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ing an objective indicator or index calculated from acoustic meas-
urements. In another example, the cement may be evaluated in an in-
tegrated cement evaluation that integrates data relevant to cement
obtained from a variety of previous operations used to drill and
complete the well.
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Cement Evaluation

BACKGROUND

[0001] This disclosure relates to systems and methods for evaluating cement behind a casing

of a wellbore.

[0002] This section is intended to introduce the reader to various aspects of art that may be
related to various aspects of the present techniques, which are described and/or claimed below.
This discussion is believed to be helpful in providing the reader with background information to
facilitate a better understanding of the various aspects of the present disclosure. Accordingly, it

should be understood that these statements are to be read in this light, and not as admissions.

[0003] A wellbore drilled into a geological formation may be targeted to produce oil and/or
gas from certain zones of the geological formation. To prevent different zones from interacting
with one another via the wellbore and to prevent fluids from undesired zones from entering the
wellbore, the wellbore may be completed by placing a cylindrical casing into the wellbore and
cementing the casing in place. During cementing, cement may be injected into the annulus
formed between the cylindrical casing and the geological formation. When the cement properly
sets, fluids from one zone of the geological formation may not be able to pass through the
wellbore to interact with one another. This desirable condition is referred to as “zonal isolation.”
Yet well completions may not go as planned. For example, the cement may not set as planned

and/or the quality of the cement may be less than expected. In other cases, the cement may

unexpectedly fail to set above a certain depth due to natural fissures in the formation.
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[0004] A variety of acoustic tools may be used to verify that cement is properly installed.
These acoustic tools pulse acoustic waves as they are lowered through the wellbore to generate
acoustic well logs (tracks of data over certain depth intervals of the well). The acoustic well logs
may indicate whether liquids or solids are behind the casing in the wellbore at various depths.
When the well logs indicate a solid, cement is likely present. When the well logs indicate a
liquid, the cement may not have set or may not be present. Because a human operator in the field
may judge the meaning of the logs, the decision of whether cement is or is not properly installed

may be relatively inexact and may depend on the experience of the operator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Various aspects of this disclosure may be better understood upon reading the

following detailed description and upon reference to the drawings in which:

[0006] FIG. 1 is a schematic diagram of a system for verifying proper cement installation

and/or zonal isolation of a well, in accordance with an embodiment;

[0007] FIG. 2 is a block diagram of an acoustic downhole tool to obtain a well log relating to

a material behind casing of the well, in accordance with an embodiment;

[0008] FIG. 3 is a flowchart of an integrated cement evaluation workflow for verifying

proper cement installation and/or zonal isolation of the well, in accordance with an embodiment;

[0009] FIG. 4 is a block diagram relating a response of the acoustic downhole tool to a free

pipe or fully cemented pipe condition in the well, in accordance with an embodiment;
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[0010] FIG. 5 is a flowchart of a method for determining a Solids Presence Indicator (SPI),
Solids Index (SI), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage

Indicator (ACI), in accordance with an embodiment;

[0011] FIG. 6 is an example well log showing Solids Presence Indicator (SPI) and/or Solids
Azimuthal Coverage Index (SACI) in relation to Cement Bond Log (CBL), Acoustic Impedance

(Al), and Flexural Attenuation (FA), in accordance with an embodiment;

[0012] FIG. 7 is a flowchart of a method for determining a measurement value relating to
free pipe casing (Mfp) that may be used in calculating Solids Presence Indicator (SPI), Solids
Index (SI), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage Indicator

(ACI), in accordance with an embodiment;

[0013] FIG. 8 is a flowchart of a method for determining a measurement value of fully
cemented casing (Mfc) that may be used in calculating Solids Presence Indicator (SPI), Solids
Index (SI), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage Indicator

(ACI), in accordance with an embodiment;

[0014] FIG. 9 is a flowchart of a method for determining a measurement value of a free pipe
threshold (Mfpt) that may be used in calculating Solids Presence Indicator (SPI), Solids Index
(SD), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage Indicator (ACI), in

accordance with an embodiment;

[0015] FIG. 10 is a series of plots of Acoustic Impedance (Al) histograms that may be used
to add certainty to determining the measurement value of a free pipe threshold (Mfpt), in

accordance with an embodiment;
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[0016] FIG. 11 is a series of plots of Flexural Attenuation (FA) histograms that may be used
to add certainty to determining the measurement value of a free pipe threshold (Mfpt), in

accordance with an embodiment;

[0017] FIG. 12 is another example well log showing Solids Presence Indicator (SP1) and/or
Solids Azimuthal Coverage Index (SACI) in relation to Cement Bond Log (CBL), Acoustic

Impedance (Al), and Flexural Attenuation (FA), in accordance with an embodiment;

[0018] FIGS. 13 and 14 are well logs for a first example circumstance that may benefit from
the Solids Presence Indicator (SPI), Solids Index (SI), Solids Azimuthal Coverage Index (SACI),

and/or Azimuthal Coverage Indicator (ACI), in accordance with an embodiment;

[0019] FIGS. 15-17 are well logs for a second example circumstance that may benefit from
the Solids Presence Indicator (SPI), Solids Index (SI), Solids Azimuthal Coverage Index (SACI),

and/or Azimuthal Coverage Indicator (ACI), in accordance with an embodiment;

[0020] FIG. 18 is a flowchart of a method for integrated cement evaluation, in accordance

with an embodiment;

[0021] FIG. 19 is a block diagram of various factors that may be considered in the integrated

cement evaluation of FIG. 18, in accordance with an embodiment;

[0022] FIG. 20 is a flowchart of a method for evaluating the factors that may be considered

in the integrated cement evaluation of FIG. 18, in accordance with an embodiment;

[0023] FIG. 21 is a flowchart of a method for performing integrated cement evaluation, in

accordance with an embodiment;
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[0024] FIG. 22 is a block diagram of an integrated well log for integrated cement evaluation,

in accordance with an embodiment; and

[0025] FIG. 23 is an example of an integrated well log for integrated cement evaluation, in

accordance with an embodiment.

SUMMARY

[0026] A summary of certain embodiments disclosed herein is set forth below. It should be
understood that these aspects are presented merely to provide the reader with a brief summary of
these certain embodiments and that these aspects are not intended to limit the scope of this
disclosure. Indeed, this disclosure may encompass a variety of aspects that may not be set forth

below.

[0027] Systems and methods for obtaining indices and/or indicators and/or integrated cement
evaluation are disclosed herein. In one example, a method involves obtaining at least one
acoustic tool response over a depth interval in a cased and cemented well and determining a
value of a measurement at a depth based at least in part on the at least one acoustic tool response.
A measurement value associated with a free pipe casing, a measurement value associated with a
fully cemented casing, and a measurement value associated with a free pipe threshold may be
determined. Using these, an indicator or an index relating the measurement at the depth to a
presence or absence of cement at the depth may be determined, based at least in part on: the
value of the measurement, the measurement value associated with a free pipe casing, the
measurement value associated with a fully cemented casing, and the measurement value

associated with a free pipe threshold. The measurement value associated with the free pipe
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threshold may be determined according to an objective determination that may be less subject to

personnel individualities than otherwise.

[0028] In another example, a tangible, non-transitory, machine-readable medium may
include processor-executable instructions to receive acoustic log measurement values over a
depth interval of a well that has been at least attempted to be cased and cemented, determine a
measurement value associated with a free pipe casing, determine a measurement value associated
with a fully cemented casing, determine an objective measurement value associated with a free
pipe threshold, and calculate an indicator or an index relating the measurement at the depth to a
presence or absence of cement over the depth interval based at least in part on the value of the
measurement, the measurement value associated with a free pipe casing, the measurement value
associated with a fully cemented casing, and the measurement value associated with a free pipe

threshold.

[0029] In another example, an integrated cement evaluation well log may include at least a
track that includes data obtained by an acoustic cement evaluation logging tool and at least
another track relating to logging-while-drilling or open hole logging information, drilling
information, wellbore information, well completion information, cement design information, or

cement execution information, or some combination of these.

[0030] In another example, a method involves designing a well to be drilled into a geological
formation, drilling a wellbore of the well into the geological formation, completing the well at
least by installing casing and cement, and evaluating the installation of the cement. While the

well is being designed, drilled, and/or completed, data relevant to cement installation is
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identified as relevant to the cement installation and stored. This data relevant to the cement

installation is used in evaluating the cement installation.

[0031] Various refinements of the features noted above may be undertaken in relation to
various aspects of the present disclosure. Further features may also be incorporated in these
various aspects as well. These refinements and additional features may exist individually or in
any combination. For instance, various features discussed below in relation to one or more of the
illustrated embodiments may be incorporated into any of the above-described aspects of the
present disclosure alone or in any combination. The brief summary presented above is intended
to familiarize the reader with certain aspects and contexts of embodiments of the present

disclosure without limitation to the claimed subject matter.

DETAILED DESCRIPTION

[0032] One or more specific embodiments of the present disclosure will be described below.
These described embodiments are examples of the presently disclosed techniques. Additionally,
in an effort to provide a concise description of these embodiments, features of an actual
implementation may not be described in the specification. It should be appreciated that in the
development of any such actual implementation, as in any engineering or design project,
numerous implementation-specific decisions may be made to achieve the developers’ specific
goals, such as compliance with system-related and business-related constraints, which may vary
from one implementation to another. Moreover, it should be appreciated that such a development
effort might be complex and time consuming, but would still be a routine undertaking of design,

fabrication, and manufacture for those of ordinary skill having the benefit of this disclosure.
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[0033] When introducing elements of various embodiments of the present disclosure, the

(13 2% ¢
a”

articles an,” and “the” are intended to mean that there are one or more of the elements. The

terms “comprising,” “including,” and “having” are intended to be inclusive and mean that there
may be additional elements other than the listed elements. Additionally, it should be understood
that references to “one embodiment” or “an embodiment” of the present disclosure are not

intended to be interpreted as excluding the existence of additional embodiments that also

incorporate the recited features.

