantially constant speed. In an embodiment, the logging tool 210 is
immediately adjacent to the wall of the borehole 712.

During the upward trip, at a series of depths, various instruments may be
used to perform quality measurements on the casing and cement lining of the
borehole 712, as described previously. The wireline data may be communicated
to a surface logging facility (e.g., workstation 792) for processing, analysis,
and/or storage. The logging facility 792 may be provided with electronic
equipment for various types of signal processing as described previously. The
workstation 792 may have a controller 796 that is coupled to the logging tool
210 through the wireline 874 or telemetry in order to receive data from the
logging tool regarding the detected photons and generate the energy spectra
indicative of the cement quality.

FIG. 9 is a block diagram of an example system 900 operable to
implement the activities of multiple methods, according to various examples of
the disclosure. The system 900 may include a tool housing 906 having the
logging tool 210 such as that illustrated in FIG. 2. The system 900 may be
configured to operate in accordance with the teachings herein to perform
formation independent cement evaluation measurements in order to determine
the quality of cement between the casing and the formation. The system 900 of
FIG. 9 may be implemented as shown in FIGs. 7 and 8 with reference to the
workstation 792 and controller 796.

The system 900 may include a controller 920, a memory 930, and a
communications unit 935. The memory 930 may be structured to include a
database. The controller 920, the memory 930, and the communications unit 935
may be arranged to operate as a processing unit to control operation of the
logging tool 210 and execute any methods disclosed herein. The processing unit

may be configured to digitize detected photon count rates to generate
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multichannel energy spectra having an amplitude and shape over an energy
range that is a result of the change in quality of cement and, thus, independent of
the formation.

The communications unit 935 may include downhole communications
for appropriately located sensors in a wellbore. Such downhole communications
can include a telemetry system. The communications unit 935 may use
combinations of wired communication technologies and wireless technologies at
frequencies that do not interfere with on-going measurements.

The system 900 may also include a bus 937, where the bus 937 provides
electrical conductivity among the components of the system 900. The bus 937
can include an address bus, a data bus, and a control bus, each independently
configured or in an integrated format. The bus 937 may be realized using a
number of different communication mediums that allows for the distribution of
components of the system 900. The bus 937 may include a network. Use of the
bus 937 may be regulated by the controller 920.

The system 900 may include display unit(s) 960 as a distributed
component on the surface of a wellbore, which may be used with instructions
stored in the memory 930 to implement a user interface to monitor the operation
of the tool 906 or components distributed within the system 900. The user
interface may be used to input parameter values for thresholds such that the
system 900 can operate autonomously substantially without user intervention in
a variety of applications. The user interface may also provide for manual
override and change of control of the system 900 to a user. Such a user interface
may be operated in conjunction with the communications unit 935 and the bus
937. Many examples may thus be realized. A few examples of such examples
will now be described.

Example 1 is a method for cement evaluation, comprising: generating a
gamma ray, from a source, into the cement disposed in a geological formation;
detecting, with a detector, photons resulting from gamma ray interactions
through casing and the cement; digitizing detected photon count rates of
different energy into multichannel energy spectra, wherein a distance between

the source and the detector is set such that the multichannel energy spectra are
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not substantially affected by the geological formation; and determining a quality
of the cement based on the multichannel energy spectra.

In Example 2, the subject matter of Example 1 can further include
wherein the energy spectra are independent of the geological formation within a
predetermined energy range.

In Example 3, the subject matter of Examples 1-2 can further include
wherein the energy spectra are independent of a porosity, density or mineralogy
of the geological formation.

In Example 4, the subject matter of Examples 1-3 can further include
wherein generating the gamma ray comprises generating a photon stream from a
caesium-137 source.

In Example 5, the subject matter of Examples 1-4 can further include
wherein determining the quality of the cement comprises determining the quality
of the cement based on a detected photon count rate, energy spectra shape, or
energy spectra amplitude.

In Example 6, the subject matter of Examples 1-5 can further include
wherein the detector-to-source distance is set such that the energy spectra
responds only to a material filled annulus between the casing and the formation.

In Example 7, the subject matter of Examples 1-6 can further include
wherein determining the quality of the cement based on the energy spectra of the
detected photons comprises determining the energy spectra in a range of 300
keV to 500 keV.

In Example 8, the subject matter of Examples 1-7 can further include
increasing the energy range in response to decreasing the diameter of a detector-
collimator.

In Example 9, the subject matter of Examples 1-8 can further include
increasing the energy range in response to the collimator being angled more
towards the source.

Example 10 is a logging tool comprising: a radioactive source that
generates a photon stream; a detector disposed in the tool a distance from the
radioactive source, the detector to detect photons resulting from photon
interactions through cement disposed in a geological formation; and a controller

coupled to the detector to digitize detected photon count rates of different energy
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into multichannel energy spectra, wherein the distance between the source and
the detector is set such that the multichannel energy spectra are not substantially
affected by the geological formation, the controller further to determine a quality
of the cement based on the multichannel energy spectra.