[0034] This disclosure relates to systems and methods for evaluating cement behind a casing
of a wellbore. For example, FIG. 1 schematically illustrates a system 10 for evaluating cement
behind casing in a well. In particular, FIG. 1 illustrates surface equipment 12 above a geological
formation 14. In the example of FIG. 1, a drilling operation has previously been carried out to
drill a wellbore 16. In addition, cement 18 has been used to seal an annulus 20—the space

between the wellbore 16 and casing joints 22 and collars 24—with cementing operations.

[0035] As seen in FIG. 1, several casing joints 22 (also referred to below as casing 22) are
coupled together by the casing collars 24 to stabilize the wellbore 16. The casing joints 22
represent lengths of conductive pipe, which may be formed from steel or similar materials. In
one example, the casing joints 22 each may be approximately 13 m or 40 ft long, and may
include an externally threaded (male thread form) connection at each end. A corresponding
internally threaded (female thread form) connection in the casing collars 24 may connect two
nearby casing joints 22. Coupled in this way, the casing joints 22 may be assembled to form the
casing string 18 to a suitable length and specification for the wellbore 16. The casing joints 22

and/or collars 24 may be made of carbon steel, stainless steel, or other suitable materials to



WO 2014/165487 PCT/US2014/032490

withstand a variety of forces, such as collapse, burst, and tensile failure, as well as chemically

aggressive fluid.

[0036] The surface equipment 12 may carry out various well logging operations to detect
conditions of the wellbore 16. The well logging operations may measure parameters of the
geological formation 14 (e.g., resistivity or porosity) and/or the wellbore 16 (e.g., temperature,
pressure, fluid type, or fluid flowrate). As will be discussed in greater detail below, some of
these measurements may be obtained at various points in the design, drilling, and completion of
the well, and may be used in an integrated cement evaluation. Other measurements may be
obtained to that are specifically used to verify the cement installation and the zonal isolation of

the wellbore 16. An acoustic logging tool 26 may obtain some of these measurements.

[0037] The example of FIG. 1 shows the acoustic logging tool 26 being conveyed through
the wellbore 16 by a cable 28. Such a cable 28 may be a mechanical cable, an electrical cable, or
an electro-optical cable that includes a fiber line protected against the harsh environment of the
wellbore 16. In other examples, however, the acoustic logging tool 26 may be conveyed using
any other suitable conveyance, such as coiled tubing. The acoustic logging tool 26 may be, for
example, a cement bond logging (CBL) tool, an UltraSonic Imager (USI) tool, and/or an
Isolation Scanner (IS) tool by Schlumberger Technology Corporation. Thus, the acoustic logging
tool 26 may obtain measurements of amplitude and variable density from sonic acoustic waves,
acoustic impedance from ultrasonic waves, and/or flexural attenuation and velocity from the third
interface echo. The availability of these five independent measurements may be used to increase
confidence in the evaluation interpretation made possible by the acoustic logging tool 26. Using
one or more of these or similar measurements, cement quality indicators and/or indices may be

derived to further improve cement evaluation. These cement quality indicators and/or indices
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may include a Solids Presence Indicator (SPI), Solids Index (SI), Solids Azimuthal Coverage
Index (SACI), and/or Azimuthal Coverage Indicator (ACI). This disclosure will describe the

calculation of these indices and/or indicators further below.

[0038] The acoustic logging tool 26 may be deployed inside the wellbore 16 by the surface
equipment 12, which may include a vehicle 30 and a deploying system such as a drilling rig 32.
Data related to the geological formation 14 or the wellbore 16 gathered by the acoustic logging
tool 26 may be transmitted to the surface, and/or stored in the acoustic logging tool 26 for later
processing and analysis. As discussed below, the vehicle 30 may be fitted with or may

communicate with a computer and software to perform data collection and analysis.

[0039] FIG. 1 also schematically illustrates a magnified view of a portion of the cased
wellbore 16. As mentioned above, the acoustic logging tool 26 may obtain acoustic
measurements relating to the presence of solids or liquids behind the casing 22. For instance, the
acoustic logging tool 26 may obtain an indication of the degree of solidity of the cement 18 at a
location 34. When the acoustic logging tool 26 provides such measurements to the surface
equipment 12 (e.g., through the cable 28), the surface equipment 12 may pass the measurements
as data 36 to a data processing system 38 that includes a processor 40, memory 42, storage 44,
and/or a display 46. In other examples, the data 36 may be processed by a similar data
processing system 38 at any other suitable location. The data processing system 38 may collect
the data 36 and determine one or more indices and indicators that, as discussed further below,
may objectively indicate the presence or absence of properly installed cement. Additionally or
alternatively, the data processing system 38 may correlate a variety of data obtained throughout
the creation of the well (e.g., design, drilling, logging, well completion, etc.) that may assist in

the evaluation of the cement. Namely, the processor 40, using instructions stored in the

10
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memory 42 and/or storage 44, may calculate the indicators and/or indices and/or may collect and
correlate the other data into an integrated cement evaluation well log. As such, the memory 42
and/or the storage 44 of the data processing system 38 may be any suitable article of
manufacture that can store the instructions. The memory 42 and/or the storage 44 may be ROM,
random-access memory (RAM), flash memory, an optical storage medium, or a hard disk drive,
to name a few examples. The display 46 may be any suitable electronic display that can display

the logs, indices, and/or indicators relating to the cement evaluation.

[0040] In this way, the data 36 from the acoustic logging tool 26 may be used to determine
whether the cement 18 has been installed as expected. The logs, indices, and/or indicators may
indicate that the cement 18 has a generally solid character (e.g., as indicated at numeral 48) and
therefore has properly set. The logs, indices, and/or indicators may also indicate that the cement
18 has a generally liquid character (e.g., as indicated at numeral 50), which may imply that the
cement 18 has not properly set. For example, when the logs, indices, and/or indicators indicate
the cement 18 has the generally liquid character as indicated at numeral 50, this may imply that
the cement has drained away, was of the wrong type or consistency, and/or that fluid channels
have formed in the cement 18. By generating the logs, indices, and/or indicators described in this
disclosure, ascertaining the character of the cement 18 may be more objective and less dependent
on the subjective experience of the human operator in the field that may interpret the data 36

from the acoustic logging tool 26.

[0041] With this in mind, FIG. 2 describes an example of the operation of the acoustic
logging tool 26 in the wellbore 16. Specifically, a transducer 54 in the acoustic logging tool 26
may emit acoustic waves 54 out toward the casing 22. Reflected waves 56, 58, and 60 may

correspond to interfaces at the casing 22, the cement 18, and the geological formation 14,

11
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respectively. The reflected waves 56, 58, and 60 may vary depending on whether the cement 18
is of the generally solid character 48 or the generally liquid character 50. The acoustic logging
tool 26 may use any suitable number of different techniques, including measurements of
amplitude and variable density from sonic acoustic waves, acoustic impedance from ultrasonic
waves, and/or flexural attenuation and velocity from the third interface echo. There are
mathematical models with each method that are used to calculate properties of the material in the
annulus 20. As mathematical models, many assumptions and simplifications of the real world

may be employed. These may involve corrections and calibration or reference point checks.

[0042] To verify that the cement 18 has properly set, a cement evaluation workflow shown in
a flowchart 70 of FIG. 3 may be followed. The cement evaluation workflow in the flowchart 70
may begin after a well has been drilled, completed, and cemented. It should be appreciated,
however, that data related to the previous operations creating the well may be stored and used in

evaluating the cement 18, as discussed below with reference to FIG. 18.

[0043] In the cement evaluation workflow of the flowchart 70, objectives of the cement job
first may be agreed upon with the client (block 72). Various data may be gathered (e.g., as
discussed below with reference to FIGS. 5 and 18-21) (block 74). At this point, particular zones
of interest to the customer may be noted; expected “problem” zones that may create difficulties
from a drilling report and/or cement design may be noted; the expected location of the top of the
cement 18 in the well may be noted; changes in the cement type and cement design may be
noted; and/or the expected response of logging fluid surrounding the acoustic logging tool 26 in
the wellbore 16, cement 18 slurries, fully set cement 18, and free pipe (i.e., no cement 18 behind

the casing 22) may be recorded.

12
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[0044] A cement evaluation log may be acquired (block 76) using the data 36 from the
acoustic logging tool 26 and/or from various other data obtained previously. If the log data does
not pass a quality control, whether in real time as shown in FIG. 3 or otherwise as in other
embodiments (decision block 78), the cement evaluation process may be deemed incomplete or a
degree of confidence of the ultimate cement evaluation may be decreased (block 80). If the log
data does pass the quality control (decision block 78), the provisional results may be presented to
the customer (block 82). In addition, if the well data is not available (decision block 84) and/or if
the cement job data is not available (decision block 86), the cement evaluation process may be
deemed incomplete or a degree of confidence of the ultimate cement evaluation may be

decreased (block 80). Additionally or alternatively, incomplete data may be interpolated.

[0045] Provided the cement evaluation is not deemed to be incomplete, more complete
results may be calculated and compiled (block group 88). For example, various quality control
checks may be carried out (block 90). One or more measurements obtained from the response of
the acoustic logging tool 26 may be interpreted (block 92). The interpretation of block 92 may
take place as discussed below with reference to FIG. 21. At block 94, a Solids Presence Indicator
(SPI), Solids Index (SI), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage
Indicator (ACI) may be calculated based on the measurements of block 92 and using confidences
determined based on any suitable factors. These confidences may include, for example, statistical
analysis of the measurements of block 92 and/or analysis of the quality checks of block 90. The
SPI, SI, SACI, and/or ACI of block 94 then may be presented alongside and/or compared with
the measurements of block 92 (block 96). This may be presented to the client (block 98) and/or

may be stored (block 100).

13
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[0046] FIG. 4 illustrates an example of the interpretation of a range of responses 120 of the
acoustic logging tool 26 over an interval 122. The particular response of the acoustic logging
tool 26 may vary over the depths of the wellbore 16 and may indicate, for example, a free pipe
condition 124 when no cement 18 is present behind the casing 22 or a fully cemented pipe 126
when the cement 18 is fully set as expected. The threshold 128 between interpreting fully set
cement 18 and improperly set cement 18 (or a lack of cement 18) may be determined in an
objective fashion to generate the Solids Presence Indicator (SPI), Solids Index (SI), Solids

Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage Indicator (ACI).

[0047] Specifically, as shown in a flowchart 140 of FIG. 5, the Solids Presence Indicator
(SPI), Solids Index (SI), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage
Indicator (ACI) may be calculated after obtaining one or more responses of the acoustic logging
tool 26 (block 142). A measurement M may be determined from the responses (block 144). The
measurement M may be obtained by filtering one or more of the responses of the acoustic
logging tool 26 and/or combining responses from multiple acoustic logging tools 26. It may be
appreciated that different acoustic logging tools 26 may have different accuracies and
characteristics; these differences may be considered in selecting the measurement M and/or other
values (e.g., the measurement value of free pipe threshold Mfpt discussed below). Some of the

differences between the measurements are shown below in Table 1:

14
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Cement Evaluation Quantitative - High
Measurement Y Qualitative | Azimuthal
-N Resolution | o fidence in the Measurement
CBL
- amplitude Uses calibration and affected by
Y N borehole conditions
. Compensated attenuation
- attenuation .
Y N independent of borehole
- VDL N N
Pulse Echo based Acoustic Model based and uses proper
impedance parameterization of borehole
Y Y conditions
Calibrated attenuation. Slight
Flexural mode attenuation dependenqe of proper
parameterization of borehole
Y Y conditions
Third interface echo
, Dependent on casing
- TIE amplitude centralization and annulus
Y Y standoff
- TIE annular acoustic . .
velocity Uses information on borehole
Y Y size (caliper)
[0048] The measurement can be any acoustic measurement of the attenuation of the acoustic
y

wave propagation generated in the casing string. This measurement is desired to have linear

dependency between and quality of the cement. These two properties of the measurement can be

achieved by converting measurement value (for example using “Logarithm” for CBL) or by

looking at specific range of measurements where these properties are valid. For example, CBL

measurement is not linear to quality of the cement, but CBL attenuation is (according to the

laboratory tests); acoustic impedance measurement is linear; flexural attenuation is linear within

low range of the measurements (liquids and light or contaminated cements). Measurements over

15
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evanescent point could be interpreted as good cement by combining flexural attenuation

interpretation with acoustic impedance measurement.

[0049] Having determined the measurement M, several variables may be determined using,
for example, the data processing system 38. These include a measurement value for free pipe
casing Mfp (block 146 and described further with reference to FIG. 7), a measurement value for
fully cemented casing Mfc (block 148 and described further with reference to FIG. 8), a
measurement value to serve as a free pipe threshold Mfpt (block 150 and discussed further with
reference to FIG. 9), and a coverage percentage CP relating to a suitable amount of azimuthal
cement 18 coverage to be considered fully azimuthally covered (block 151). Using these values,
the data processing system 38 may calculate the Solids Presence Indicator (SPI), Solids Index
(SD), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage Indicator (ACI)

(block 152).

Solids Presence Indicator (SPI), Solids Index (SI), Solids Azimuthal Coverage Index
(SACI), and/or Azimuthal Coverage Indicator (ACI)

[0050] In one example, the data processing system 38 may determine the Solids Presence
Indicator (SPI), Solids Index (SI), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal

Coverage Indicator (ACI) as follows:

M — measurement (for this disclosure, any suitable acoustic cement evaluation
measurement)

Mayv — Azimuthally average measurement value

Mi — Each azimuthal measurement value (1<=i <= N — where N number of azimuthal

measurements)
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Interpretation parameters:

Mfp — Measurement value for free pipe casing

Mfc — Measurement value for fully cemented casing

Mfpt — Threshold for measurement value, particularly solid / liquid threshold

CP — Coverage percentage, representing a percentage of azimuthal data read over threshold

value

1. Solids Presence Indicator:

SPI:{O’MS Mo
LM>M,,

2. Solids Index:

(M-M,) .
S[=—~— "/ M=M, for azimuthal measurement
(M M, )

3. Solids Azimuthal Coverage Index:

y [0,M, <M
SACI =1 x> &
N LM, >M

i=l Jot
4. Azimuthal Coverage Indicator:

0,SACI < CP
ACI =
{1, SACI >CP

Interpretation or mean for this indicators and index are:

SPI - Solids Presence Indicator flags when the measurement is reading higher then threshold
level of the free pipe response. It points out that measurement is indicating presence of solids

behind the casing at specific depth.
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SI - Solids Index is an analog of the Bond Index. It is defined as “0” for free casing and “1” for
100% cemented as expected casing. It indicates linear percentage if readings are between
expected “0” and “1”. It is well suited for measurements that have a linear response between free
casing and 100% cemented casing, such as CBL attenuation (or Log of amplitude), acoustic
impedance, or flexural attenuation when values of flexural attenuation remain below

evanescence point.

SACI - Solid Azimuthal Coverage Index shows percentages of the azimuthal measurements at
specific depth that are reading above predetermine threshold such as free pipe response. “0” can
be interpreted as meaning that each azimuthal measurement is below the threshold, indicating
free casing. “1” can be interpreted as meaning that each azimuthal measurement is above/past

free casing threshold indicating that solids are covering azimuthally 100% of the casing.

ACI - Azimuthal coverage indicator is a flag. It flags “1” when CP percent of the azimuthal
measurements read solids. With CP=100% ACI flags when solids provide full azimuthal

coverage.

A statistical approach can also be taken for light cements: for example, with CP set at 95%, ACI
will flag when there are 95% of the azimuthal measurements read above the threshold. It should
be carefully considered, however, that a narrow channel with a width smaller or around
resolution of the sensor may be not flagged with this index, but rather just may be identified

visually in some cases. Under these conditions, an interpretation becomes subjective. It also
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should be noted there are other statistical methods that may allow classifying “possibly solids”

based on variation of the data.

These indicators may allow quick answers to questions that may arise during cement evaluation:
- The top of the cement can be linked with SPI
- Hydraulic isolation can be associated with ACI
[0051] FIG. 6 provides an example of a well log that displays a Solids Presence Indicator
(SPI) and/or a Solids Azimuthal Coverage Index (SACI). Specifically, FIG. 6 illustrates a
Cement Bond Log (CBL) attenuation log 160, an Acoustic Impedance (Al) log 162, and a
Flexural Attenuation (FA) log 164 accompanied by corresponding tracks of SPI and/or SACI.

Each log 160, 162, and 164 show data obtained over a common depth interval 166.

[0052] Considering the well log 160, track 168 represents CBL attenuation and track 170
represents an associated Solids Presence Indicator (SPI). The SPI of track 170 is shown to be
light when the cement 18 is indicated to be solid and dark when the cement 18 is indicated to be
liquid (e.g., not present or not properly set as expected). The SPI of track 170 varies depending
on the measurement shown in the track 168. Namely, a free pipe response Mfp (line 172)
indicates that no cement 18 is present behind the casing 22 at that tool response, a fully cemented
response Mfc (line 174) indicates that the cement 18 is fully present at that tool response, and a
free pipe threshold Mfpt (line 176) indicates that the cement 18 is most likely present above that
response. By moving the free pipe threshold Mfpt (line 176), the SPI may indicate more or less
cement 18 coverage at various depths. As will be discussed below, however, the free pipe

threshold Mfpt may be selected in an objective way with a calculable confidence.
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[0053] The well logs 162 and 164 of FIG. 6 similarly indicate SPT and SACI. In these, SACI
varies in darkness depending on the degree of azimuthal cement 18 coverage detected by the

respective measurement.

[0054] FIG. 7 is a flowchart representing block 146 of FIG. 5. The flowchart of FIG. 7
shows that the measurement value of free pipe casing Mfp may be determined from a theoretical
calculation of the measurement, an empirically collected log over a known free casing interval,
or a combination of these (e.g., a weighted combination). In the example of FIG. 7, a theoretical
prediction of the measurement value of the free pipe casing Mfp may be calculated (or a
precalculated prediction may be retrieved from data storage) based on any suitable model of the
selected measurement M that is theoretically expected in a free pipe zone (block 210). In this
way, the indices and/or indicators discussed above may be determined from the measurement M
without logging a known free pipe zone or without knowledge of a free pipe zone. Additionally
or alternatively, an interval of a log of the measurement M for a known free pipe zone in the well
may be obtained or retrieved from data storage (block 212). The measurement value of free pipe
casing Mfp then may be selected as either one of these values or as some combination of these
values (block 214). For example, the measurement value for free pipe casing Mfp may be
selected to be a weighted average of the theoretical prediction of the measurement value M at a

free pipe zone and the actual log data relating to a known free pipe zone.