In Example 11, the subject matter of Example 10 can further include
wherein the radioactive source comprises a gamma ray source.

In Example 12, the subject matter of Examples 10-11 can further include
a detector collimator coupled to the detector and having an angle toward the
radioactive source wherein the detector collimator angle is set such that the
energy spectra is independent of the geological formation.

In Example 13, the subject matter of Examples 10-12 can further include
wherein the controller determines an amplitude and a shape of the energy spectra
to determine the quality of the cement.

In Example 14, the subject matter of Examples 10-13 can further include
wherein the controller further determines the quality of the cement based on a
detected photon count rate.

Example 15 is a system comprising: a downhole tool including a logging
tool, the logging tool comprising: a radioactive source to transmit a photon
beam; a detector disposed in the tool a distance from the radioactive source, the
detector to detect photons resulting from photon beam interactions through
cement in a geological formation; and a controller coupled to the detector to
digitize detected photon count rates into multichannel energy spectra, wherein
the distance between the source and the detector is set such that the multichannel
energy spectra are not substantially affected by the geological formation.

In Example 16, the subject matter of Example 15 can further include
wherein the downhole tool is disposed in a wireline tool.

In Example 17, the subject matter of Examples 15-16 can further include
wherein the downhole tool is disposed in a drill string tool.

In Example 18, the subject matter of Examples 15-17 can further include
wherein the cement is disposed between a casing and the geological formation.

In Example 19, the subject matter of Examples 15-18 can further include
wherein the controller is further to determine a quality of the cement in response

to the multichannel energy spectra.
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In Example 20, the subject matter of Examples 15-19 can further include
wherein the controller further determines the quality of the cement based on an
amplitude, photon count rates and a shape of the multichannel energy spectra.

Although specific examples have been illustrated and described herein, it
will be appreciated by those of ordinary skill in the art that any arrangement that
is calculated to achieve the same purpose may be substituted for the specific
examples shown. Various examples use permutations and/or combinations of
examples described herein. It is to be understood that the above description is
intended to be illustrative, and not restrictive, and that the phraseology or
terminology employed herein is for the purpose of description. Combinations of
the above examples and other examples will be apparent to those of skill in the

art upon studying the above description.
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Claims

‘What is claimed is:

1. A method for cement evaluation, comprising:

generating a gamma ray, from a source, into the cement disposed in a
geological formation;

detecting, with a detector, photons resulting from gamma ray interactions
through casing and the cement;

digitizing detected photon count rates of different energy into
multichannel energy spectra, wherein a distance between the source and the
detector is set such that the multichannel energy spectra are not substantially
affected by the geological formation; and

determining a quality of the cement based on the multichannel energy

spectra.

2. The method of claim 1, wherein the energy spectra are independent of the

geological formation within a predetermined energy range.

3. The method of claim 1, wherein the energy spectra are independent of a

porosity, density or mineralogy of the geological formation.

4. The method of claim 1, wherein generating the gamma ray comprises

generating a photon stream from a caesium-137 source.

5. The method of claim 1, wherein determining the quality of the cement
comprises determining the quality of the cement based on a detected photon

count rate, energy spectra shape, or energy spectra amplitude.
6. The method of claim 1, wherein the detector-to-source distance is set

such that the energy spectra responds only to a material filled annulus between

the casing and the formation.
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7. The method of claim 2, wherein determining the quality of the cement
based on the energy spectra of the detected photons comprises determining the

energy spectra in a range of 300 keV to 500 keV.

8. The method of claim 2, further comprising increasing the energy range in

response to decreasing the diameter of a detector-collimator.

9. The method of claim 2, further comprising increasing the energy range in

response to the collimator being angled more towards the source.

10. A logging tool comprising:

a radioactive source that generates a photon stream;

a detector disposed in the tool a distance from the radioactive source, the
detector to detect photons resulting from photon interactions through cement
disposed in a geological formation; and

a controller coupled to the detector to digitize detected photon count rates
of different energy into multichannel energy spectra, wherein the distance
between the source and the detector is set such that the multichannel energy
spectra are not substantially affected by the geological formation, the controller
further to determine a quality of the cement based on the multichannel energy

spectra.

11. The logging tool of claim 10, wherein the radioactive source comprises a

gamima ray source.

12. The logging tool of claim 11, further comprising a detector collimator
coupled to the detector and having an angle toward the radioactive source
wherein the detector collimator angle is set such that the energy spectra is

independent of the geological formation.

13. The logging tool of claim 10, wherein the controller determines an
amplitude and a shape of the energy spectra to determine the quality of the

cement.
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14. The logging tool of claim 13, wherein the controller further determines

the quality of the cement based on a detected photon count rate.