[0055] FIG. 8 is a flowchart representing block 148 of FIG. 5. The flowchart of FIG. §
shows that the measurement value of fully cemented pipe casing Mfc may be determined from a
theoretical calculation of the measurement, an empirically collected log over a known fully
cemented interval, or a combination of these (e.g., a weighted combination). In the example of

FIG. 8, a theoretical prediction of the measurement value of the fully cemented casing Mfc may
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be calculated (or a precalculated prediction may be retrieved from data storage) based on any
suitable model of the selected measurement M that is theoretically expected in a fully cemented
zone (block 220). Using a theoretical prediction, the indices and/or indicators discussed above
may be determined from the measurement M without logging a known fully cemented zone or
without knowledge of a fully cemented zone. Additionally or alternatively, an interval of a log of
the measurement M for a known fully cemented zone in the well may be obtained or retrieved
from data storage (block 222). The measurement value of free fully cemented casing Mfc then
may be selected as either one of these values or as some combination of these values (block

224). For example, the measurement value for fully cemented casing Mfc may be selected to be a
weighted average of the theoretical prediction of the measurement value M at a zone of fully

cemented casing and the actual log data relating to a known interval of fully cemented casing.

[0056] FIG. 9 is a flowchart representing block 150 of FIG. 5. The flowchart of FIG. 9
shows that the measurement value of the free pipe threshold Mfpt may be determined from a
theoretical calculation of the measurement value, a statistical analysis of the sections of a logged
interval with consistent conditions (e.g., therefore suggesting a specific fully cemented or fully
free pipe condition), or a combination of these (¢.g., a weighted combination). For instance, a
theoretical prediction of the accuracy of the measurement value of the free pipe casing Mfp may
be calculated (or a precalculated prediction may be retrieved) based on any suitable model (block
240). Additionally or alternatively, a statistical analysis may be performed regarding an accuracy
of the measurement M in an interval of a log of the measurement M for a known free pipe zone
in the well may be (block 242). The statistical analysis may provide a confidence value
associated with the likelihood that a measurement beyond the threshold Mfpt shows a section of

the casing 22 behind which the cement 18 is actually fully set. A value beyond a desired
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confidence may represent one possible value of the free pipe threshold Mfpt. The measurement
value of free pipe threshold Mfpt then may be selected as either one of these values or as some
combination of these values (block 244). For example, the measurement value for free pipe

threshold Mfpt may be selected to be a weighted average of these values.

[0057] Interpretation of the M measurement may be possible when the Mfp, Mfc, and Mfpt
values are clearly defined and understood. It should also be understood that the M measurement,
as any physical measurement, may be subject to calibration and offset and may have certain

precision, accuracy, and acquisition quality. To summarize:

Mfp — Measurement value for free pipe casing can be taken from the following sources:

- theoretical estimate

- log over know free casing interval
Mfc — Measurement value for fully cemented casing can be estimated:

- theoretical estimate

- log over know casing interval where cement set as expected
Mfpt — Measurement value as free pipe threshold:

- theoretical accuracy of the measurement, for example Acoustic Impedance gitting fuid +

0.5MRayls

- Statistical assessment of the section of the logged interval with known consistent interval
[0058] FIG. 10 shows histograms of Acoustic Impedance (Al) for which the statistical
analysis may be carried out to determine Mfpt (e.g., as indicated in block 242 of FIG. 9). The
distinctions between logged sections with consistent conditions may be used to ascertain a
suitable Mfpt value. A histogram 250 represents values of Al for an interval of both fully

cemented and free pipe, whereas a histogram 252 represents values of Al for an interval of free

pipe and a histogram 254 represents values of Al for a fully cemented interval of the well.

[0059] In general, the histogram 252 is likely to represent mostly sections of free pipe and

the histogram 254 is likely to represent a fully cemented section because they tend to cluster
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around specific values. This may be contrasted with the histogram 250, which therefore likely

includes sections of both cemented and free pipe.

[0060] Looking specifically at the histogram 250, an Al value frequency (ordinate 256) is
shown against the values of Al for a first interval of a well (abscissa 258). Here, the values are
spread relatively widely (numeral 260) and thus, statistically, would not likely represent a
specific condition of either fully cemented or free pipe, particularly as compared to the
histograms 252 and 254. Indeed, by contrast, the histogram 252 shows an Al value frequency
(ordinate 262) against the values of Al for a second interval of the well (abscissa 264) in which
the values are clustered relatively closely together (numeral 266) around a first particular value.
The histogram 254 shows an Al value frequency (ordinate 268) against the values of Al for a
third interval of the well (abscissa 270) in which the values are clustered relatively closely
together (numeral 272) around a second particular value. Because the second particular value of
the histogram 254 and the first particular value of the histogram 252 are apart from one another,
it logically follows that these values may indicate that the respective logging intervals associated
with the histograms 252 and 254 represent intervals of different cement conditions (i.e., that one

is more likely free pipe and one more likely fully cemented).

[0061] Considering the information represented by histograms such as 250, 252, and 254, the
Mipt value may be determined by selecting, for example, a value some statistical amount higher
than the likely free pipe value. For instance, the Mfpt value may be selected to be one standard
deviation, two standard deviations, three standard deviations, or more, as suitable, above the
likely free pipe value. Depending on the statistical value of the Mfpt that is selected, a particular
statistical confidence may be accordingly attributed. This allows for an object measure of

confidence to support interpretations of the data 36 from the acoustic logging tool 26.
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[0062] In some examples, certainty can be assigned to the interpretation using a threshold
Mfpt that was picked based on statistical evaluation of the measurement of the known interval in
the well. As can be seen in FIG. 10, the free casing interval data variance may resemble normal
distribution. Applying a statistical analysis on the free casing interval allows calculate median,
average and standard deviation of the measurement. In some embodiments, the threshold Mfpt
can be picked as a midpoint between average measurement in free pipe and cemented section. In
this case, there is more than 50% probability that data past threshold represent cement.
Probability goes higher when measured values are getting past midpoint, closer to the cement

values. Threshold can also be determined by using standard deviation of the measured values.

[0063] Similar histograms of Flexural Attenuation (FA) measurements appear in FIG. 11.
These also may be used to determine Mfpt. Indeed, a histogram 280 represents measurements
from both cemented and free pipe sections, while a histogram 282 represents FA measurements
from a free pipe section and a histogram 284 represents FA measurements from a cemented

section.

[0064] Looking specifically at the histogram 280, an FA value frequency (ordinate 286) is
shown against the values of FA for a first interval of a well (abscissa 288). Here, the values form
two distinct modal peaks (numerals 290 and 292) and thus, statistically, appear to relate to two
distinct well conditions. That is, looking at the histogram 280, the range of values indicated by
numeral 290 appear at first glance to relate to a free pipe zone, while the range of values
indicated by numeral 292 appear to relate to a fully cemented zone. Indeed, the histogram 282
shows an FA value frequency (ordinate 294) against the values of FA for a second interval of the
well (abscissa 296) in which the values are clustered relatively closely together (numeral 266)

around the same value as the range indicated by numeral 290 of the histogram 280. This further
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strengthens the confidence that the range indicated by numeral 290 of the histogram 280 and the
range indicated by the numeral 298 of the histogram 282 both relate to a common well condition.
Here, that common well condition may be understood to be a free pipe zone because it is lower
than the range of FA values indicated by numeral 292. This is further supported by the histogram
284, shows an Al value frequency (ordinate 300) against the values of FA for a third interval of
the well (abscissa 302) in which the values are clustered relatively closely together (numeral

304) around the same value as the range of FA values indicated by numeral 292.

[0065] Because the FA values are so distinct and accurate in this example, a statistically
selected value of Mfpt may have a greater confidence value for a given range of values on the
basis of such values. This may also be used to indicate that certain measurements may be more
appropriate for certain situations. For example, in the example of FIGS. 10 and 11, FA
measurement may provide a more likely accurate interpretation of whether the cement 18 has
been properly installed and set and/or where the top of the cement is in the well. Moreover, in
some examples, an interval of FA measurements that is statistically more likely to be free pipe
may be used to identify values of other measurements (e.g., Al measurements) in that interval as
likely pertaining to a free pipe zone. Similarly, an interval of FA measurements that is
statistically more likely to be fully cemented may be used to identify values of other
measurements (¢.g., Al measurements) in that interval as likely pertaining to a fully cemented

zonce.

[0066] FIG. 12 provides an example of a log 310 that includes an SPI with varying degrees
of confidence as obtained with various measurements. Here, the Mfpt value has been selected
statistically to provide a relatively high degree of confidence (e.g., 95% from selecting Mfpt as

two standard deviations above the Mfp value). The log 310 includes a depth track 312 that shows
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the depths of the interval of the well presented in the log 310. Tracks 314, 316, and 318 show
raw measurements M of attenuation (CBL), average Al, and average FA, respectively. Track 320
shows a filtered (“clean”) measurement of attenuation. Track 322 shows SPI calculated based on
the clean CBL Attenuation measurement of track 320. Track 324 shows a filtered (“clean”)
measurement of average Al. Track 326 shows SPI calculated based on the clean measurement of
Al of track 324. Track 328 shows a filtered (“‘clean’) measurement of average FA. Track 330

shows SPI calculated based on the clean measurement of FA of track 328.

[0067] In one interpretation of the log 310, black areas of the SPI tracks 322, 326, and 328
indicate data outside the range of confidence for likely fully cemented or free pipe; gray areas
indicate data within the range of confidence for likely free pipe; and white areas indicate data
within the range of confidence for likely fully cemented pipe. These may be easily compared by
a field engineer to the values of the measurements M on which the SPI tracks are based, as well

as to one another.

[0068] FIGS. 13-17 illustrate schematic drawings of well logs that relate to two real-world
examples in which more objective measurements such as Solids Presence Indicator (SPI), Solids
Index (SI), Solids Azimuthal Coverage Index (SACI), and/or Azimuthal Coverage Indicator
(ACI) may be used to improve cement evaluation. Moreover, rather than relying just on cement
evaluation measurements to identify potential cement installation challenges, additional
information relating to the well may be included in a cement evaluation well log to more

comprehensively explain the well.

[0069] First example. FIGS. 13 and 14 are well logs that relate to a first of the two

examples. In the first example, a top down liner squeeze was performed with the objective of
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cementing to the top of the liner. Successful cement placement was expected based on surface
indicators. However, the cement evaluation log indicated the top of solids to be 600 feet deeper
than expected, as can be seen in FIG. 13, which shows a log 350 of a well interval. Track 352
provides an objective of the job, track 354 shows planned cement location, track 356 shows an
acoustic impedance (Al) measurement, track 358 shows a flexural attenuation (FA)

measurement, and track 360 shows an interpretation of the data.

[0070] FIG. 14 shows a log 370 having additional information that may be used to provide
insight into challenges that may arise in evaluating cement beyond what may be initially
ascertainable solely using post-hoc cement evaluation measurements. In addition to the tracks
352, 354, 356, 358, and 360, the log 370 also includes a track 372 showing wellbore-related
information, a track 374 showing drilling notes, and a track 376 showing formation
characteristics (e.g., a Geological Image log). After reviewing the available well data in the log
370 of FIG. 14, which includes the Geological Image log, natural fractures were identified

directly above the interpreted top of solids, as can be seen in FIG. 14.

[0071] Second example. FIGS. 15-17 are well logs that relate to a second of the two
examples. In the second example, an injector well was cemented with the objective of achieving
isolation both over and between sands X, Y and Z. FIG. 15 represents an initial log 380 of this
example that includes a track 382, listing the objectives of the job, a track 384 representing
formation characteristics, a track 386 illustrating planned cement, a track 388 showing an
acoustic impedance (Al) image, a track 390 showing a flexural attenuation (FA) image, and a
track 392 showing an interpretation of the information presented in the other tracks. From the
initial log 380 of FIG. 15, it may be seen that the cement evaluation log indicated the top of

solids to be much deeper than expected, and the primary cementing objective was not achieved.
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[0072] The effectiveness of immediate and future injectivity profile resulted in remedial
action prior to well completion. The production casing was perforated to enable a remedial
squeeze, after which the cement evaluation logs were run again. Additional solids were noted
after the squeeze, over Sand X and a short interval between sands X and Y, as shown by a

second log 410 of FIG. 16. As shown in the log 410, solids were not seen over Sand Y.

[0073] A log 430 of FIG. 17 includes additional information that may be used to provide
insight into challenges that may arise in evaluating cement beyond what may be initially
ascertainable solely using post-hoc cement evaluation measurements. Namely, the log 430 of
FIG. 17 also includes a track 432 with additional drilling data and a track 434 indicating
wellbore conditions. Since condition of the wellbore and pipe centralization is related to
successful cement placement, reviewing the log 430 provided available well data. An LWD
image log indicated Sand Y was situated between two ovalized shales where mud losses were

evident, as seen in FIG. 17. This enabled a better completion of the cement job.

[0074] These two cases are also a demonstration of the value of data integration when
evaluating cement placement. When completing an evaluation, it may be useful to compare job
results versus job objectives and expectations. When the interpreted top of cement is not at the
designed depth, and the question is asked, “where did the cement go?” it is difficult to explain
what went wrong with limited data. What may be done is to review the cementing logs and the
actual cementing job itself. However, integrating available petrophysical data, geological data,
cementing information and cement evaluation logs can offer additional explanations to such

questions.
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[0075] FIG. 18 is a flowchart 450 of such an integrated cement evaluation method. While a
well is being drilled and completed, certain data 452 relevant to the future cement evaluation are
stored (block 454) in a storage device (e.g., the storage 44 or a remote storage facility). In some
embodiments, data 452 may be saved (block 454). In some embodiments, just data 452 from
certain stages of the drilling and completion of the well may be saved and stored (block 454).
The flowchart of FIG. 18 is intended to be an example, and certain blocks shown in FIG. 18 may
be performed in an alternative order as may be suitable. The type of data 452 that may be

relevant to cement installation is discussed in greater detail below with reference to FIG. 19.

[0076] In the flowchart of FIG. 18, as a well is designed (block 456), at least some data 452
relevant to the cement may be ascertained and stored (block 454). As the well is drilled (block
458), which may involve logging-while-drilling (LWD) (block 460) and/or measurement-while-
drilling (MWD) (block 462), at least some data 452 relevant to the cement may be ascertained
and stored (block 454). Formation properties may be obtained (block 464) (e.g., via wireline or
logging while drilling), and at least some data 452 relevant to the cement may be ascertained and
stored (block 454). Well completions (block 466) may be conducted, which may include
installing the casing 22 (block 468), designing the cement installation (block 470), executing the
cement installation (block 472), and at least some data 452 relevant to the cement may be

ascertained and stored (block 454).

[0077] The data 452 relevant to the cement that has been stored (block 454) may be used in
an integrated cement evaluation (block 476). The integrated cement evaluation may involve
obtaining the acoustic logs discussed above (block 478) and evaluating the other data relevant to

the cement that was stored in the cement evaluation storage (block 480). The collection of this
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data may be presented in an integrated log (block 482), such as the integrated logs discussed

above and below.

[0078] FIG. 19 is a schematic representation of various factors that may be established from

the data 452 relevant to the cement. These may be as follows:

Formation information (block 492):

a.

b.

Permeable/not permeable — Lithology — (e.g., gamma-ray logging)
Permeable — water, oil, gas — Resistivity, Fluid samples

Salt — (e.g., as determined by gamma-ray logging and/or elemental capture
spectroscopy logging)

Unstable formation — caliper —washouts

Natural fractures

Pore pressure (e.g., predicted pore pressure)

Fracture pressure (e.g., predicted and/or interpreted)

Drilling information (block 494):

a.

Weight on bit (WOB), rate of penetration (ROP), rotations per minute (RPM) of
the drill at various depths.

Mechanical practices — back reaming/ circulating bottom up (BU)

Issues -Fluid losses

Mud rheology, compressibility, compatibility, additives

Induced fractures

Pore pressure
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Wellbore information (block 496):
a. Caliper - caliper
b. Oval borehole — azimuthal caliper — 2,4,6 arms, LWD ultrasonic
c. Deviation — curve, flagged
d. WellBore geometry — tortuosity of the wellbore
¢. Over/under gauge hole

f. Horizontal well — deviation flag

Well Completion information (block 498):
a. Casing completion — well sketch
b. Casing centralization — followed centralization design

¢c. Whether the well has been Fractured

Cement Design information (block 500):
a. Centralizer program available/used in cement design
b. Caliper log available/used in cement design to estimate excess of the hole
c. Volumetric expected cement slurry placement
d. Modeled mud removal map
¢. Modeled fluid placement map

f.  Expected Acoustic Impedance of the cement from UCA

Cement Execution information (block 502):

a. Any deviation from the cement design
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b. Analysis of the cementing execution data (e.g., QC plugs did not bump, float
valve did not hold, over displacement, density control, losses)

c. Playback of the cementing execution data

d. Events after cementing job — before cement evaluation — changing borehole fluid,
wellbore pressure, temperature, hydraulic fracturing, drilling (e.g., damaging

cement).

[0079] This may result as a very large volume of data. However, the information may be
useful for truly comprehensive cement evaluation and thus may be assessed before/during
interpretation of the cement placement. It should be appreciated that the specific usefulness of
cach point of data 452 as listed above may vary depending on other related points of data 452.
The relationship of each of these points of data 452 to the evaluation of cement installation may
be better understood through experimentation and experience, but may provide a substantial

insight over purely post-hoc cement evaluation logs.

[0080] To manage and utilize this data 452, indicators for each major factor 492, 494, 496,
498, 500, and/or 502 may be established. As shown in a flowchart 510 of FIG. 20, the factors
492, 494, 496, 498, 500, and/or 502 listed above, in some embodiments, may be used to create
indicators that may flag particularly likely causes of cement failure or challenges. The flowchart
510 may begin when the relevant data 452 is collected (block 512). Thereafter, various indicators
may be determined based on the factors 492, 494, 496, 498, 500, and/or 502 (block 514). For
example, a formation factor 492 indicator may be determined based on one or more of the
formation factors 492 indicated above; a drilling factor 494 indicator may be determined based

on one or more of the drilling factors 494 indicated above; a wellbore factor 496 indicator may
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be determined based on one or more of the wellbore factors 496 indicated above; a well
completion factor 498 indicator may be determined based on one or more of the well completion
factors 498 indicated above; a cement design factor 500 indicator may be determined based on
one or more of the cement design factors 500 indicated above; and/or a cement execution factor
502 indicator may be determined based on one or more of the cement execution factors 502
indicated above. The indicators may be determined using any of the data 452 relevant to the
cement that provides a suggestion that the cement may be more likely than otherwise to fail
given that data. For example, a threshold may be determined based on various values relating to

the

[0081] These indicators and/or the original data 452 relevant to cement that has been stored
(block 454) may enable the ability to perform in-house analysis and interpretation by a subject
matter expert and then present “raw” data with supported interpretation summary indicators,
while also allowing simplified and quick assessment of the well integrity (WI) of the wellbore
16. The indicators may speed up the overall interpretation process and may bring numerical
value to the quality of the each factor for well integrity. In addition, the indicators may assist

interpretation for less experienced personnel.

[0082] FIG. 23 is a flowchart 520 providing one example of integrated cement evaluation.
Specifically, the flowchart 520 may begin when a project is created (block 522) to collect and
process the data 452 relevant to cement evaluation. When logging while drilling (LWD) data is
available (decision block 524), the LWD channels may be collected (block 526) or, alternatively,
open hole (OH) channels may be collected (block 530). A well integrity engineer or a process
running on the data processing system 38 may review the interpretation of the well using these

channels (block 530), which generally relate to the petrophysics of the well. For instance, the
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actions of block 530 may involve determining and/or reviewing indicators such as those

discussed above.