15. A system comprising:
a downhole tool including a logging tool, the logging tool comprising:

a radioactive source to transmit a photon beam;

a detector disposed in the tool a distance from the radioactive
source, the detector to detect photons resulting from photon beam
interactions through cement in a geological formation; and

a controller coupled to the detector to digitize detected photon
count rates into multichannel energy spectra, wherein the distance
between the source and the detector is set such that the multichannel

energy spectra are not substantially affected by the geological formation.

16. The system of claim 15, wherein the downhole tool is disposed in a

wireline tool.

17. The system of claim 15, wherein the downhole tool is disposed in a drill

string tool.

18. The system of claim 15, wherein the cement is disposed between a casing

and the geological formation.

19. The system of claim 15, wherein the controller is further to determine a

quality of the cement in response to the multichannel energy spectra.
20. The system of claim 19, wherein the controller further determines the

quality of the cement based on an amplitude, photon count rates and a shape of

the multichannel energy spectra.

19



WO 2016/171668

101

102

PCT/US2015/026800

L e e
e

W”///."///.»',.://.vf///..'///»‘7/ Vi
SIS LS,

e ey

////,/////y//// SIS

/s

i gl T

104

i g S S L

%..::"//AV//.."///.»'.v//ff///.f//ﬁ;"f/
e e

g gt fI AR
it i) AL SIS I St S5

. /’,3,.'///‘«///.f///.vj.v///:f‘y//

o
S
L4
E
e
o

i/

{

1/9

)

<
PAERA
=3
]

»
<
4%

o
o‘g
=
®o §
-

I

R

o

°

7 &%y e

]

S
5 =~
v 38
"~ 9

] /,:ms

\\\\\\'a\\\\\\\\\\\Y\\\\'"\\\\k\

R\\\\\\\\\\\""\\\\\\\\\\\\\\\"'\

R SN ARNRN

N \\\\\\\\'u.\\\\\\\\\\\\'&\\\k\\

S5 R SRR AR AR

A A AN A R

\\\\\\\\\&\\\&\\\\\\\m\\\\\\

\\\k\\\\\\\\\\\~.,\\\\\\\\\\\\,. N

RN NN N

104

"~W\\\\~~\\\\\\\\\\\\\\\\"~.

R\\\\..\\\\\\\\\\\\~~.x\\\\\\\\\

.\\\k\\\\\\\'~~\\\\\\\\\\\\~~\\\\\

\X\&\\\\\\\\\\"R\\\\\\\\\\\%

SO AR N A N .




WO 2016/171668 PCT/US2015/026800

204

203

o
=
< . .
g Y "'m"m"‘n'i Y PO e
E:H:I:HI:MI. i § o g . . a
wal fii ¢
R & 3
ey v 8 - ¢
w4, § ° 7 * a o
\ > S
Y ¢ o @ * S
S 7 s " PR
.
9 ® by i
Qs P yyn t ‘G55
3 < ’ 2 oD
2 7
SIS o : h
© A N L )
vt' .o . o
& - o N o
o »~ o

4 A
A "o N
s N LR
__..nw‘; @ ST
~
o AR 9 > o
ons W ~ e o
[ a -
& . L™ N
ac‘bxiv AT N
v R e E o
° %
PR o
o - 3 "o,
g OG"’”\!“ 4
< g . g ©
. ey 2 N T ’
¢ 7 i e
(“"at}ag}-a t’
o 4 3 % 3 =Y
[ A“"Q v e N
< ¢ B w s 6
.« e v s ;
3 5 [
4% P
R
R« L0 b e
b e o e e o e e o oo e g e




PCT/US2015/026800

009 0% 00V 00e 002 0L {
. | m ! i m 0

o oo

oz

st o gpresF et

s, e

iy pred”

Loy

WO 2016/171668

& 0 Oy reerrrmreneens

(SRR TE Ry T—

2

A

oom oe
1 }

S e

- 08

- (8

- (01

. 071

- (7L

091

-~ 081

- (302

SdD

3/9



PCT/US2015/026800

WO 2016/171668

(EU TR 1) g Wlcte Tz N —
NG JUSLUST) DBG JEDR] —orrrrrerrrron
NOO7 “UBUIET) DB UBBN —emmrrrrnr
O “UBUISY PBG UBON mmmmsrre
ndn usWan prY tean
NGy "JSWBY POOLY JEBR|
ndog “wIBWIBT POOGY UBBN -
NAg SIS DONE) UBEN e
NG, TUBLURT DOOL) HBBN] wwerrrrrmrer