[0083] At block 532, measurement-while-drilling (MWD) channels may be collected and
added to the LWD and/or OH channels. An MWD engineer or a process running on the data
processing system 38 may review the interpretation of the well using these channels (block 534),
which generally relate to the characteristics of the well as drilled. For instance, the actions of
block 534 may involve determining and/or reviewing indicators such as those discussed above.
Among other things, the MWD data may indicate well deviation and/or characteristics of the

well as drilled that may affect the integrity of cement that will be placed.

[0084] Having collected the LWD and/or OH channels and the MWD channels, at block 536,
surface data (e.g., well drilling fluid properties, etc.) may be added and evaluated. An engineer
or a process running on the data processing system 38 may review the interpretation of the well
using this data (block 538). After evaluating the known information from drilling the well and
certain surface data relating to the well, cement job data may also be added (block 540) and
interpreted by an engineer or a process running on the data processing system 38 (block 542). In
some embodiments, the cement job data 540 may itself have been developed at least partly based
on the interpretation of block 538. When acoustic logs data is added (block 544), an integrated
interpretation may take place using the data by an engineer or a process running on the data
processing system 38 (block 546). From the interpretation of block 546, a top of the cement and
azimuthal coverage determination may be defined (block 548) and indicated on the integrated
layout presented to the client (block 550). The integrated layout may also be archived (block

552).
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[0085] FIG. 22 illustrates a block diagram that includes log data that may be combined into
an integrated cement evaluation log 560. Here, a track 562 includes objectives of the cement job,
a track 564 includes formation-related data, a track 566 includes drilling-related data, a track 568
provides wellbore parameters, a track 570 provides well completion data, a track 572 provides
cement design and execution data, a track 574 provides cement evaluation log data, and a track
576 provides comments on the cementing objectives in light of the data provided by the other
tracks. Some of the tracks (e.g., tracks 562, 564, 566, 568, 570, and 572) may represent
comprehensive cement evaluation 578 tracks. Some of the tracks (e.g., track 574) may represent

post cement operations 580 tracks.

[0086] As it was mentioned earlier, the factors stated above may be useful for evaluation of
the barrier. It may be a difficult task to combine this information together in a meaningful form.
Indeed, the data relevant to the cement may be obtained in advance, rather than merely
attempting to comb through or collect the data at the time of the cement evaluation. Having an
integrated layout for the data relevant to the cement along with the acoustic logging data may
allow in-time / pre-job preparation / planning, which may allow a substantially real-time decision
process. Moreover, this data integration can be used for production planning, perforating interval
decision, and future improvements. The data integration shown in FIG. 22 may also improve
efficiency of communication between departments and common depth references may decrease
confusion and mistakes that might otherwise occur. Moreover, the information may not need to
be presented in an ordinary way. Instead, it may reflect relevance to zonal isolation and quality
of the cement as generally represented in FIG. 22. The indicators and flags discussed above

further may enable a quick assessment of the integrated cement evaluation interpretation.
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[0087] FIG. 23 is an example integrated well log 600 generated for integrated cement
evaluation. The example well log of FIG. 23 generally comports with the block diagram of FIG.
22. Here, a track 602 includes objectives of the cement job, a track 604 includes formation-
related data, a track 606 includes drilling-related data, a track 608 provides wellbore parameters,
a track 610 provides well completion data, a track 612 provides cement design and execution
data. Tracks 614, 616, 618, 620, 622, 624, 626, 628, 630, and 632 provide cement evaluation log
data. In the example of FIG. 23, track 614 represents attenuation (CBL), track 616 represents SPI
based on attenuation, track 618 represents variable density log, track 620 represents acoustic
impedance (Al), track 622 represents SPI based on Al, track 624 represents ACI based on Al,
track 626 represent flexural attenuation (FA), track 628 represents SPI based on FA, and track
630 represents ACI based on FA. A track 634 provides comments on the cementing objectives in

light of the data provided by the other tracks.

[0088] To summarize, it may be appreciated that specific data flows and data integration in
one place may benefit from clear workflows. By using developed workflows to collect and
integrate in one place the data used for interpretation (e.g., as shown in FIG. 18), this disparate
and otherwise uncoordinated data may be combined in the integrated cement evaluation. The
integrated cement evaluation discussed in this disclosure may allow the practice of more robust
or trustworthy interpretation. Indeed, it may not just allow the identification of cement barrier
problems, but also may help highlight the possible cause and explanation of such problems.
Finally, as data is accumulated over various well cycles, the assessment of the potential integrity
of the each well can be done even during beginning of the well cycle. Certainty may further

continue to improve as additional integrated well logging takes place.
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[0089] Indeed, to provide another concrete example, the cement evaluation process may even
be made more efficient. Given the high cost of delay (e.g., in terms of rig rental costs and lost
production), obtaining a determination that the cement has been properly installed as early as
possible may save substantial time, energy, and cost. To provide one example, by following the
process of FIG. 21—considering the integrated data 452 relevant to cement as it is collected—
may allow a determination that the acoustic logs may be run earlier than a most conservative
estimate. For instance, when the formation-related data, drilling-related data, and wellbore
parameters indicate that cement is likely to set properly (e.g., there are no apparent channels for
the cement to exit through), the acoustic logs may be run earlier because the cement is likely to
set more quickly. This may confirm that the cement has been properly installed sooner, rather
than later, to enable the well to be completed and ready for production sooner. In some cases,

this may speed the development of the well by 42—72 hours or more.

[0090] The specific embodiments described above have been shown by way of example, and
it should be understood that these embodiments may be susceptible to various modifications and
alternative forms. It should be further understood that the claims are not intended to be limited to
the particular forms disclosed, but rather to cover modifications, equivalents, and alternatives

falling within the spirit and scope of this disclosure.

37



WO 2014/165487 PCT/US2014/032490

CLAIMS

What is claimed is:

1. A method comprising:

obtaining at least one acoustic tool response over a depth interval in a cased and
cemented well;

determining a value of a measurement at a depth based at least in part on the at least one
acoustic tool response;

determining a measurement value associated with a free pipe casing;

determining a measurement value associated with a fully cemented casing;

determining a measurement value associated with a free pipe threshold; and

calculating an indicator or an index relating the measurement at the depth to a presence
or absence of cement at the depth based at least in part on the value of the measurement, the
measurement value associated with a free pipe casing, the measurement value associated with a
fully cemented casing, and the measurement value associated with a free pipe threshold;

wherein the measurement value associated with the free pipe threshold is determined

according to an objective determination.

2. The method of claim 1, wherein the measurement value associated with the free pipe

casing is determined based at least in part on a theoretical prediction of an expected value of the

measurement from the at least one acoustic tool response over a free pipe interval.
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3. The method of claim 1, wherein the measurement value associated with the free pipe
casing is determined based at least in part on an empirically obtained measurement from the at

least one acoustic tool response over a known free pipe interval.

4. The method of claim 1, wherein the measurement value associated with the free pipe
casing is determined as a weighted average of an empirically obtained measurement from the at
least one acoustic tool response over a known free pipe interval and a theoretical prediction of an
expected value of the measurement over a free pipe interval from the at least one acoustic tool

reésponsc.

5. The method of claim 1, wherein the measurement value associated with the fully
cemented casing is determined based at least in part on a theoretical prediction of an expected

value of the measurement from the at least one acoustic tool response over a fully cased interval.

6. The method of claim 1, wherein the measurement value associated with the fully
cemented casing is determined based at least in part on an empirically obtained measurement

from the at least one acoustic tool response over a known interval of fully cemented casing.

7. The method of claim 1, wherein the measurement value associated with the fully
cemented casing is determined as a weighted average of an empirically obtained measurement
from the at least one acoustic tool response over a known interval of fully cemented casing and a
theoretical prediction of an expected value of the measurement over a fully cased interval from

the at least one acoustic tool response.
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8. The method of claim 1, wherein the measurement value associated with the free pipe
threshold is determined based at least in part on a statistical analysis of the at least one acoustic

tool response over the depth interval.

9. The method of claim 1, wherein the measurement value associated with the free pipe
threshold is determined based at least in part on a theoretical prediction of an expected accuracy
of the measurement value of the free pipe threshold or the expected accuracy of the measurement

value of the fully cemented casing, or both.

10. The method of claim 1, wherein the measurement value associated with the free pipe
threshold is determined as a weighted average of a first value determined based at least in part on
a statistical analysis of the at least one acoustic tool response over the depth interval and a
second value determined based at least in part on a theoretical prediction of an expected
accuracy of the measurement value of the free pipe threshold or the expected accuracy of the

measurement value of the fully cemented casing, or both.

11. A tangible, non-transitory, machine-readable medium comprising processor-executable
instructions to:

receive acoustic log measurement values over a depth interval of a well that has been at
least attempted to be cased and cemented;

determine a measurement value associated with a free pipe casing;

determine a measurement value associated with a fully cemented casing;

determine an objective measurement value associated with a free pipe threshold; and
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calculate an indicator or an index relating the measurement at the depth to a presence or
absence of cement over the depth interval based at least in part on the value of the measurement,
the measurement value associated with a free pipe casing, the measurement value associated

with a fully cemented casing, and the measurement value associated with a free pipe threshold.

12. The tangible, machine-readable media of claim 11, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate a solids presence indicator that flags
when the measurement values exceed the measurement value associated with a free pipe

threshold as being fully cemented.

13. The tangible, machine-readable media of claim 11, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate a solids presence indicator (SPI)

according to the following relationship:

SPI:{O’MS Mo
LM>M,,

where M represents measurement values and Mg, represents the measurement value associated

with a free pipe threshold.

14, The tangible, machine-readable media of claim 11, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate a solids index that indicates a linear
percentage of measurement values between the measurement value associated with a free pipe

casing and the measurement value associated with a fully cemented casing.
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15. The tangible, machine-readable media of claim 11, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate a solids index (SI) according to the

following relationship:

(M-M,)

S[=——#J
(Mfc—Mﬁ?)

where M =M for azimuthal measurement, where M,, represents an average of azimuthal

measurements for each particular depth, Mg, represents the measurement value associated with a
free pipe casing, and Mg represents the measurement value associated with a fully cemented

casing.

16. The tangible, machine-readable media of claim 11, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate a solid azimuthal coverage index that
indicates a linear percentage of azimuthal measurement values at a given depth that are above

the measurement value associated with a free pipe threshold.

17. The tangible, machine-readable media of claim 11, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate a solids azimuthal coverage index

(SACI) according to the following relationship:

z

v {O,M. <M,

where N represents the number of azimuthal measurements for each particular depth, M;
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represents a particular azimuthal measurement at a particular depth, and My, represents the

measurement value associated with a free pipe casing threshold.

18. The tangible, machine-readable media of claim 17, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate an azimuthal coverage indicator
(ACI) according to the following relationship:

[_{o, SACI < CP
~1,84CI > CP

where CP represents a threshold percentage of coverage beyond which the casing at the

particular depth is deemed to be fully cemented.

19. The tangible, machine-readable media of claim 11, wherein the instructions to calculate
the indicator or the index comprise instructions to calculate an azimuthal coverage indicator
(ACI) that flags when a coverage percentage threshold of azimuthal measurement values of the
acoustic log measurement values for a given depth exceeds the measurement value associated

with a free pipe casing threshold.

20.  An integrated cement evaluation well log comprising:
a track comprising data obtained by an acoustic cement evaluation logging tool; and
one or more tracks comprising:
logging-while-drilling or open hole logging information;

drilling information;
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wellbore information,;

well completion information;
cement design information; or
cement execution information; or

any combination thereof.

21.  The integrated cement evaluation well log of claim 20, comprising:

a track comprising a solids presence indicator that flags a depth as being fully cemented
when measurement values indicated in the data obtained by the acoustic cement evaluation tool
exceed a measurement value associated with a free pipe threshold;

a track comprising a solids index that indicates a linear percentage of measurement
values between a measurement value associated with a free pipe casing and a measurement value
associated with a fully cemented casing;

a track comprising a solid azimuthal coverage index that indicates a linear percentage of
azimuthal measurement values at a given depth that exceed the measurement value associated
with a free pipe threshold; or

a track comprising a azimuthal coverage indicator that flags when a coverage percentage
threshold of azimuthal measurement values of the acoustic log measurement values for a given
depth exceeds the measurement value associated with a free pipe casing threshold; or

any combination theoreof.

22. A method comprising:

designing a well to be drilled into a geological formation;
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drilling a wellbore of the well into the geological formation;

completing the well at least by installing casing and cement; and

evaluating the installation of the cement;

wherein, while the well is being designed, drilled, completed, or a combination thereof,
data relevant to cement installation is identified as relevant to the cement installation and stored;
and

wherein the data relevant to the cement installation is used in evaluating the cement

installation.

45



WO 2014/165487 PCT/US2014/032490

119

¢

38

J

DATA PROCESSING SYSTEM

42— 40
Jyr

[PROCESSORJH DISPLAY |

[CSTorAcE |~
J¥36

e RRILLLLRZZ
UK
N LT LY I
N ER
SN

— 48

2202999
PPPP LA

50




WO 2014/165487 PCT/US2014/032490

¢

N
2
|k'\l|~3 -] \a
)
/

\ 0]
I

K
PR

s

XY

FIG. 2



PCT/US2014/032490

WO 2014/165487

IW3LSAS NI @3401S v1vd

AD0TONHOAL M3AN 318vIITddY
dO/ANV d31S399NS

3/19

zoﬁﬁw%@_\mﬂw%\,_omwm@ ONIGNTONI LN3MD HLIM L4043
~ _ANOILYLIHJNYILNI SSNISIAMIAITIA (9)
004 86 2

961

@3.LON ONILYIOSI TVHLNNIZY 334930 09€
NOILYH3dO 3733N0S FHL 4314V N33S 343IM SAIT0S TYNOILIAaY
ININIO A3LVYNINVLINOD
@3.LON ONITINNVYHO
SNINNNY A3 7114 dINOIT
ISNOJS3Y 3did 3344
‘O I NOILYLIIdHILNI INOZ-AG-INOZ YV JAID O1 dFHVAINOD ANV

€ Ol

¢31av1IVAY V1vVa g0r
INJW30

61

SININTFHNSYIN NO @3Svd a31vindivo
/ 4OLVOIANI IDVHIAOD TYHLNIZY ANY XIANI FONISTHd SAIT0S

€61

J0V443LINI OHO3 YIHL

NOILVNNILLY TvdNX314

JONVA3dINI D1LSNOJV

/ STVAIHEY NOILYWHOL ANV ONISYO —1dA
NOILVNNILLY/3ANLINdNY — 182

-03L34dd3LNI 34V SINFNIHNSYIN FHON HO INO

ASNOS3Y 90T ANV V1vd 378V TIVAY NO d3Sv8 daxOld dNNZ
@34N1dvO SI OHOF 1SHId FINSNT OL ATLIIHHOI L3S S| MOANIM
TYNIWON OL 3SO10 F4V ONIAVYIY 3dId

a3a33aN 41 ¥3IWOLSND OL
a3¥3AIN3A IV SLINSTY
TYNOISIAOY ()

08~

@3Sv3ydo3d
JON3dIINOD 30 HO
J13TdINOINI SSF00Hd
NOILVNTVAS LNJWN3D

L)

8~

¢d3SSvd JNIL

V34 V1vAd TOYLNOD
ALITYNO 90T

8.

" J3NIVIdX3 39 NYO SOV 14/SHOHHT ONISS300dd
06 JONVYH3TOL NIHLIM SI NOILYZITYH1IN3IO 1001 ZO_._._m_DmWMM_\m/_um_O“u._ AMVO_._.<D|_<>
'$%93HD 001 =

0.

17k

3did 3344 ANV LNIWNID L3S ATINS ANV SFIHHENTS INTWID
‘aiN14d ONIDDOT IHL 40 ISNOdSTY QILIIdXT AHOITY
NOISIA LNIWID WO STONVHD IdAL INIWID ANV LNIWID 40 dOL d3103dX3 10N
NOISIA LNIWID ANV LHOIH ONITIHA HLOE WO¥H SANOZ WFT80¥Hd, 031D3dX3 ILON
H3IWOLSND OL LSTHILNI 40 SINOZ ¥V INDILYVd ILON
ONINIHLYD V1Va 40 NOILI1dWOD NO (2)

MOTINHOM NOILYNTYAT INJNFD

INIITD HLIM
S3AILOArE0
gor NO
3340V (1)

¢l




WO 2014/165487 PCT/US2014/032490

€ 4119
THRESHOLD
122 124N v 126
! ACOUSTIC TOOL RESPONSE !
128
120 T T
THRESHOLD FULLY
CEMENTED
F|G 4 PIPE
142
| OBTAIN ACOUSTIC TOOL RESPONSE(S) |
¢ 144
| DETERMINE MEASUREMENT M |
¥ 146
DETERMINE MEASUREMENT
VALUE FOR FREE PIPE CASING Mfpe
¥ 148

DETERMINE MEASUREMENT VALUE
FOR FULLY CEMENTED CASING Mfc

¥ 150
DETERMINE MEASUREMENT VALUE
AS FREE PIPE THRESHOLD Mfpt

151
| DETERMINE COVERAGE PERCENTAGE (CP)I

152

CALCULATE SOLIDS
PRESENCE INDICATOR, SOLIDS
INDEX, AND/OR SOLIDS AZIMUTHAL
COVERAGE INDEX USING Mfp,
Mfc, AND Mipt AT DEPTH INTERVAL(S)

FIG. 5




PCT/US2014/032490

WO 2014/165487

5/19

-
.
-

1OVYS

/v@

IdS

/NQ

TZERTREIN

/omv

1OVS

/va /owv

IdS

IV IOVHINV

/wt

IdS

/ot

NOILVNNALLY 190

/wwv

991




¢

WO 2014/165487

PCT/US2014/032490

6/19

(1) CALCULATE OR RETRIEVE THEORETICAL PREDICTION
OF MEASUREMENT VALUE OF FREE PIPE CASING

v 212

[ OR (2) OBTAIN LOG OVER KNOWN FREE CASING INTERVAL |

214

SELECT (1) OR (2) OR
WEIGHTED COMBINATION OF (1) AND (2) TO BE
MEASUREMENT VALUE FOR FREE PIPE CASING Mfp

(1) CALCULATE OR RETRIEVE THEORETICAL PREDICTION
OF MEASUREMENT VALUE OF FULLY CEMENTED CASING

OR (2) OBTAIN LOG
OVER KNOWN INTERVAL WHERE CEMENT HAS SET

SELECT (1) OR (2) OR
WEIGHTED COMBINATION OF (1) AND (2) TO BE

FIG. 7

v 222

224

MEASUREMENT VALUE OF FULLY CEMENTED casNGMic | F|G. 8
230
(1) CALCULATE OR RETRIEVE THEORETICAL ACCURACY OF
MEASUREMENT VALUE FOR FREE PIPE Mfp AND ADD TO Mfp
v 232
OR (2) PERFORM STATISTICAL EVALUATION OF SECTION(S)
OF LOGGED INTERVAL WITH CONSISTENT CONDITION
234
SELECT (1) OR (2) OR
WEIGHTED COMBINATION OF (1) AND (2) TO BE
MEASUREMENT VALUE OF FREE PIPE THRESHOLD Mipt | F|G. 9




WO 2014/165487 PCT/US2014/032490

¢

CEMENTED SECTION

99/  AONINOINA INTVA

2
264 o54 A

.