NGQ UBLUS) DOOEY JEBR] wrmmmmmseses

e

{pos) ABisug

o2

G301

- (00

S5d3

4/9



PCT/US2015/026800

WO 2016/171668

08

G ‘b

(pe) ABiauz

Y

ndng qusiusT peg’
ndng uslien peg e
ndo | usuien peg ‘e
g quslen peg e
neoy TUBLUST) pooe; e
NGoe “uBUIBs) POOG Yk
ndoz “uslen pong ‘e
ndn L WwswWen poos e

ndn usRG pocs e

= covcrnsresirasren

f crssessrrsressrses

4
.;-m ...............
...”m .................

m coennnn

- (01

- 0G1

- (08

- (G2

5d0

5/9



WO 2016/171668

GENERATE GAMMA RAY
FROM RADIOACTIVE
SOURCE INTO CEMENT
AND FORMATION

¥

DETECT PHOTONS AT
GAMMA RAY DETECTOR
WiTH COLLIMATOR
HAVING PARAMETERS
THAT PROVIDE
ENERGY SFPECTRA
INDEPENDENT OF
FORMATION

¥

DETERMINE QUALITY OF
CEMENT BASED ON
ENERGY SPECTRA OF
PDETECTED PHOTONS

Fig. ©

6/9

PCT/US2015/026800

G601

803



WO 2016/171668

PCT/US2015/026800

764
N\

736

732

104

T

788

786

704
~

N

R R R RS
. 722



WO 2016/171668 PCT/US2015/026800

ENANN RN AN A R A NESRNANA




WO 2016/171668 PCT/US2015/026800

800
N\

960
DISPLAY UNIT(S) |/

920
‘o  CONTROLLER

937
4 906
Q%im B TOOL -
MEMORY U
S LOGGING ||
TOOL \\
210

| COMMUNICATIONS
UNIT

9/9



ATIONAL SEARC (8) International application No.
[NTERRATIONAL SEARCH REPORT PCT/US2015/026800

A. CLASSIFICATION OF SUBJECT MATTER
E21B 47/00(2006.01)i, GO1V 5/04(2006.01)i, GO1V 5/12(2006.01)i, E21B 33/13(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
E21B 47/00, GO1V 5/08; E21B 49/00;, GO1V 5/04, GO1V 5/12; GO1V 5/00; GO1V 5/10; E21B 33/13

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & Keywords: gamma ray, source, detector, photon, cement, evaluation, energy spectra, count rate, formation

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2011-0284732 A1 (KORKIN et al.) 24 November 2011 1-20
See paragraphs [0006], [0010]-100161, [0024]1-[0027]1; and figures 1-2.

Y US 4939361 A (SMITH, JR. et al.) 03 July 1990 1-20
See column 3, lines 54-60; column 4, lines 41-47; column 6, lines 1-36;
and figures 1-3.

A US 20140374582 A1 (GUO et al.) 25 December 2014 1-20
See paragraphs [0004], [00311-10032]1, [0040]; and figures 3, 5A.

A WO 2014-018292 A1 (GE OIL & GAS LOGGING SERVICES, INC.) 30 January 2014 1-20
See paragraphs [0005], [0060]1-[00611; and figures 1-2, 6-7.

A WO 2013-101981 A1 (SCHLUMBERGER CANADA LIMITED et al.) 04 July 2013 1-20
See paragraphs [0004], [0025]-100271, [0047]; and figures 1-2, 10A.

. . . . N7 .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E"  earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
16 December 2015 (16.12.2015) 16 December 2015 (16.12.2015)
Name and mailing address of the ISA/KR Authorized officer

International Application Division

Korean Intellectual Property Office

189 Cheongsa-1o, Seo-gu, Dagjeon Metropolitan City, 35208,
Republic of Korea

Facsimile No, +82-42-472-7140 Telephone No.  +82-42-481-3347
Form PCT/ISA/210 (second sheet) (January 2015)

&

HWANG, Chan Yoon




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2015/026800
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2011-0284732 Al 24/11/2011 EP 2315913 Al 04/05/2011
MX 2010013639 A 22/02/2011
US 8742329 B2 03/06/2014
WO 2009-151350 Al 17/12/2009
US 4939361 A 03/07/1990 EP 0348098 A3 08/05/1991
US 2014-0374582 Al 25/12/2014 US 9057795 B2 16/06/2015
WO 2014-018292 Al 30/01/2014 CA 2880070 Al 30/01/2014
EP 2877882 Al 03/06/2015
US 2013-0009049 Al 10/01/2013
US 8878126 B2 04/11/2014
WO 2013-101981 Al 04/07/2013 EP 2798378 Al 05/11/2014
EP 2798380 Al 05/11/2014
US 2014-0034821 Al 06/02/2014
US 2014-0034822 Al 06/02/2014
US 9052404 B2 09/06/2015
WO 2013-101978 Al 04/07/2013

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - wo-search-report
	Page 31 - wo-search-report