FREE PIPE
FIG. 10

266

ACOUSTIC IMPEDANCE THRESHOLD IDENTIFICATION HISTOGRAMS

X260
CEMENTED AND FREE PIPE




PCT/US2014/032490

WO 2014/165487

8/19

NOILO3S d3LN3IN3D
POE~

L Ol

NOILO3S 3dId 3344 ddld 3344 ANV 3LN3IN3D

AN | _\

¥ 88 ggz

AJON3INDIY4 INTVA

AJON3INDIY4 INTVA

AR

SRR

=

€

S

SIWVHOOLSIH NOILYOI4ILNIAlI ATOHSFEHL NOILYANILLY TvdNX314

86¢ ¢6¢ 06¢

AJON3INDIY4 INTVA




WO 2014/165487 PCT/US2014/032490

9/19

¢

310\
312
\ 314\ 316\ 318\ 320\ 322\ 324\ 326\ 328\330\

CLEAN = CLEAN =
ATTENUATION AVGFA | CLEANATIN ﬂ WA ﬂ o ﬂ
——— =1 . [=

AR
e

aSel

&

IS,

SRS

SRR

AR

DRI

I

B 00000
A
88 S0000000aREIRR00NNNNEN

B AR AN ANA
ST

FIG. 12



¢

WO 2014/165487

350\

10/19

PCT/US2014/032490

352 354~ 356~ 358~ 360~
PLANNED ACOUSTIC FLEXURAL
OBJECTIVE CEMENT IMPEDANCE | ATTENUATION [INTERPRETATION
IMAGE IMAGE
CEMENTJOB
DESIGNED TO FREE PIPE
TOP OF LINER

.".":""v;"yf'-l. .--u. n"- &2
i, : b

+3] FULLAZIMUTHAL

COVERAGE
OF SOLIDS




PCT/US2014/032490

WO 2014/165487

11/19

1 "Dl

$dI10S 40
IOVYIN0D
IVHLOAWIZY 1104
_
YANIT =
_—
— | ¥anndodol
3dId 3344 OLAINDISIA
901 INIWID
IOVI IOV NI
NOILY 134d43INI| NoLYNNILLY | IDNVaIdWI JINNY 4 3409 T1IM ONITTIHA NOLYWYHOA JALLDIGO
IVINX3 14 JILSNODY

/oom

/wmm

/@mm

(mm

N

L

€

(mm

/@mm

(mm
/omm



PCT/US2014/032490

WO 2014/165487

12/19

SdiTos 40
JOVH3IN0D g
TYHLAWIZY TN Z ANVS
I9VH3IN0D
TYHLNWIZY ON
SdiT0S %08
A ANVS
SANVS
HIOAY3S3
NEEIVEL!
ANV 43N0
3dld 3344 INEER) H1049 d3d33aN
ANVINING NOILY10SI
X ANVS
JOVAI JOVAI INIWN3D
NOILVLIHdH31INI] NOILYANILLY JONYA3diI Q3INNYTd NOILVINHOA JAILD3rdo
IvdNxX34 J11SNOJY
ﬂmmm /omm /wwm ﬂmwm /vwm /Nwm
/owm



PCT/US2014/032490

WO 2014/165487

13119

"y oy
Y ¥

Sanos 40
JOVHIN0D
TYHLWIZY T1N4 § Z ONVS
JOVHIN0D
TYHLNINIZY ON
Saros %0s T
3did 3 = A QNVS
T - TN (72)
SAN0S WHLNWIZYEFai s o v s o ] 22 2
m -
No| = SANYS
3dld 3344 o = NNEREN
= AL - NIImLId
i AL aNV 43N0
ONITANNVHD  [% - HL04 a3a33N
40 IONAAAT i NOLLYI0SI
sanos |2 X ANVS
=
JOVIAI JOVIAI INTNEO
NOILVLIYAYILINI[ NOILYANILLY | FONVAIdWI TN NOILVWHO4 | 3AILO3rg0
WANX3 T OILSNOOY
v/mmm v/omm v/wwm vfwwm v/vwm v/mwm
/og



PCT/US2014/032490

WO 2014/165487

14/19

Ll Ol

$aI10$ 40
JOVHIN0D
TVHLOWIZY TIN4 | Z ANYS
JOVHIN0D
TVHLNIWIZY ON
SAI10S %08 T
3did 3 o = A QNVS
RERTTEREET 3
50108 TYHLNWIZY miooorean O | R AN
m | B
N = SANYS
3did 3344 | O HIOAY3STY
[~ NIIML3E
m aNY ¥3A0
ONITINNVHO ~ HLOg a3033N
40 30N30IA3 NOILY1OS!I
$aI1os X ANVS
JOVNI JOVNI INTNED
NOILVLFAdYALNIf NOILVANALLY | FONVAIdMI [ oo FHOFTTIM ONIMIHA NOILYWYO4 | 3AILO3r€0
VRIVERE 01LSNOOV
/mmm /omm /wwm /wwm /vmv /mmv /vwm /Nwm
v/omv




WO 2014/165487

PCT/US2014/032490

15 /19

j%
DATA RELEVANT
DESIGN WELL 7/ 10 CEMENT /L
DRILL WELLBORE | —458
452
CONDUCT LOGGING-WHILE- [4—460 /4
DRILLING (LWD) // DATA RELEVANT
/ TO CEMENT
CONDUCT MEASUREMENT-
WHILE-DRILLING (MWD) [N—462
464 452
) -
GATHER AND /OR CALCULATE DATA RELEVANT
FORMATION PROPERTIES TO CEMENT
CONDUCT WELL COMPLETION |—466
INSTALL CASING 468
DESIGN CEMENT 470 452
INSTALLATION /' DATA RELEVANT
/ TO CEMENT
EXECUTE CEMENT
INSTALLATION N—472
EVALUATE CEMENT | —476
478 454
OBTAIN ACOUSTIC LOG(S) [
EVALUATE OTHER RELEVANT P28 CEMENT
DATA EVALUATION
STORAGE
PRESENT INTEGRATED LOG HT— 762 \
450

FIG. 18



WO 2014/165487 PCT/US2014/032490

16 /19
452
490~ -
DATA RELEVANT
TO CEMENT
7492 /-496/ \ 500
CEMENT
FORMATION WELLBORE e
502
L —494 WELL | —498 CEMENT
DRILLING COMPLETION EXECUTION

RETRIEVE PREVIOUSLY COLLECTED | — 512
DATA RELEVANT TO CEMENT

DETERMINE FACTOR INDICATOR(S) [ ol

USE INDICATOR(S) IN CEMENT [ —516
Vel EVALUATION

510
FIG. 20




WO 2014/165487 PCT/US2014/032490

/520

! —526
INPUT LWD
CHANNELS
\/\ 7T\
Y /928 [ WELL INTEGRITY ENGINEER
INPUT OH REVIEW £30
CHANNELS | INTERPRETATION [
WITH PETROPHYSICS
\/\ I
REVIEW
INPUT MWD _| INTERPRETATION [ —534
CHANNELS WITH MWD
ENGINEER
[
_ REVIEW _—538
INTERPRETATION
[
CEMENTING . REVIEW ,—542
JOB DATA INTERPRETATION
\/\ I
| 544
INPUT REVIEW
ACOUSTIC INTERPRETATION | —546
LOGS WITH WELL
CHANNELS INTEGRITY DOMAIN
\ 550
h48 552
TOP OF \}\ -
CEMENT AND LAYOUT ARCHIVE

FIG. 21 %Z(;\%JF;TGAEL {10 cLEnT | PROJECT




PCT/US2014/032490

WO 2014/165487

18/19

085 85~ ¢¢ O
\ 095
SNOILY¥3d0 NOILYITVAZ
INIWID 150d INIWID IASNIHIHANOD
SLNIWIOD Y1Ya ¥1va Y1V ¥1va Y1V viva | | sevanwon
SINLOIrE0 901 INIWT)
ONININZO NO| | NOILYAVAZ zw__%m%_xﬂu_,__ﬂ_%o zo_ﬂ_wﬂ\,_\,_oo www%mﬁ% onmiea | | Norwvweos | | 3HL 40
NOISTTTONO? INIWT) SINLOIrE0

mmm\

v.G \

NB\

omm\

wmm\

996 \

#wm\

N@m\




PCT/US2014/032490

WO 2014/165487

19 /19

AR E \oom

A ONS @

A0 SANOS | s/ o061 INIW —
1 TR0 T (
Y @ e | e 1m0
™
S/ 06T RN
THL 40 401 @ d THHINNIZY
S/ 0161 %__\% —

X ONYS ININ ] X
1310 TS @ Ea R Qs 130
30 300D f o/ g6 ININZD ]

TN 0] — TWHIAIZY

e @ NN
0491 40 4oL | YW 088 —

LT %ﬂ@ |

THAEIN OF3 NOISAd ALISOHOd
NolLyLReun | NOLLVZvMINgD | w4 | v Iy W ONLININD) 9 [MOGTIIM] NI SINL3040
9 MIOTAA NOLLTIdNG) zu%_@ww%
Zo_%% TNINE) TiM

vmo\ Nmm\omm wmw\mmm 729

omo\ 2@\ 919 _%\ NE\ 2@\ woo\, 8@\ So\, Noo\




	Page 1 - front-page
	Page 2 - front-page
	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 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings

