wO 20207142057 A1 |0 0000 KO 0 D 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 OO 0 0 OO A0

International Bureau

/ (10) International Publication Number
(43) International Publication Date g WO 2020/142057 Al
09 July 2020 (09.07.2020) WIRPOIPCT
(51) International Patent Classification: HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
GO1V 1/46 (2006.01) GO1V 1/52 (2006.01) KR,KW,KZ,LA,LC,LK,LR, LS, LU, LY, MA, MD, ME,
GO1V 1/50 (2006.01) E21B 47/00 (2006.01) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(21) International Application Number:
PCT/US2018/068101

(22) International Filing Date: (84) Designated States (unless otherwise indicated, for every

31 December 2018 (31.12.2018) kind of regional protection available): ARIPO (BW, GH,
(25) Filing Language: English GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(26) Publication Language: English TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(71) Applicant: HALLIBURTON ENERGY SERVICES, EE, ES, FI, FR, GB, GR, HR, HU, [E, IS, IT, LT, LU, LV,
INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous- MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
ton, Texas 77032-3219 (US). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

. ) KM, ML, MR, NE, SN, TD, TG).
(72) Inventors: YANG, Yunfei; 4129 El Camino Way Apt

R, Palo Alto, California 94306 (US). WALKER, Kristof-
fer Thomas; 2617 Tranquil Oaks Court, Kingwood, Texas
77345 (US).

(74) Agent: BACA, Matthew W.; 7200 N. Mopac Expy., Suite
440, Austin, Texas 78731 (US).

Published:
—  with international search report (Art. 21(3))

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

(54) Title: SHEAR VELOCITY RADIAL PROFILING BASED ON FLEXURAL MODE DISPERSION

(57) Abstract: A method is disclosed for radiaiiy profiling shear velocities of
.  Hlexural wave modes in a formation. The method includes establishing sensitivity
kernels with two non-dimensionalized parameters and using said sensitivity ker-
nels to perform an inversion for radial shear wave velocity profiles. This method
may be used for LWD, MWD, or wireline logging operations.

300

302 - [ Position Dipole Acoustic Testing Tool In Borshols

00 - | Erit Dipole Sourced Acousii Energy To
' Generate Flexural Waves In Formation

05 -
~{(Measure Flexural Wave Phase Velocilies At Frequency )
Il

hieasure Borehole
Properties To Generate
Model Parameters For
Constructing Reference
Flexural Mode Dispersion
Curve

308 - ("Generats Measured Frequency Dependent Flexural Mods
Dispersion Curve Marmalized By Specified Radial Distance

310 -; ("Delemmine Far-Field Shear Velooity Based On
Measured Flexural Mode Dispersion

312~ _{ Utlize Formation Properties Including Far-Field Shear Velocity
To Generats Reference Fraquancy Depsndent Flexural Mods
Dispersion Curve Normalized By Specified Radial Distance

314

Detsrmine Annular Alteration Zone With N Laysrs Conosntricelly
Surraunding Borehole And Approximate Perfurbation Value(s)

Generate Linear Approx dodel That Associates N Layer-Depsndesnt And
Wavelength-Dependent Sensitivity Kernels With N S-Velocity Perturbation Variables

YES
3181

Determine Kernel Linearity
|

YES

+
a2 - E’moess Iiodel To Determine S-Vielosity Perturbation \/e\usj

N

320

Based On Wavelength-Dependent Flexural Made Phase
Velocily Perturbation Values And Sensifivity Kernels

326 324
~Unussd .
[Seiniol o odel-Based Phass s =
glocities Fit Measured
pacel
FIG. 3



(]

10

20

N
(4

L2
(3]

WO 2020/142057 PCT/US2018/068101

SHEAR VELOCITY RADIAL PROFILING BASED ON FLEXURAL MODE DISPERSION
TECHNICAL FIELD
0001} The disclosure generally refates to formation evaluation, and more particularly to formation
evaluation using shear wave velocity radial profiling.
BACKGROUND
f0002] For formation evaluation, sonic well logging downhole mav be used to mechanically perturb
geologic formations. This perturbation can occur in the form of measorable waves, which can include
shear, compressional, and Stoneley waves., A distnbution of wave velocity vahies against frequency may
be measored. Various formation properties can be determined based on these measureraents,

BRIEF DESCRIPTION OF THE DRAWINGS

[OGO3] Embodiments of the disclosure may be better understood by referencing the accompanying
drawings.
[00041 FIG. 1 is a diagram ithustrating an overhead cross section view of an acoustic measurement

tool disposed within a borchole for determumng propertics of a surrounding formation, according o some
embodiments.

[0005] FIG. 2 is a block diagram depicting a shear velocity profiling system, according to some
embodiments.

[0006] FIG. 3 is a flow diagram depicting operations and functions for determining a radial shear
wave slowness profile from measured flexural waves, according to some embodiments.

0607} FIG. 4 1s a flow diagram illustrating operations and functions for generating and processing a
linear approxtmation model to generate a radial shear velocity profile, according to some embodiments.
[000%] FIG. 3 depicts a plot of reference, true, and approximate slowness dispersion curves having
monotonically decreasing slowness perturbations, according to some embodiments.

[0009] FIG. ¢ depicts a plot of reference, true, and approximate slowness dispersion curves having
monotonically increasing slowness perturbations, according to some embodiments.

0610} FIG. 7 depicts a quality control measure for testing the error incurred by assurning lincanty in
the shear velocity model for sensitivity kemels, according to some embodiments.

[0611} FIG. 8 depicts the use of the first beuristic argument to select a bound for nommalized
wavelength when sampling measured shear velocities with monotonically decreasing shear velocity
perturbations, according to some embodiments.

0612} FIG. 9 depicts the use of the first beuristic argument to select a bound for normalized
wavelength when sampling measured shear velocities with monotonically increasing shear velocity
perturbations, according to some embodiments.

[0G13] FIG. 10 depicts the use of the second heuristic argument to select a bound for normalized
wavelength when sampling measured shear velocities with monotonically decreasing shear velocity

perturbations, according to some embodiments.
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(0014} FIG. 11 depicts the use of the second heuristic argument to select a bound for normalized
wavelength when sampling measured shear velocities with monotonically increasing shear velocity
perturbations, according to some embodiments.

[0015] FIG. 12 depicts a plot of monotonically increasing truc and estimated slowness dispersion
curves against normalized radius, according to some embodiments.

[0016] FIG. 13 depicts a plot of monotonically decreasing true and estimated slowness dispersion
curves against normalized radivs, according to some embodinents.

[0617] FIG. 14 depicts an example of the analysis performed by antonomous optimization of the
selected number of layers N and perturbation value u® to compute linear kernels.

[0018] FIG. 15 is a diagram depicting a wireline well logging system that vuplements shear velocity
profiling, according to some embodiments.

0619} FIQG. 16 depicts an example logging while drilling . WD) system that implements shear
velocity profiling, according (o some embodiments.

[0020] FIG. 17 depicts an example computer system that implements shear velocity profiling,
according to some embodiments.

DESCRIPTION OF EMBODIMENTS
0021} The description that follows includes example svstems, methods, technigues, and program

flows that embody embodiments of the disclosure. However, it is understood that this disclosure may be
practiced without these specific details. In other instances, well-known instruction instances, protocols,
structures and techrigues have not been shown in detail in order not to obfuscate the description.

[00622] In some embediments, sonic well logging that includes shear wave velocity (hereafter
refereed to as “shear velocity”) radial profiling is performed downhole for formation evaluation. For
example, well logging can inchide shear velocity radial profiling by analyzing flexural mode dispersions.
Well logging can include downhole sonic tools that deploy broadband dipole scurces to retrieve shear
velocities for both fast and slow fornmations as flexoral mode goided waves that are excited by dipole
sources. The phase velocity of flexural waves varies as a function of frequency. By processing
waveforms recorded from receivers, flexural wave phase velocity dispersion curves can be obtained,
which typically plot the slownesses (inverse of the phase velocitios) against frequency. As is generally
known and depicted and described herein, “slowness™ is the direct inverse (i.¢., rociprocaly of velocity and
is therefore effectively also a measure of veloeity.

00623} The dispersion of flexural wave velocities can provide relevant data regarding the radial
variation of shear velocitics in the formation. Particular frequency commponents in dispersion curves can
directly correspond to particular wavelengths, By parametrizing the dispersion curves by wavelength, an
approximation scheme may be used to estimate shear wave slowness radial profiles based on the
parametrized dispersion of the flexural waves. Specifically, by analyzing a change in phase velocity with

a corresponding wavelength, variation patterns can be determined in the shear velocity radial profiles.
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0024} An alteration zone is an annular region around a borehole having acoustic propertics that are
modified by various drilling and post drilling related activities and conditions such as drilling flnids,
stress relief, etc. 1n some embodiments, multiple fayers within the alteration zone can be defined. Within
the alteration zone, shear velocity varies based in material and/or structural discontinuities. The shear
velocities have an unknown radial variance and, in some embodiments, the alteration zone is divided into
a selected number of layers and perturbations in the shear velocitics of cach annular layer within the
alteration zone are approximated as constants. Parametrization parameters for the shear waves and for the
flexural waves are utilized to construct a set of sensitivity kernels that are cach associated with a
respective unknown shear velocity and/or shear velocity perturbation vahue, The sensitivity kernels are
ptilized to construct a constrained linear least-squares relation that is vtilized to determine shear velocity
radial profiles from measured and reference flexural wave dispersions. Shear velocities for each of the
alteration zone layers can be determuned, in part, by inverting the constrained linear system of egquations
based on a lincar system approximation. Such embodiments increase computational efficiency while
providing an improved characterization of the near-field shear veloeities for further analysis.

[0025] Example Alteration Zone

[0026] FIG. 1 is a diagram illustrating an overhead cross section view of a dipole acoustic tool 105
disposed within a borchole 103 for determining properties of a surrounding formation, according to some
cmbodiments. The formation region surrounding a borehole 103 begins at a borchole edge 102 and
inchudes an alteration zone 104 and a far ficld 106, The borchole 103 comprises a substantially
cylindrical cavity formed by deidling, and is typically filled with Liquid and/or shurty substances such as
drilling fluid (dalling owad), water, ete.

100271 The alicration zone 104 is an anpular region sorrounding the borchole 103, having the
borehole edge 102 as its inner boundary and the far field 106 as its outer boundary. The alicration zone
104 1s concenincally aligned with the borehole 103 and bas an annular width, w, also referred to as
alteration depth. The formation maternial composition and structure within the alteration zonc 104 1
relatively non-homogenous in comparison to materials in the far-ficld 106. Both the far-field and the
alteration zone can be cither azimuthally isotropic (FI1G. 1) or anisotropic. In the anisotropic case, the
flexural waves may be rotated into their fast and slow coordinate planes prior to independent analysis of
cach azinwilt's rotated flexural waves. The alteration zone 104 is created by formation material
alterations such as compaction, fracturing, differences in horizontal stresses, introduction of foreign
substances (¢.g., drilling fluid), and other factors that arc incident to borchole drilling and conditioning,
[0028] In some embodiments, an alteration zong is partitioned into a number, N, of concentric
rings/layers, each baving a vorforoy anular width =w/N. The alteration zone 104 comprises N=4
concentrically adjacent and aligned annwlar lavers 110, 112, 114, and 116, cach having an equal annular
width, h=w/4. As depicted and described herein, the dipole acoustic tool 103 is configured to tnduce and
measure acoustic energy within the alieration zone 104 and the far field 106, The dipole acoustic tool 103

inchudes ransmitters (sonrces), receivers, and associated programmed hardware and software components
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and other electronics for inducing acoustic signals 107 in drilling fluid, mwud, or shurry within borehole
103. The dipole generated acoustic signals 107 induce a flexuaral transverse motion of the borchole that
travels up and down the borchole, returning flexural waves 109 to receivers of the dipole acoustic tool

105.

(]

[0029] The dipole acoustic tool 105 is configured 1o measure acoustic wave propertics and metrics

including frequency dependent flexural wave measurements. Various aspects of acoustic waves may vary

based on material properties of formation materials through which the acoustic waves traverse.

Variations in shear phase velocity, also referred 1o as shear velocity perturbation, of an acoustic wave as it

traverses a formation may be vtilized as a significant metac 1n determining formation propertics such ag

10 material composition, strength, stress, and structure, In some embodiments, shear velocity variations are
determuned based on flexvral wave measurements by first measuring flexural wave phase velocities as a
function of frequency (... measure velocitics at corresponding flexural wave frequencies).
0630} The dipole acoustic tool 105 1s positioned at a fixed depth within the borchole 103 and 15
configured to emit the acoustic signals 107 into the formation. The dipole acoustic tool 105 is further

15 configared to measure velocities of the returning flexural waves 109 generated within the far field 106
and the alteration zone 104. The operations, functions, components, and systems disclosed herein
generate, utilize, and otherwise process the flexural wave measurements 109 with normalized
parameterization parameters to construct frequency dependent flexural wave velocity dispersion curves.
The measuwrcment of the velocities of the returning flexoral waves 109 comprises a distabution of

20 velocities according to frequencies of the flexueal waves 109,
[0031] A first and a second type of dispersion cuive can be generated from measurements made by
the dipole acoustic tool 105, The fiest dispersion curve is a measured flexural dispersion curve sq and is
based on flexural waves as measured along one azimuth. The second is a reference flexural dispersion
curve s, which is generated by using the far field shear velocity Vo as determined from sq, as well as

25 other information about the borehole and surrounding formation. The frequency dependent sq and so

dispersions may be converted o velocity values that are parameterized by (depend on) a normalized

wavelength parameter that is based, in part, on the borehole radius.

[0032] In some embodiments, a normalized, non-dimensional wavelength value 1y 1s generated in

accordance with the relation shown in Equn. 1

30 Lon® =12
(1)
0633} in which 1 is frequency, a is the borehole radins, and v{@) is the flexural wave phasc velocity
for a given frequency.
[0034] The wavelength-based parameterization is utilized to gonerate sensitivity kernels. The two

35 dispersion curves are then used fo create two perturbation functions for flexural wave phase velocity

parametrized by sondimensionalized wavelength and nondimensionalized radivs.
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[0035] It 1s approximated that the shear velocity perturbation for each layer in an alteration zoune is
constant. Thus, the shear velocity perturbation functions can take the form of a step function in the
alteration zone 104, wherein the width and height of each step corresponds to the width and shear velocity
perturbation of cach laver 110, 112, 114, and 116, Shear velocity is the inverse of slowness, and so
transformations between the two may be readily performed. Example slowness dispersion curves are
depicted in FIGS. 12 and 13,
[0036] FIG. 2 is a block diagram depicting a shear velocity profiling system, according to somge
cmbodiments. The system includes a dispersion modeler 202 that receives and processes acoustic wave
information feom a dipole array tool 204, The dipole array tool 204 is disposed {e.g., via witeline) within
a borehole (not depicted). The dipole array tool 204 has a logging sonde 206 that mcludes neaswrerment
sensor components and an array of acoustc receivers. In the depicted cmbodiment, the sensor
components inchide a dipole acoustic source 210, The overall tool, including dipole acoustic source 210,
may be disposed sobstantially centrally within a borchole as depicted 1n FIG. 1. The dipole acoustic
source 210 is configured to emit acoustic energy into a formation (not depicted). The array of acoustic
receivers includes receivers R1 and B2 configured as piezoclectric receivers, for example, to detect and
measure velocities of flexural waves generated by the induced acoustic energy.
[0G37] The dipole arrav tool 204 further includes an electronics assembly 208 comprising, in part, 2
digital signal processor 212 configured to process the measurement data from receivers R1 and R2. Raw
data 214 from the electronics assembly 208 is transmuitted to components of the dispersion modeler 202,
such as a measured dispersion generator 216. The measured dispersion generator 216 is configured, using
a combination of hardware and software logic components, to gencrate a flexural wave phase velocity
dispersion such as depicted in FIG. 5 based on the raw data 214 from the dipole array tool 204, In some
embodiments, gencration of a flexural wave velocity dispersion includes generating a low-frequency
asyrpiote of the measured flexural wave velocity dispersion. The mecasured dispersion gencrator 216 is
further configured to determing a far-ficld shear velocity that corresponds to an asy mptotic himit of the
low~frequency asymptote. The measured dispersion generator 216 transmits the measured flexural wave
elocity dispersion to a dispersion profile database 220 that records the dispersion as one of log records
218 mchuding log record 218a. As depicted, log record 218a comprises a slowness-type frequency
dependent velocity profile such as graphically depicted in FI1G. 3 by the measured frequency dependent
flexural wave slowness.
f0038] The dispersion modeler 202 further includes a referonce dispersion generator 222 that
receives and processes inputs from the measured dispersion generator 216 and a reference model database
228 to generate a reference flexural wave velocity dispersion. The reference dispersion generator 222
recetves the far-field shear velocity value from the measured dispersion generator 216 or frora that
provided by other information. The reference dispersion generator 222 receives additional borehole- and
formation-centric properties. such as those depicted in Table 2, from logging collection lools 224, For

example, the reference dispersion generator 222 may receive mud velocity, mud density, and rock density
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-atues that have been measured by the collection tools 224 and represented within the reference model
database 228 within parameter records 226, of which 226a is an example. The reference dispersion
generator 222 is configured to generate a reference flexural wave velocity dispersion curve based on
formation propertics including the far-field shear velocity. The reference dispersion generator 222
transmits the reference flexural wave velocity dispersion curve as a record 229 comprising a slowness-
type frequency dependent phase velocity such as the inverse of which is graphically depicted in FIG. 5.
[0039] The dispersion modeler 202 further includes an S-wave dispersion generator 230 that is
configared, using any combination of bardware and/or program instructions to generate flexural phase
velocity dispersions based on vanations in shear velocity with radius 1o the alteration zone. The S-wave
dispersion generator 230 includes a model generator 232, an inversion unit 234, and an S-wave velocity
profiler anit 236, The model generator 232 receives the measured flexural wave dispersion from the
dispersion profile database 220 or may receive the same profile directly from the measured dispersion
generator 216, The dispersion data may be recorded within dispersion profile database 220 as dispersion
data records 218 of which 218a is an example. The model generator 232 also receives input in the form
of the reference flexural wave dispersion from the referonce dispersion generator 222,

[0040] The model generator 232 is configured, nsing any combination of hardware and/or program
logic, to gencrate a lincar approximation model based on the measured and flexural wave dispersions by
generating sensitivity kernels that relationally associate measured flexural wave phase velocity
perturbations with shear wave slowness perturbations in the alteration zone. The model generator 232
determines overall formation medel parameters, in patt, by defining an alteration zone based on a relation
w = N*h, whercin w is an anoular width of the alieration zone, N is a number of alicration zone layers,
and h is an annular width of each layer. The model generator 232 generates a sensitivity kernel for each
of the N lavers based on ratios between cach of a set of wavelength dependent and laver dependent
flexural wave perturbation values and an approximated shear velocity pertarbation value. FIGS. 3 and 4
depict and descrbe additicnal operations and functions for generating the sensilivity kernels.

0041} The model generator 232 is further configured to select samples from the measured and
reference flexural wave dispersions to gencrate a set of wavelength depondent perturbation values based
on differences between wavelength-correspondent values in the measured flexural wave dispersion curve
and the reference flexmral wave dispersion curve. FIGS. 3 and 4 depict and describe additional operations
and functions for gencrating wavelength depondent perturbation values. As described with reference to
FIGS. 3 and 4 in conjunction with FIG. 2, the model generator 232 generates an executable model, such
as in the form of an exccutable lincar approximation model that includes an array of the sensitivity
kernels associated with the shear velocity perturbation variables/upknowns and the wavelength dependent
pertuthation values 1n accordance with the relation depicted 18 equation (12).

[0042] The linear approximation model is passed as ioput to the inversion unit 234 which inverts the
linear system of equations to determine/generate the perturbation for a radial shear wave velocity profile.

n

The S-wave velocity profiler unit 236 is configured to determine ¢orresponding radial shear wave

6
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velocities (inchuding slowness profiles) based on the shear velocity pertuthation vahses. For example, the
S-wave velocity profiler unit 236 may determine the shear velocities for each of the N layers based on the
far-field shear velocity and the perturbation values in accordance with the relation depicted in eguation
(15). The radial shear wave velocity profile may be stored for a given formation as shear velocity and/or
shear slowness records 238 and 239 within a formation propertics database 241,

[0043] Example Operations

[0044] FIG. 3 1s a flow diagram depicting operations and functions for determining a radial shear
wave velocity profile from a measured flexural wave dispersion, according to sorse cmbodiments. The
operations and functions depicted in FIG. 3 may be pedormed by one or more of the svstem, subsystems,
and components illustrated and described with reference to FIGS. 1, 2, and 14-17. The processing beging
as shown at block 362, at which a dipole acoustic logging tool comprising a dipole acoustic source and an
array of two or more acoustic receivers is positionced in a borehole to perform acoustic measurernent
collection. For exaraple. as shown in FIG. 1, dipole acoustic tool 105 is centrally deployed at one or more
depths within borehole 103, As shown in FIG. 15, a dipole acoustic tool 1510 may be integrated as part
of a wireline tool 1504 that is deploved in a borehole 1506 surrounded by the formation 1508 prior to
acoustic measurement cvaluation the formation 1508,

[0045] At block 304, the dipole acoustic tool emits acoustic energy to generate floxural wavesina
surrounding formation. For example, with reference to FIG. 1, dipole acoustic tool 105 emits acoustic
energy manifesting as the acoustic signals 107 through the borehole biquid/slutry media and ato the
surrcunding formation beginniog at the borehole edge 102, Based on the emission of acoustic energy into
the surounding formation, flexural waves are generated within the surrounding formation. The physical
characteristics and propagation of these flexural waves are dictated by formation propertties, so a known
acoustic outpnt can be used o measure the infhuence of the formation on flexural waves and determine
physical characteristics of the formation.

[0046] At block 306, the acounstic receiver array within the dipole acoustic tool detects flexural
waves from the formation resulting from the emitted acoustic energy. With reference to FIG. 1, the
dipole acoustic tool 110 can detect the flexural waves 109 by a receiver array (not expressly depicted).
The detection of the floxural waves entails measuring flexural wave atiributes such as amplitude,
frequency, and phase velocity.  Attributes of the formation such as material stiffness,, stress, lithology,
porosity, etc. can be derived from the flexural wave atiributes measured by the acoustic logging tool. The
distribution of flexural wave frequencies may be signaficantly altered from the emitted acoustic energy
signal based on the well and formation attnbutes. In turn, the signal alterations can be corrclated o
vatiations in the stiffiness of the materials in the surrounding foanation. The acoustic recetver array may
comprise a murber of acoustic reccivers that are separated vertically (i.e., along the length of the tool)
and/or circumferentially having equal or otherwise symmetric azimuthal spaciogs. o the depicted
crabodiment, the acoustic receiver array and associated signal processing electronics, such as within the
clectronics assembly 208 of FIG. 2, measure the phasc velocity of the flexural waves at frequency. The

o
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minimom and maximwm frequencies that define the range of well-resolved phase velocities
measurements are saved for later processing.

00471 Atblock 308, a measured flexural wave velocity dispersion curve, such as the measured
slowness-type dispersion curve sq in FIG. 5, 1s generated from measurements made along a specified
azinuth. With reference to FIGS. 1 and 2, the dispersion curve sq may be counstructed from
measurcrents performed by dipole acoustic tools 105 or 204 along a specified azimuthal direction within
the borehole and surrounding formation. In some embodiments, generating the measured fiexural wave
dispersion curve may comprse determuining the shear modulus of the formation as a fusction of frequency
and finding the shear velocity by taking the square root of the ratio of shear modulus to rock density in
the formation. In other ernbodiments, other equations, micthods, or seftware may be used to determine a
measured dispersion curve sy automatically from measurements made along a specified aziruth,
Example flexural wave dispersion curves are shown in FIGS. 5 and 6.

0045} FIG. 5 depicts a plot of reference, true, and approximate slowness dispersion curves haviog
monotonically decreasing slowness perturbations due to the variation in shear slowness as a function of
radius into the formation, according to some embodiments. A plot 500 includes an x-axis 502
representing flexural wave frequency in kilohertz (kHz). The plot 300 also includes a y-axis 504
representing slowness of flexural waves in microseconds per feet (ps/At). A line 506 depicts the reference
dispersion curve so. Two lines depict the dispersion curves from the observed (508) and best-fitting
madel 510). The reference curve 506 may be obtained by deicrmining a far-ficld shear velocity and
additional model parameters agd assurning an isotropic, homogenous fororation then using ap acoustic
propagator to stroulate flexural wave propagation along the borehole axis as at blocks 310-312. The true
curve 508 1s a measured slowness dispersion curve selected for the purposes of creating the plot 360, The
approximated carve 510 is the result of applying the processes of FIGS. 3 and 4 to measorements made
on a formation with an alteration zone represented by the true corve 508 and converting from shear
velocity parametrized by radius to slowness parametrized by frequency.

00491 As can be seen, the predicted curve 510 matches the observed dispersion curve 508, Because
the approximated dispersion curve 510 is strictly less than the reference dispersion 506, the slowness
perturbation is negative and monotonically decreasing. Determining the sign and monotonicity of a
dispersion curve indicates significant information about the lincar system of cquations incorporated
within a linear approximation rmodel as depicted and described in further detail with reference to FIG. 4.
The significance of the selected or otherwise determined sign and monotonicity is evident from the plots
shown in FIGS. 12 and 13, The plots 1200 and 1300 may optimally reprosent any dispersion curve based
on the sign and monotanicity of cortesponding perturbation functions. It is impottant o cnsure that the
variables which several dispersion curves depend on are the same when making corpparisons, because the
transformation between (for example) frequency and wavelength changes the behavior of the dispersion

curve {as does changing between slowness and shear velocity dispersion carves).
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0030 FIG. 6 depicts a plot of reference, true, and approximate slowness dispersion curves having
monotonically increasing slowness perturhations, according to some embodiments. A plot 600 includes
an x~-axis 602 representing flexural wave frequency in kilohertz (kHz). The plot 600 also includesay-
axis 604 representing slowness of flexural waves in microseconds per foct (us/t). A line 606 depicts the
reference dispersion curve se. Two lines depict the observed (608) and best-filting model (610)
dispersion curves. The reference curve 606 mayv be obtained by determining a far-ficld shear velocity and
additional model parameters and assuming an isatropic, homogenous formation then using an acoustic
propagator to build flexural waves towards a tool axis from the far field as at blocks 310-312. The true
curve 608 is a stowness dispersion curve selected for the purposes of creating the plot 600, The
approximated curve 610 is the esult of applying the processes of FIGS. 3 and 4 to nweaswrernents made
on a formation with an alteration zone represented by the truc curve 608 and converting from shear
velocity parametrized by radius to slowness parametrized by frequency.
0051 As illostrated , the predicted curve 610 matches the observed dispersion curve 608, Because
the approximated dispersion curve 610 is strictly greater than the reference dispersion 606, the slowness
perturbation is positive and monotonically increasing. Detormining the sign and monotonicity of a
dispersion curve indicates significant information about the lincar system of cquations incorporated
within the lincar approximation model that is generated as depicted and described with referonce to FIG.
4.
0652 At block 310, model parameters including far-ficld shear velocity Vo for constructing the
reference dispersion curve are determined from the measured flexural wave velocity dispersion.
Alternatively, Vo can be provided by other tools as an toput parameter. These model parameters may be
used to cieate a refercnce dispersion curve from an acoustic model of the formation. The far-ficld shear
velocity Vo may be determuined by measuring the low-frequency asymptote of flexural modes and is the
low-frequency asymptotic lirmt of the flexural wave phase velocity.
0033} {Other model parameters (¢.g., rock and mud density, borchole radius, mad speed, P-wave
relocity, otc.) as well as Vo itself may be determined by one or more of estimation, previous
measurement, and corrent measurement using tools on a tool array alongside an acoustic logging tool as
shown at block 309. For example, with reference to FIGS. 1 and 2, the logging tools 105 and 204 may
include sensor and measurement components configured to measure various formation parameters, such
as ultrasonic standoffs for measuring borehole radius or neutron Jogging tooks for determining rand and
rock densities. The dipole acoustic tool 110 may provide measured data to the computer 122 for
processing. FIG. 16 shows an example computer with a radial dispersion modeler 1611 which creates a
dispersion curve from measored data (e.g., flexural wave data and the far-field shear velocity Vi),
Examples of the data which may be provided to the radial dispersion modeler 1611 s shown in Table 2 at
block 312 below,
[0G54] At block 312, a reference dispersion curve So is generated based on the model parameters.

For example, the reference dispersion curve so can be determined by utilizing the far field shear velocity

9
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Vo and constructing flexural wave phasc velocities at various wavelengths with an acoustic wave
propagation simmation method. Such an acoustic propagator may be determuned from physical theory or
implemented via nomerical methods based on the model parameters such as one or more parameters

depicted in Table 1.

5 [0055] Each of the model parameters of Table 1 mav be determined at blocks 309 and 310 so that at
biock 312 modeled flexural wave phase velocities, as in Table 1, may be produced {0 acquire a reference
dispersion curve so.  Values for estimated shear velocttics, as shown in Table 2 for a formation with the
parameters of Table I, may be deteomined by performing operations depicted and descabed with
reference to FIGS. 3 and 4.

10

Symbel Parameter Value Unit

a4 Borchole tadias 0.1 13

Ea Outer radius of alteration zone 3 -
normalized by borehole radius

Eatonsain Outer radius of model domain 10 -
normalized by borehole tadias

Vo P-wave velocity of rock formation 2400 m/s

Vi S-wave velocity of far-field virgin 1200 w/s
formation

|4 Mud velocity 1500 s

Rho, Mud density 1000 kg/m’

Rho Raock density 2000 keg/nr’

M Number of data samples 20 -

N Number of layers in alieration zong 10 -

# Threshold I for QC 0.1 ~

£ Threshold 2 for QC .01 -

TABLE 1
[00656] To construct the reference dispersion curve sp, an isotropic, homogencous formation is

presumned and analytical equations for the displacement potential are solved to find the mode associated
with the far-ficld shear velocity Vy. Acoustic energy with varying frequency or wavelength will be

15  affected with varying intensity by the formation.
0657 As patt of geoerating and/or post-processing, the measured and reference flexural wave
dispersion curves are parametrized by a normalized wavelength v, The normalized wavelength v is

compuled as follows:

, (1)
76 === !
20 [0058] where {15 frequency, a is the borchole radius, and v(f) is flexural wave phase velocity {or a

given frequency. The valoe of v{f) is given by the flexural phase velocities 1n each dispersion curve.
[0059] Atblock 314, an alteration zone with multiple layers is defined. An alteration 7one can be
defined, in part, based on a borehole radius, a, and expected or measured formation alteration parameters.
Radial distance from the tool axis is non~dimensionalized by defining a normalized radial distance

25 wvariable & as:
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E=7 @)
0660} Where r is radial distance from the tool axis and a is the borchole radins. The arca within a
radius &, is an alteration zone and &, 1s referred to as the “alteration depth.” The alteration depth may be
defined bascd on downhole parameters. For example, it may be typical to assign a value of two to three
tirnes the borehole radius a to the alteration radius &, A number N of layers are also defined within the
alteration zone as in FIG. 1. Each layer is an annular region having a uniforo: width h. That is, the i®

laver is a band of width b centered at a radius & from the tool axis which is defined as:

. { 1

g=1+hn{i-2) 3)
f0061] Each laver within the alteration zone is allowed a constant perturbation of flexural wave shear
velocity., The N layers thus cormespond to the N shear velocity perturbation functions described in further
detad] with reference to FIG. 4 as part of a process for gencrating a lincar approximation model.
[0062] At block 314, a fractional perturbation value is also defined. A priort information can be
used to estirnate the magunitnde of the perturbation vatue. For example, a perturbation of the expected
total variation in velocity from the borehole wall o the far-field formation, divided by the total mumber of
lavers N, may be utilized as an initial estimate. For example, if the previons depth resulted in a radial
shear profile with a minimum and maximum velocity of 2300 and 2500 nv/s, thenfor N =10, a
perturbation of (200/2400)/10 = 0.01.
[0063] Two types of lincarity/non-linearity constraints are applied in the method to optimize
linearity and accuracy of the final radial shear velocity profile. The first type of linearity constraint
applies to the independence among the N kernels gl, g2, etc. This lincarity constraint is controlied by N
and the perturbation vatlue 1’ The linearity can be assessed with quality control (QC) metrics before the
radial shear velocity profile is deterouined. H the kernels are not sufficiently lincar, such as may be
determined via a linearity threshold determination, a different set of N and v are selected, resulting in an
automated optimization of N and ui”. The selection and autonomously guided re-selection of the N and
u" vatues enables radial shear velocity profiling to be performed concurrently in real-time with the
collection and processing of flexural wave phase velocity information.
[0064] A second tvpe of hnearity is determined 1n termas of the misfit between the estimated phase
velocities and the observed phase velocities. This second lincarity constraint relates to how well-behaved
the misfit function 1s between the correct model and the initial model. I the misfit function is non-lincar,
which is more likely to happen for large velocity variations, the resulting inversion result may reduce the
misfit, but significant misfit may still exist. If after computing the radial shear velocity profile the
predicted phase velocities do not match the measured phase velocities, the predicted phase velocities can
be used as the reference curve sy at 312 for a second iteration of the worldlow.
f0065] At block 316, a dispersion modeling systen, such as dispersion modeler 202, generates a
lincar approximation model that includes reference and measured flexural wave information that canbe

utilized to sobve for a radial shear wave slowuess profile. The dispersion modeler generates a set of
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sensitivity kernels each one associated with one of the N layers of the alteration zone. In some
embodiments, the sensitivity kernels are computed in accordance with ratios between each of a set of
wavelength dependent and layer dependent flexural wave perturbation values and an approximated shear
velocity pertirbation value., The linear approximation model also includes flexural wave porturbation
values based on the normalized measured and reference flexural wave dispersions.

[0066] At block 318, the lincarity of the kernels are assessed with QC metrics ¢ and &, FIG. 14
shows an exaople worldlow for this process. The minunum and maxiowim frequencies, after converting
to normalized wavelength, become etaMin and ctaMax, defining the target range of high-quality available
data. The objective of this block is to find the smallest value of N and the largest valoe of v that
produces a relative aumber of Hocar data points within this target range that excecds a proportionality
threshold, which is 0.95 in the depicted example. The two graphs on the right are curanlative density
functions that integrate the empirical probability distribution functions with respect to ¢; and e,
respectively. Where the ¢; * threshold line intersects the CDF is the proportion of selected values that are
linear with respect to e1. Where the e, * threshold line intersects the CDF is the proportion of selected
values that are lincar with respect to ¢2. The chosen N and u” leads to only 5% and 87% lincarity, with
respect to ¢1 and ¢ thresholds. H, as determined at inguirv block 320, some combination of the
proportions are less than CDF threshold, then control returns to block 314 with selection of a different
pair of N and u”

[0G67] At block 322, a livear equation ioversion processor, such as inversion unit 234, performs
1oversion pracessing on the linear approximation model to generate a set of shear velocity versus radios
perturbation values. A Haoear approximation model may be generated as a linear least squares
approximation 1o which the shear velocity perturbations for each alteration zone layer awe the
unknowns/variables to be solved for. The total shear velocity perturbation function may be dencted by

w(&) and defined as:

u(g) = 52 )
[0068] Where Vo is the far-field shear velocity and OV(E) is the difference between shear velocity at

& and Vo, That is, the total shear velocity perturbation function may be taken as the difference of tme
shear velocity against the shear velocities of the reference shear velocity dispersion curve for cach &
normalized by Vo

[0069] The total shear velocity perburbation function can be divided into N shear velocity
pertatation functions containing the vaaation of shear velocities within each layver in an alteration zone.
The pertwbation within cach laver is assumed to be constant; this simplifics the approximation scheme by
allowing the total perturbation function to be written as a sumn of N ferms comprising constaats w;

multiplied by a rectangular function centered about the i™ layer of an alieration zone:

u(® = N, 0] (52) 5)
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0070} where 1] is the rectangular function and v is the constant shear velocily perturbation for cach
layeri. Thus, u(&) is taken to be a step function acquired by summation of the constant perturbations w
allowed in each layer 1.

f0071] The construction of the linear approximation model is based, in part, on flexumal wave
perturbation functions that represent the deviation of the measured dispersion curve from the reference

dispersion curve so in normalized wavelength, A flexural wave perturbation function, m(n), is given by

m{n} = 25m (6)
) solm) 1,y W
00721 That is, the perturbation function may be taken as the ditfference of the measured flexral

wave velocity dispersion curve sg and reference flexural wave velocity dispersion curve s and normalized
by the value of s; at a fixed 1. These values are constructed such as at block 404 of FIG. 4 by sampling
the measured flexural wave phase velocity dispersion curve sq at selected nj values and performing the
appropriatc operations to acquire samples of m(y).
[0073] In some embodiments, an assumption is made that perturbation in dispersion curves is caused
by perturbations in shear velocity; thus, the relationship between m{n) asd w(l) is given by

mi) = [ G Hulpd )
(00674} Where Gi is a Green's function for the layer i By replacing the shear velocity perturbation
function with rectangular fonctions corresponding to cach layer 1 as above, a sum of N integrals may be
deterrmned. Each of these integrals correspond to a layer t among N layers and define the perturbation
functions. Because the total shear velocity perturbation function is separable by layer, the relationship

between m(y) and w($) is given by

. L+R/2 L o N s
mi () = ) 7 Gi(n, Ddg (8)
[0675] Where my(n) 1s the flexural wave phase velocity dispersion perturbation due to the formation

shear velocity perturbation v’ for the i® layer of the alteration zone. A first approximation v is made to
determine the unknown shear velocity pertwbations ui. Valses of u may be determined based on
expected total shear velocity perturbation divided by VO divided by the number of layers N, evaluated
based on the results of the heuristic arguments below, or determined via modeling or simulation. Note
that v’ may be determined via an optimization method using the analysis depicted in FIG. 14.

0676} By allowing a constant perturbation of shear velocity in cach layer within the alteration zone,
cach mi(1) is proportional to an integrated Green’s function for the layer 1. Each Green’s function, when
integrated over the appropriate layer, is defined to be a sensitivity kernel. Each sensitivity kernel
represents the mapping from radially dependent shear velocity (for a particular layer 1) to wavelength
deperndent flexural wave phase velocity (with wavelength in units of ).

100771 The shear velocity perturbation valucs mav be further evaluated for accuracy using 3 model
fit process beginning at block 324 at which a determination is made of whether the generated shear
velocity perturbations result in flexoral wave phase velocity information that matches the measured
flexyral wave information. In response to differences between these two sets of information excecding a

1
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threshold, the lincar approximation model is re-gencrated vsing another reference flexural wave velocity
dispersion such as a best first iteration model that it also gencrated based in part on the far-ficld shear
velocity. If the model fit is unsuitable {¢.g., out of threshold limit) as determined at block 324 and
additional parameter space exists, a replacement reference model is generated as control refurns to block

312,

(98]

0678} FIG. 4 1s a flow diagram illustrating operations and functions for generating and processing a
linear approxtmation model to generate a radial shear velocity profile, according to some embodiments.
The operations and fonctions depicted in FIG. 4 may be performed by one or more of the system,
subsystens, and components illustrated and described with reference to FIGS. -3 and 15-17.

[0679] At block 402, a model generator, such as model generator 232, determines a range of
wavelength values for sampling. The first inpud to this s the frequency content of the measured
dispersion data. A minimum and maximum frequency are used as limiting parameters. MNext, two
heuristic arguments are used to select a range of normalized wavelengths to sample dispersion data for
my(ry) values from measured flexural waves. This analysis and results thereof are illustrated in FIG. 14
By sampling selected values of v, the normalired wavelength is made discrete to simplify further
calculations.

0080} The first heuristic argument relates to measuring the spread of sensitivity kernels g, which
ensures a non-trivial determinant in the system of linear equations. The first heuristic argument is given
by

a{gi(n))

{9

el(n) = s ‘ S
max{\m\g,-\n))/-

0081} Where o{gi(1}) is the standard deviation of the sensitivity kernels g at a fixed value of 1. The
value of the first heuristic e; may be used to select a bound for the sampled 1y range. For example, if e; is
sclected to be greater than 0.1, then only those values of p which results in a ¢; value greater than or equal
to 0.1 are viable for sampling m{n). The value of ¢; mayv be sclected based upon the downhole
parameters. Alternatively, the value of the first heunstic ¢; may be used o change the selected number of
lavers (N and/or the selected perturbation value (u).

00221 The second heuristic argument is determined based on the percent change of the sum of
sensitivity kernels from the total sepsttivity kernel acguired by allowing each layer to perturb at the same
tirpe instead of one-by-one. This heuristic argument is given by

. .
2igiin)—g(n)

(a0
lgGml A

e, () =
[O083] The second heuristic argument measures the guality of the linearity approximation and may
be used to sclect a lower bound for the sampled n range. 1t stands 1o reason that, if the lincarty
approximation is poor then a smaller 1 range can be eraployed to reduce error. Alternately, if the linearity
approximation is good, then a larger 1 range can be emploved without incurring significant crror. The
valie of ¢ may be selected 1o be less than a constant value. For example, if ) is selected to be less than

0.2, then only those values of § which give e; less than or equal to 0.2 are viable for saraphiog m(y). The
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value of ¢; may be sclected based upon the downholke parameters. Alternatively, the value of the second
heuristic e» may be used to change the number of lavers assumed (N) and/or the perturbation size (o).
0084 Each of the two heuristics arguments ¢, ¢ provides a range of appropriate 1 valaes (or N and
ui’ values) to sample m(} values from the measured flexural wave dispersion curve s¢ which is bounded
on one side. By taking the intersection of these two ranges, one may acquire an appropriate 1ange of 1y
values for samapling which is bounded above and below. Examples of the two heuristic arguments are
show in FIGS. 7-11. Alternatively, N and u® can be changed until linearity is achieved in the frequency
band of interest.

[O085] FIG. 7 depicts a guality control measure for testing the ercor incureed by assuming lineaaty io
the shear velocity model for sensitivity kermels, according to some embodiments. A plot 700 iocludes ten
sensitivity kemels gi-gio (701-710) along with their sum 711 and a total sensitivity kernel g 712 acquired
by allowing cach layer in an alicration zone to be perturbed simultancously. The deviation of the sum
711 from the total sensitivity kemel g 712 indicates the degree of nonlinearity present in the true shear
velocity dispersion. Where the deviation of the two curves occurs is coincident with the maximum range
of 1} detected from applying the el and e, metrics.

[0086] FIG. 8 depicts the use of the first heuristic argument to select a bound for normalized
wavclength when sampling measured shear velocities with monotonically decreasing shear velocity
perturbations, according to some embodiments. A plot 800 includes an x-axis 801 denoting valucs of
normalized wavelength n and a y-axis 802 denoting values of the first heuastic ;. A line 803 depicting
ai() is marked with a sct of calculated ¢ values 204 and intersects with a threshold 865, As at block
408, ondy those value of 1y which provide ¢ values above the threshold 805, For this example, a lower
bound has been provided for ¢ and the allowable values have been indicated with circles over the ¢
values 804, As canbe seen in FIG. 8, the allowable 1 values are those less thap 3.5; thus. an acceptable
range of 1 values may be determined by taking an intersection of values less than 3.5 and values
determined by the second hewristic ¢, as in FIG. 10,

[0087] FIG. 9 depicts the use of the first heuristic argument to select a bound for normalized
wavelength when sampling measured shear velocities with monotonically increasing shear velocity
perturbations, according to some embodiments. A plot 900 includes an x-axis 901 denoting values of
normalized wavelength n and a v-axis 902 denoting values of the first heuristic ¢1. A line 903 depicting
c{n) is marked with a set of calculated ¢, values 904 and intorsects with a threshold 905,

fO088] For this exampic, a lower bound has been provided for ¢ and the allowable values have been
indicated with circles over the ¢; values 904, As can be seon in FIG. 9, the allowable vy vahues arc those
less than 3.5; thus, an accepiable range of vy values may be determined by taking an intersection of values
less than 3.5 and values greater than another mumber deterouined by the second heuristic e; as in FIG. 11
[0089] FIG. 10 depicts the use of the second heuristic argursent to select a bound for normalized
wavelength when samplhing measured shear velocities with monotonically decreasing shear velocity

pertorbations, according to some cmbodiments. A plot 1600 inchudes an x-axis 1001 denoting vakucs of
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normalized wavelength 1y and a y-axis 1002 denoting values of the first heuristic ¢;. A line 1003
depicting e1(n) is marked with a set of calculated e; values 1004 and intersects with a threshold 1005,
0690 For this example, a lower bound has been provided for e; and the allowable values have been
indicated with circles over the ¢z values 1004, As can be seen in FIG. 10, the allowable 1 values are those
less than 3.5, In reference to FIG. 8, an acceptable range of 1 valucs may be determined by taking an
intersection of valucs less than 3.5 as dictated by the first heuristic ¢ and values less than 3.5 as
determined by the second heuristic 2. The acceptable range in this situation would be [0,3.5], that is, alf
1 vatues from 0 to 3.5.

0091 FIG. 11 depicts the vse of the second hewristic argurent to select a bound for normalized
wavelength when sampling measured shear velocitics with monatonically increasing shear velacity
pertarbations. A plot 1100 includes an x-axis 1161 denoting vatues of normalized wavelengthyand ay-
axis 1102 denoting values of the first heuristic . A line 1103 depicting ¢:(n) is marked with a sct of
calculated e, values 1104 and intersects with a threshold 1105

0692} For this example, a lower bound has been provided for e: and the allowable values bave been
indicated with circles over the ;> values 1104, As can be seen in FIG. 11, the aliowable 1y values are those
less than 4. In reference to FIG. 9, an acceptable range of v values may be determined by taking an
intersection of values less than 3.5 as dictated by the first heuristic ¢, and values less than 4 as determined
by the second heuristic e;. The acceptable range in this situation would be [0, 3.5], that is, all 1} values
from 0 to 3.5. I the range of sclected v values acquired from the two heuristics is unacceptable, then the
N-layer alteration zoune is re-define, using a different alteration radius &, asd mumber of Jayers N and/or
selecting new values for ",

[0G93] At block 404, the sclected range of 1 values are used to sanple m(n) values from the
measured flexural wave dispersion curve sq. Specifically, for vy values selected from the range defined by
the hennstic argoments at block 402, a ratio s takien of the difference in the measured and reference phase
velocities, sq and sq, divided by the reference phase velocity of 50 as specified by Eqn. 6. The miraber of
sampled values M should be larger than the number of fayers N. Each selected v value may be denoted v
where j 15 an integer between 1 and M. A vector with dimension 1xM may be formed containing each
sampled phase velocity perturbation m{yn;). The vector of sampled phase velocities perturbations m{y;) is
part of a linear systom of cquations representing the relationship of phase velocity to shear velocity.
[0094] At block 406, sensitivity kernels are construcied from the relationship between the two types
of perturbation functions. The relationship used to counstruct the sensitivity kemels g; is given by Eqn 8.
Dividing both sides of Egn. 8 by u, the sensitivity kernels are defined by:

& +h/2

m; (1)
a g =L, G Bde == (an
“1
0095} The steps taken in blocks 402-406 o equate the ratio of the dispersion perturbation functions

to the shear velocity pertathation functions with 1 sensitivity kernels approximates the trae system with a

lincar system, reducing computational complexily but also introducing error for nonlinear systems.
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0096} For a lincar system, the sum of N sensitivity keroels can be equated to a single sensitivity
kernel g that corresponds to the entire alteration zone. This is the foundation for the second heuristic
equation introduced at block 402 and shown in FIG. 7.

[0097] At block 408, 3 linear system of equations is constructed based on the sensitivity kernels.
Once a set of sensitivity kemels have been acquired and flexural wave phase velocities have been
sampled from sy and composed into the vector of perturbations m{n), an inversion problem may be
formulated. A hioear system of equations relating shear velocity perturbation functions to flexural mode
pertuation functions may be written as a system of equations for cach wavelength value n; used to

sample nyn):

{‘glinﬁ = gamdy iy min )
: )( : ) = : (12
\guns) - gwOn)/ i/ Nl
0098] Where a matrix of sensitivity kernels maps phase velocity perturbations to shear velocity
3 psp 3

perturbations as a function of wavelength. The columns of the matrix emumerate the number of lavers in
the alteration zone while the rows enumerate each of the sarmpled wavelengths.

[0G99] If the lincarity assumption is accurate, then cach of the equations in the lincar svstem of
cquation 12 may be added or multiplied. A means of testing the linear approximation’s accuracy based
on adding sensitivity kernels (i.e., the second heunstic at block 406) is described below at FIG. 7.

[0100] At block 410, a monotonicity constraint is applied 1o the lincar systern of equations.
specifically, the shear velocity perturbation functions are constrained o be pegative and monotonically
mcreasing or positive and monotonically decreasing. By combining the monoctonicity constraint with the
lincar system of equations in Eqa. 12, the inversion process for tadial shear wave velocity pertarbations is

further simaplifiecd. The two monotonicity constraints are given by

uy <y <<y, <0 {13)
[0161] and
Uy >y >y, >0 {14)
[0102] The determination of which monotonicily constraint to use can be made by conmparing Sq

(measured shear velocity dispersion values) to s, (reference shear velocity dispersion values) and
determning whether sq is greater than or less than s for all values of 1, respectively. This is because
strictly negative or strictly positive shear velocity perturbations would cause sq to be strictly less than or
strictly greater than so, rospectively. Examples of monotonically decreasing dispersions are depicted in
FIGS. 5, 8, 9, and 12. Examples of monotonically increasing dispersions are depicted in FIGS. 6, 10, 11,
and 13,

[0103] Atblock 412, the constrained least-squares problem may be solved by inversion to acquire
shear velocity pertutbation values w,. This may be accomplished by a number of algorithos or methods.

For example, one may employ Lagrange multipliers to cstirate radial shear velocity perturbation values.
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[0104] The solution to the inversion problem will yield shear velocity perturbations u; for each layer
i in an alteration zone. Shear velocity values are then given by:

V= (14 uV, (15)
[0105] These shear velocity values mav then be converted into slowness valaes s by taking the
inverse of each shear velocity:

§p == e (16)

[0106] Where cach slowness s; gives a slowness value for a laver 1 within an alteration zone of a
formation. Thus, a radial shear slowness distribution curve may be detormined from measured flexural
waves. Atblock 414, S-wave dispersion generator, such as S-wave dispersion generator 236 computes
corresponding radial shear wave velocity profiles (including slowness profiles) based on the shear
velocity pertatbation values. For example, the S-wave dispersion generator may deteroine the shear
velocities for cach of the N layers based on the far-ficld shear velocity and the pertuthation vahlues in
accordance with the relation depicted in cquation (15).

[0107] At block 416, formation analysis can be performed based on the delermined radial shear
wave velocity profile. Formation analysis may compnse hydrocarbon recovery operations. For example,
drilling operations {such as steering) in the current borehole can be updated based on the deternined
radial slowness variation. In another example, drilling of a different or new borchole can be directed or
modified based on the determined slownesses. Radial shear wave slowness profiles may be used to
analvze deformitics within the alicration zone, borchole stability, formation evaluation, and correct other
algorithms for effects of the alteration zone. Radial shear slownesses may also be applied to stress
inversions to acquire stress amplitudes for a formation surrounding a borehole.

[0108] FIG. 12 depicts a plot of monotonically increasing true and estimated radial shear wave
stowness profiles (versus normalized radiug), according to some embodiments. The radius & 18
normalized by boreheole radius a. A plot 1200 includes an x-axis 1202 depicting values of normalized
radius & and a y-axis 1204 depicting values of slowgess in microseconds per foot. A hoe 1208 represents
the truc slowness profile while a dashed line 1200 shows an estimated slowness profile. The plot shows
that the approxtmation scheme detailed by FIGS. 3 and 4 produced radial shear slowness profiles which
are accorate.

[0109] At three times the borehele radins a, the values of both the true (1208) and estimated (1206)
slowness profiles become constant. This 1s the far field, where the formation is unaffected by the
imperfections of the alteration zone and slowness is equal 1o the inverse of the assumed far field velocity
(s = 1/Vo). Each plateau of curves 1206, 1208 corresponds to a laver within the alteration zone. To
produce the shown radial shear slowness profile curves 1026, 1208, ten layers were allowed within the
alteration zone.

for1o} FIG. 13 depicts a plot of moootonically decreasing true and estimated radial shear wave

stowness profiles (versus normalized radius), according to some embodiments, The radis & is
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normalized by borchole radiis a. A plot 1300 includes an x-axis 1302 depicting values of normalized
radius & and a y-axis 1304 depicting values of slowness in microseconds per foot. A line 1308 represents
a true slowness profile while a dashed line 1306 shows an cstimated slowness profile. The plot shows
that the approximation scheme detailed by FIGS. 3 and 4 produced radial shear slowness profiles which
are accurate. FIG. 13 is similar to FIG. 12 and illustrates that the properties of FIG. 12 (step functions
which approach the far field velocity for large radii) apply to both monotonically increasing and
monotopically decreasing radial slowness profiles. Because slowness is the inverse of shear velocity,
these properties apply {o shear velocity dispersion curves as well.

[011i] In reference 1o FIGS., 12 and 13, Table 1 below lists the modeled (1206, 1306) and tne
(1208, 1308) shear velocities as shown for cach of the ten layers in the alteration zones of the plots 1200,
1360 the left two columng detail monotlonically decreasing values while the right two colurons detail
monotonically increasing values. Because each layer corresponds to a range of radii from the tool axis,

Table 2 presents two scis of assumed and estimated radial shear velocity profiles.

Fe monotonically decreasing from sear- Vs monotonically increasing from near-
Layers to far-ficld (sgr = -1) to far-field (sgn = 1)

Model Vs (m/s) Estimated Vs (m/s) | Model Vs (m/s) Estimated ¥s (m/s)
1 1248 1255 1152 1150
2 1243 1241 1157 1158
3 238 1236 1162 1162
4 1234 1233 1167 1164
5 1229 1231 1171 1168
6 1224 1229 1176 1184
7 1219 1217 1181 1185
8 1214 1231 1186 1185
9 1210 1203 1190 1186
10 1205 1201 1195 1186

TABLE 2

[0112] The number of lavers used may be varied. With reference to FIG. 1, the depicted cross

section is intonded to illustrate operations of radially profiling shear velocitics in an alteration zone as
depicted in FIGS. 3-4. The four layers 110, 112, 114, and 116 are illustrative; as the number of lavers N
increases the approximation will increase in accuracy. A balance can be established between
approximation accuracy and computational difficulty when selectiog an optimal oumber of layers N An
in situ application of the operations described herein may eniploy any nomber of layers N as needed.
[0113] As the number of layers N in an alteration zone, such as alieration zone 104, increascs, the
width of cach step in the shear velocity dispersion curve can decrease. As W approaches infinity, a
continuous shear velocily dispersion curve can be recovered; bowever, this would take infinile time to
model and compute, and so a finite number of layers is used with N being set depending on the type of
application, type of formation, type of mud, etc. For example, as alteration zone radius increases, the

optimal number of layers N may increase in turn,
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(0114} Example Wircling Svstem

[0115] FIG. 15 depicts a diagram of a wireline well logging svstem and the underdving formation,
according to some embodiments. An o1l derrick 1502 on a platform 1501 on a surface 1503 lowers a
wireline tool 1504 ona cable 1515 with a kelly 1565 and a rotary table 1514 into a borchole 1506
surrounded by a formation 1508. The wireline tool 1504 comprises a dipole acoustic tool 1510 and a tool
array 1512, The wireline tool 1504 is connected to a conmputer 1522 of a logging facility 1524,

[0116] The derrick 1502 can lower the wireline tool 1504 1o a given depth in the borchole 1506 to
perform formation cvaluation.  After the wireline tool 1504 is positicned at a given depth in the borehole
1506, the dipole acoustic tool 1510 emits a signal 1520 into the formation 1508. The formation 1508 can
include an alteration zone having multiple layers caosed by drilling fluids, stress relief, etc. Anexample
of an alteration zone is depicted in FIG. 1. The wave propeities of the signal 1520 allow non-destructive
testing of composition of the formation 1308, Wave propertics may include wavelength, amplitade,
waveform, eic.

{0117} The dipole acoustic tool 1510 may include multiple broadband dipole sources, as well as a
number of acoustic receivers which are equally spaced about the wireline tool 1504, Use of the dipole
acoustic tool 1510 may employ cross dipole logging, which entails firing one dipole at a tine and
performing measurcments on the retumed signal.

[0118] The tool array 1512 may also perforou measurements on formation materials 1307 in the
foomation 1508 as needed to create a model of acoustic propertics of the formation 1508, Such
measurements may include values of rock density and mud density, borehole radius, mud speed, and P-
wave velocity. These measurements may be used to create a shear velocity radial profile of the formation
1508 by the computer 1522 and/or other computers downbole or at the surface. Systerns and operations
for generating a shear velocity radial profile are depicted in FIGS. 3-4.

{0119} Example Drilling System

10120} FIG. 16 depicts an example duilling systemn, according to some embodiments. A dnlling
system 1680 creates a borchole 1616 in a formation 1684. A derrick 1604 on a drnilling platform 1602
lowers a bit 1614 attached to a drill string 1608 into the formation 1684, The drill string 1608 may be
supported by a kelly 1610 as well as a traveling block 1606. A pump 1620 pumps drilling fluid from a
retention pit 1624 through a feed pipe 1622 into the borchole 1616.

0121} An LWD/MWD tool 1626 may perform measurements on the formation 1684 as the drilling
system 1680 operates. These measurcments may be communicated to a sarface receiver 1630 by a
telemetry clement 1628, The surface receiver 1630 sends measured data to a computer 1632 for
processing.

[0122] The LWD/MWD tool 1626 may inchude a dipole acoustic tool, NMR logging tools or
ultrasomic calipers. The measurcments performed by the LWD/MWD tool 1626 can be used to fornmlate
a model of the formation 1634 as at blocks 310 and 312 for radially profiling shear velocities as detailed

in FIGS. 3 and 4.
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0123} Example Computer

[0124] FIG. 17 depicts an example computer, according to some embodiments. The computer
svstem includes a processor 1701 (possibly including multipie processors, multiple cores, muitiple nodes,
and/or implementing nwuiti-threading, etc.). The computer system includes a memaory 1707, The memory
1707 may be system memary {e.g., one or more of cache, SRAM, DRAM, zero capacitor RAM, Twin
Transistor RAM, eDRAM, EDO RAM, DDR RAM, EEPROM, NRAM, RRAM, SONOS, PRAM, eic)
or any one or mote of the above already described possible realizations of machine-readable media. The
computer system also includes a bus 1303 (e.g., PCL, ISA, PCl-Express, HyperTransport® bus,
InfiniBand® bus, NubBus, ¢ic.) and a network interface 1705 (¢.g., a Fiber Channel interface, an Ethernet
interface, an interoet small computer system interface, SONET interface, wirckess interface, ¢tc.).

[0125] The system also inchides a radial dispersion modeler 1711, which may be hardware,
software, firmware. or a combination thereof. For example, the radial dispersion modeler 1711 canbe
instructions executable by the processor 1701, Any one of the previously descrbed functionalities may
be partially (or entirely) implemented in hardware and/or on the processor 1701. For example, the
functionality may be implemented with an application specific integrated circuit, in logic implemented in
the processor 1701, in a co-processor on a peripheral device or card, etc. The radial dispersion modeler
1711 profiles the dispersion of shear velocities in a formation radially (as described above). Further,
realizations may include fewer or additional components not lustrated in FIG. 17 {e.g., video cards,
audio cards, additional network interfaces, peapheral devices, ¢tc.). The processor 1701 and the network
wnterface 1703 are coupled to the bus 1703, Although illustrated as being coupled to the bus 1503, the
menwory 1707 may be coupled to the processor 1701,

[0126] Varigtions

0127} While the aspects of the disclosure are described with reference to various implementations
and exploitations, it will be anderstood that these aspects are iflostrative and that the scope of the claims
18 not Himited to them. In general, techuiques for radial dispersion profiling as descnbed herein may be
implemented with facilities consistent with any hardware system or hardware systemns. Many variations,
modifications, additions, and improvements are possible.

[0128] Plural instances may be provided for components, operations or structures described herein as
a single instance. Finally, boundaries between various components, operations and data stores are
somewhat arbitrary, and particolar operations arc illustrated in the context of specific illustrative
configurations. Other allocations of functionality are enwisioned and may fall within the scope of the
disclosure. Tn general, structures and functionality presented as separate componernts in the example
configutations may be implemented as a combined structure or comaponent. Stmilarly, stroctures asd
functionality presented as a single component may be tmplemented as separate componaats.

[0129] The flowcharts are provided 1o aid in understanding the illustrations and are not to be used to
himit scope of the clairs. The flowcharts depict example operations that can vary within the scope of the

clairns. Additional operations may be performed; fower operations may be performed; the operations may
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be performed in parallel; and the operations may be performed in a different order. For example, the
operations depicted in blocks 314 and 316 can be performed in parallel or concurrently. It will be
understood that each block of the flowchart illustrations and/or block diagrams, and combinations of
blocks in the flowchart illustrations and/or block diagrams, can be implemented by program code. The
program code may be provided to a processor of a general purpose computer, special purpose computer,
or ather programmable machine or apparatus.

[0130] As will be appreciated, aspects of the disclosure may be cmbodied as a system, method or
program code/tnstructions stored in ong or more machine-readable media. Accordingly, aspects mav take
the form of hardware, software (including firmware, resident software, micro-code, eic.), ora
combination of software and hardware aspects that may all generally be referred to herein as a “circmt,”
“module” or “system.” The machine readable medium may be a machine readable signal medivm ora
machine readable storage medium. A machine readable storage medivir may be, for exaraple, but not
limited to, a system, apparatas, or device, that emplovs any one of or combination of clectronic, magnetic,
optical, clectromagnetic, infrared, or semiconductor technology to store program code. More specific
examples (a non-exhaustive list) of the machine readable storage medium would include the following: a
portable compnuter diskette, a hard disk, a random access memory (RAM), a read-only memory (ROM),
an ¢rasable programmable read-only memory (EPROM or Flash memory), a portable compact disc read-
only memory (CD-ROM), an optical storage device, a magnetic storage device, or any suitable
combination of the foregoing. In the context of this document, a machine readable storage medinm may
be any tangible medinm that can contain, or store a program for use by or in congection with an
instruction oxecution systern, apparatus, or device. A machine readable storage medium is not a machine
readable signal medium,

[0131} A machine readable signal medivm may include a propagated data signal with maching
readable program code embodied therein, for example, in bascband or as part of a carrier wave. Sucha
propagated signal may take any of a variety of forms, including, but not limited to, ckectro-magneuc,
optical, or any suitable combination thereof. A machine readable signal medivm may be any machine
readable medium that is not a machine readable storage medium and that can communicate, propagate, or
transport a program for use by or in connection with an imstruction execution systeni, apparatus, or
device. Program code embedied on a machine readable medium may be transmitted using any appropriate
medium, including but not limited to wircless, wircling, optical fiber cable, RF, ¢tc., or any suitable
combination of the foregoing,

[0132] Computer program code for carrving out operations for aspects of the disclosure may be
witten in any combination of one or more programming lasgoages, inchiding an object oriented
programming language such as the Java® programming language, C-++ or the like; a dypaoiic
programming language such as Python; a scripting language such as Per] programoming language or
PowerShell scnipt language; and conventional procedural programming languages, such as the *C"

programming language or similar programming languages. The program code may execute entirely ona
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stand-alone machine, ruay execute in a distributed manger across nmwltiple machines, and may execute on
one machine while providing results and or accepting input on another machine. The program
code/instructions may also be stored in a machine readable medinm that can direct a machine to function
in a particalar manner, such that the instructions stored in the machine readable medium produce an
article of manufacture including instructions which implement the function/act specified in the flowcharnt
and/or block diagram block or blacks.

[0133] Use of the phrase “at least one of " preceding a list with the conjunction “and” should not be
treated as an exclosive list and should not be construed as a list of categornies with one itern from each
category, unless specifically stated otherwise. A clanse that recites “at least one of A, B, and C7 canbe
infanged with only one of the listed items, nraltiple of the listed items. and one or more of the items in the

list and another item not listed.

0134} E
[0135] Example embodiments include the following:
[0136] Embodiment 1: A method comprising: generating a measured flexural wave velocity

dispersion based on measured flexural wave velocities; determining formation properties including
determining a far-field shear velocity based, at least in part. on the measured flexural wave velocity
dispersion; generating a reference flexural wave velocity dispersion based on the determined formation
propertics; generating a linear approxuunation model for an alteration zone having multiple layers, said
zenerating a linear approximation model including generating a set of wavelength dependent perturbation
values based on differences between wavelength-correspondent velocities in the measured flexural wave
dispersion curve and the reference flexural wave dispersion curve, and gonerating a respective sensitivity
kernel for each of the multiple lavers based on ratios between cach of a set of wavelength dependent and
layer dependent flexural wave perturbation values and an approximated shear velocity perturbation value;
processing the ligear approximation model to determine a set of shear velocity pertarbation values based
on the wavelength dependent pertorbation values and the sensitivity kernels; and determining a respective
shear velocity for each of the multiple layers based on the far-field shear velocity and the shear velocity
perturbation values,

101371 Embodiment 2: The method of Embodiment 1, further comprising applving a lincarity
constraint to the generation of sensitivity kernels including, determining whether a first set of gencrated
sensitivity kernels satisfy a lincarity threshold; in response to the first set of sensitivity kernels not
satisfying the lincarity threshold, sclecting at east one of a second number of layers and a second
approximated shear velocity perturbation value, and re-generating the linear approximation mode] using
at least one of the second nuraber of layers and the second approximated shear velocity pertutbation
value.

[0138] Embodiment 3; The method of Embodiment 1 or 2, further corprising generating predicted
flexoral wave phase velocities resulting from the determined radially shear wave velocily profiles;

comparing the predicted flexural wave phase velocities with the measured flexural wave velocities; and in
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response to differences between the predicted flexural wave velocities and the measured flexural wave

elocities exceeding a threshold, generating the lincar approximation model using another reference
flexural wave velocity dispersion.

[0139] Embodiment 4: The method of any one of Embodiments 1-3, whercin said determining the
far-field shear velocity comprises generating a low-frequency asvmptote of the measured flexural wave
velocity dispersion and determining the far-field shear velocity as corresponding o an asymptotic limit of
the low-frequency asympicic.

01401 Embodiment 5; The method of any one of Embodiments -4, wherein said geperating a
measured flexural wave velocity dispersion and said generating a reference flexural wave velocity
dispersion comprise: determining frequency dependent dispersions of the measured flexaral wave
velocities and the reference flexural wave velocities; and normalizing the freqoency dependent
dispersions based on a ratio of flexural wave wavelength and a borehole radius value.

[0141} Embodiment 6: The method of any one of Embodiments 1-3, wherein said generating a set of
wavelength dependent perturbation values comprises applying a flexural mode perturbation function to
the measured flexural wave velocity dispersion and the reference flexural wave velocity dispersion,
wherein the flexural mode perturbation function specifics flexural mode perturbation values, m, in
accordance with the relation,

min) = (8q ﬁ So)
So -

0142} where sq represents measored flexural wave velocity, so epresents reference flexural wave
velocity, and 1y represents wavelength normalized by a specified radial distance.

0143} Embodiment 7: The method of any one of Embodiments 1-6, wherein said generating a
respective sensitivity kernel for each of the multiple layvers comprises: for each of the multiple lavers,
generating a flexural mode perturbation dispersion as a function of normalized wavelength; and for each
of a selected sampling range of normalized wavelength valucs, computing a sensitivity kernel as the ratio
between a flexural mode perturbation value and the approximated shear velocity pertwrbation value,
[0144] Embodiment 8: The method of any one of Embodiments 1-7, wherein said processing the
linear approximation model to determine a sct of shear velocity perturbation values comprises
determining the set of shear velocity perturbation vahues as an inversion function of the wavelength
dependent perhurbation values and the shear velocity sensitivity kernels.

[0145] Embodiment 9: The method of any one of Embodimenis 1-8, wherein said determining a set
of shear velocities comprises for cach of a respective one of the mualtple layers, computing a shear

elocity 1n accordance with the relation,

Vj = (1 + ui}v,,
f0146] where Vi represents the shear velocity of the i annular laver, u; represents the shear velocity

perturbation of the i annular layer, and V. represents the far-field shear velocity.
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0147} Embodiment 10 The method of any onc of Embodiments 1-9, emutting, by a dipole acoustic
source within a borehole, acoustic encrgy into a formation; and measuring, by an acoustic receiver,
relocities of flexural waves generated by the acoustic energy.
[0148] Embodiment 11: An apparatus comprising: a processor; and a machine-readable medium
having program code executable by the processor to cause the apparatus o, generate measured flexural
wave velocity dispersion based on measured flexural wave velocities; determine formation propertics
including detecmining a far-ficld shear velocity based, at least in part, on the measored flexural wave
velocity dispersion; generate a reference flexural wave velocity dispersion based ou the determined
formation properties; generate a linear approximation raodel for an alteration zone baving multiple layers,
said generating a linear approximation model including: generating a set of wavelength dependent
pertorbation values based on differences between wavelength-correspondent velocities in the measured
flexaral wave dispersion carve and the reference flexural wave dispersion curve; and gencraling a
respective sensitivity kernel for each of the raultiple layers based on ratios between each of a set of
wavelength dependent and layer dependent flexural wave perturbation values and an approximated shear
velocity perturbation value; process the linear approximation model to determine a set of shear velocity
perturbation values based on the wavelength dependent perturbation values and the sensitivity kernels;
and
[0149] determine a respective shear velocity for each of the multiple layers based on the far-field
shear velocity and the shear velocity perturbation values.
[0150] Embodiment 12; The apparatus of Embodiment 11, wherein said program code executable by
the processor 10 cause the apparatus to gencrate a linear approxiration model inchades program code
executable by the processor to cause the apparatus to select a first nomber of layers and a first
approximated shear velocity value, said apparatos further comprising prograr code exccutable by the
processor to cause the apparatus (o: apply a linearity constraint {o the gencration of sensitivity kerncls
mclading, determining whether a first set of generated sepsitivity kernels satisfy a linearity threshold: in
response to the first set of sensitivity kernels not satisfyving the lincarity threshold, selecting at least one of
a second mumber of lavers and a second approximated shear velocity perturbation value; and re-
generating the linear approximation model using at least one of the second number of layers and the
second approximated shear velocity perturbation value,
[0151] Embodiment 13: The apparatus of any one of Embodiments 11-12, further comprising
program code executable by the processor to canse the apparatus to: generate predicted flexural wave
phasc velocities resulting from the determined radially shear wave velocity profiles; compare the
predicted flexural wave phase velocities with the measured flexureal wave velocities; and in response to
differences between the predicted flexural wave velocities and the measured flexural wave velocities
exceeding a threshold, generate the linear approximation model using another reference flexural wave

velocity dispersion.



(]

10

20

30

SN

WO 2020/142057 PCT/US2018/068101

0152} Embodiment 14; The apparatus of any one of Embodiments 11-13, wherein the program code
executable by the processor to cause the apparatus to determine the far-field shear velocity comprises
program code executable by the processor to cause the apparatus to generate a low-frequency asymptote
of the measured flexural wave velocity dispersion and determining the far-ficld shear velocity as
corresponding 1o an asymptotic limit of the low-frequency asymptote.

f0153] Embodiment 15; The apparatus of any one of Embodiments 11-14, wherein the program code
cxecutable by the processor to cause the apparatus to generate a measured flexural wave velocity
dispersion and generate a reference flexural wave velocity dispersion comprises prograr code executable
by the processor 10 cause the apparatus to: determine frequency dependent dispersions of the measured
flexural wave velocities and the reference flexural wave velocities; and normalize the frequency
dependent dispersions based on a ratio of flexural wave wavelength and a borehole radius value.

[0154] Embodiment 16: The apparatus of any on¢ of Embodiments 11-15, whercin the program code
exccutable by the processor (o cause the apparatus to generate a sct of wavelength dependent pertorbation
values comprises program code executable by the processor to cause the apparatus to apply a flexural
mode perturbation function to the measured flexural wave velocity dispersion and the reference flexural
wave velocity dispersion, wherein the flexural mode perturbation function specifies flexural mode
perturbation values, m, in accordance with the relation,

(sq ~ Sg)

mr) = o

7

f0155] where sq represents measored flexural wave velocity, so epresents reference flexural wave
velocity, and 1y represents wavelength normalized by a specified radial distance.

01506} Embodiment 17 The apparatus of any on¢ of Embodiments 11-16, whercin the program code
executable by the processor to cause the apparatus to generate a respective sensitivity kernel for cach of
the multiple layers comprises program code exccutable by the processor to cause the apparatus to: for
cach of the nmultiple layers, generate a flexural mode perturbation dispersion as a function of normalized
wavclength; and for cach of a selected sampling range of normalized wavelength valucs, determine a
sensitivity kernel as the ratio between a flexural mode perturbation vahie and the approxumated shear
velocity perturbation valuc,

[0157] Embodiment 18; The apparatus of any one of Embodiments 11-17, wherein the program code
executable by the processor to cause the apparatus ¢ process the linear approximation maodel to determrine
a set of shear velocity perturbation values comprises prograrm code execuiable by the processor {6 cause
the apparatus to determine the sct of shear velocity perturbation vahues as an inversion function of the
wavelength dependent perturbation values and the shear velocity sensttivity kernels.

[0158] Embodiment 19 The apparatus of any one of Embodiments 11-18, wherein the program code
executable by the processor to cause the apparatus to determine a set of shear velocities compriscs
program code executable by the processor to cause the apparatus to, for each of a respective one of the

multiple layers, computc a shear velocity in accordance with the relation,
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Vi = (1+ u)V,
[0159] where V; represents the shear velocity of the i annular laver, u represents the shear velocity
perturbation of the i” annular layer, and V, represents the far-field shear velocity.
0160} Eobodunent 20: Ove or more pon-transitory machine-readable media comprising program
code for profiling acoustic shear velocities 1o a borehole, the program code to, gencrate measured flexural
wave velocity dispersion based on measured flexural wave velocities; determine formation propertics
inchuding determining a far-ficld shear velocity based, at least in part, on the measured flexural wave
velocity dispersion; gencrate a reference flexural wave velocity dispersion based on the determined
formation propetties; generate a lincar approximation mode!l for an alteration zone having muldtiple layers,
said generating a linear approximation model including, generating a set of wavelength dependent
perturbation values based on differences between wavelength-correspondent velocities in the measured
flexural wave dispersion curve and the reference flexural wave dispersion curve; and generating a
respective sensitivity kernel for cach of the multiple lavers based on ratios between cach of a set of
wavclength dependent and layer dependent flexural wave perturbation values and an approximated shear
velocity perturbation vakue; process the Hnear approximation madel to determine a set of shear velocity
perturbation values based on the wavelength dependent perturbation values and the sensitivity kernels;
and determine a respective shear velocity for each of the multiple layers based on the far-ficld shear

velocity and the shear velocity perurbation values.
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WHAT IS CLAIMED {5:

i A method for profiling acoustic shear velocitics in a borehole, said method comprising:
generating a measured flexural wave velocity dispersion based on measored flexural wave velocities)
detenmining formation properties including determining a far-field shear velocity based, at least in

part, on the measured flexoral wave velocity dispersion;
generating a reference flexaral wave velocity dispersion based on the delermined formation
propertics,
generating a linear approximation model for an alteration zone having multiple layers, said generating
a linear approximation model including:
generating a set of wavelength dependent perturbation values based on differences between
wavelength-correspondent velocities in the measured flexural wave dispersion curve and
the reference flexural wave dispersion curve; and
generating a respective sensitivity kernel for each of the multiple layers based on 1atios
between each of a set of wavelength dependent and layer dependent flexural wave
perturbation values and an approximated shear velocity perurbation value;
processing the ligear approximation model to determine a set of shear velocity pertutbation vahies
based on the wavelength dependent perturbation valuces and the sensitivity kernels; and
determining a respective shear velocity for each of the mnaltiple layers based on the far-field shear

velocity and the shear velocity pertwrbation values.

2, The method of claim 1, wherein said generating a linear approximation mode] includes selecting
a first pumber of lavers and a ficst approxumated shear velocity value, said method further comprising:
applying a linearity constraint to the generation of sensitivity kernels including,
determining whether a first set of generated sensitivity kernels satistv a linearity threshold;
in response to the fiest set of sensitivity kernels not satisfving the hoearity threshold, selecting
at least one of a second nmurnber of layers and a second approximated shear velocity
pertutbation vahie; and
re-generating the lincar approximation model nsing at least one of the second pumber of

layers and the second approximated shear velocity perturbation value.

4

The method of claim 1, further comprising:

generating predicted flexural wave phase velocities resniting from the determioed radially shear
wave velocity profiles;

comparing the predicted flexural wave phasce velocities with the measured flexural wave

velocities; and
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in response to differences between the predicted flexural wave velocities and the measured
flexural wave velocities exceeding a threshold, generating the lincar approximation

model using another reference flexural wave velocity dispersion

4, The method of claim 1, wherein said determining the far-field shear velocity comprises
2 >
generating a low-frequency asympiote of the measured flexoral wave velocity dispersion and determining

the farficld shear velocity as corresponding to an asy mptotic hmit of the low-frequency asympicic.

5. The method of claim 1, wherein said generating a measured flexural wave velocity dispersion and

said generating a reference flexural wave velocity dispersion comprise:

detenmning frequency dependent dispersions of the measured flexural wave velocities and the
reference flexural wave velocitics; and

normalizing the frequency dependent dispersions based o a ratio of flexural wave wavelength and a

borchole radius value.

6. The method of claim 1, wherein said generating a set of wavelength dependent pertutbation
values comprises applving a flexural mode perturbation function to the measured flexural wave velocity
dispersion and the reference flexural wave velocity dispersion, wherein the flexural mode perturbation
fanction specifies flexural mode perturbation values, m, in accordance with the relation,

(84 — So)

S0 7
where sq represents measured flexural wave velocity, s represents reference flexural wave velocity,

m{n) =

and i represents wavelength normalized by a specified radial distance.

7. The method of claim 1, whercin said gencrating a respective sensitivity kemel for each of the

multiple lavers comprises:
for cach of the nnltiple layers,
generating a flexural mode perturbation dispersion as a function of normalized wavelength;
and
for cach of a selected sampling range of normalized wavelength values, computing a
sensitivity kernel as the ratio between a flexural mode perturbation value and the

approximated shear velocity perturbation value,

8. The method of claim 1, whercin said processing the linear approximation model to determine a
set of shear velocity perturbation values comprises determining the sct of shear velocity perturbation
values as an inversion function of the wavelength dependent perturbation values and the shear velocity

sensitivity kemels.

9. The method of claim 1. wherein said deterprining a set of shear velocities compuses foreach of a

respective one of the mukltipke lavers, computing a shear velocity in accordance with the relation,
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V= {1+ )V,

where V, represents the shear velocity of the i annular layer, w represents the shear velocity

perturbation of the i™ annular layer, and V; represents the far-field shear velocity.

10. The method of claim 1, further comprising:
5 enitting, by a dipole acoustic source within a borehele, acoustic energy into a formation; and

measuring, by an acoustic receiver, velocitics of flexural waves generated by the acoustic energy.

i1 An apparatus comprising:
a processor; and
a machine-readable medinm having program code execotable by the processor to cause the apparatus
16 to,
generate measured flexural wave velocity dispersion based on measured flexural wave velocitics;
determine formation properties inchuding determining a far-field shear velocity based, at least in
part, on the measured flexural wave velocity dispersion;
generate a reference flexural wave velocity dispersion based on the determined formation
15 propertics;
generate a linear approximation model for an alteration zone having nwltiple layers, said
generating a linear approximation model inclading:
generating a s¢t of wavelength dependent perturbation values based on differences between
wavelength-correspondent velocities in the measured flexural wave dispersion curve and
20 the reference flexural wave dispersion curve; and
generating a respective sensitivity kernel for cach of the munldtiple layers based on ratios
between cach of a set of wavelength dependent and layer dependent flexural wave
perturbation values and an approximated shear veloeity perturbation value;

process the linear approximation mode! o determine a set of shear velocity perturbation values based

o
[

on the wavelength dependent perturbation values and the sensitivity kemels; and
determine a respective shear velocity for cach of the multiple lavers based on the far-ficld shear

velocity and the shear velocity perturbation values.

2. The apparatos of claim 11, wherein said program code executable by the processor to cause the
apparatus to generate a lincar approximation mode] includes program code exccutable by the processor (o
3G cause the apparatus o select a first number of lavers and a first approximated shear velocity valae, said
apparatus further comprising program code executable by the processor to cause the apparatus to:
apply a linearity constraint to the generation of sensitivity kernels including,

determining whether a first sot of generated sensitivity kernels satisfy a lincarity theeshold;
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in response to the first sot of sensitivity kermnels not satisfying the lincarity threshold, selecting
at least one of a second number of layers and a second approximated shear velocity
perturbation value; and

re~generating the lincar approximation model using at least one of the second number of

{ayers and the second approximated shear velocity perturbation value.

i3 The apparatus of claim 11, further comprising program code executable by the processor to canse
the apparatus to:
generate predicted flexural wave phase velocities resulting from the deternuned radially shear
wave velocity profiles;
compare the predicted flexural wave phase velocities with the measured flexural wave velocities;
and
in response to differences between the predicted flexural wave velocitics and the measured
flexural wave velocities excecding a threshold, gencrate the linear approximation model

using another reference flexural wave velocity dispersion.

14 The apparatus of claim 11, wherein the program code exocutable by the processor to cause the
apparatus to determine the far-field shear velocity comprises program code executable by the processor to
cause the apparatus to generate a low-frequency asymptote of the measured flexural wave velocity
dispersion and determining the far-field shear velocity as corresponding to an asymptotic limit of the low-

frequency asymptote.

5. The apparatus of claim 11, wherein the program code executable by the processor to cause the
apparatus to gencrate a measured flexural wave velocity dispersion and gencrate a reference flexural
wave velocity dispersion comprises progran code executable by the processor to cause the apparatus (o:
determine frequency dependent dispersions of the measured flexural wave velocities and the
reference flexural wave velocities; and
normalize the frequency dependent dispersions based on a ratio of flexural wave wavelength and a

borehole radius value.

i6. The apparatus of claim 11, wherein the program code executable by the processor to cause the
apparatus to gencrate a sct of wavelength dependent perturbation valucs comprises program code
executable by the processor to cause the apparatus to apply a flexural mode perturbation function to the
measured flexural wave velocity dispersion and the reference flexural wave velocity dispersion, whercin
the flexural mode perturbation function specities flexural mode perturbation values, m, in accordance
with the relation,
N - (8a — So)

s

m{n)

Sp 1y
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where sq represents measured flexnral wave velocity, so represents reference flexaral wave velocity,

and 1 represents wavelength normalized by a specified radial distance.

i7. The apparatus of claim 11, wherein the program code executable by the processor 1o cause the
apparatus to generate a respective seositivity kerpel for cach of the multiple layvers compuises program
code executable by the processor to canse the apparatus to:
for each of the mualtiple layers,
gencrate a flexaral mode perturbation dispersion as a fonction of normalized wavelength; and
for cach of a selected sampling range of normalized wavelength values, determine a
sensitivity kernel as the ratio between a flexnural mode perturbation value and the

approximated shear velocity perturbation value.

i8. The apparatus of claim 11, wherein the program code executable by the processor 1o cause the

apparatus to process the linear approximation model to determiine a sct of shear velocity perturbation
alues comprises program code exccutable by the processor to cause the apparatus to determing the set of
shear velocity perturbation values as an inversion function of the wavelength dependent pertarbation

values and the shear velocity sensitivity kernels.

19, The apparatus of claim 11, wherein the program code executable by the processor 1o cause the
apparatus to determine a set of shear velocitics comprises program cade executable by the processor to
cavse the apparatus to, for each of a respective one of the multiple lavers, compute a shear velocity in
accordance with the relation,
Vi = (14 u)Vg,
where V; represents the shear velocity of the i annular layer, w represents the shear velocity

perturbation of the i annular layer, and V. represents the far-field shear velocity.

20. One or more non-transitory maching-readable media comprising program code {or profiling
acoustic shear velocities in a borchole, the program code to:
generate measured flexural wave velocity dispersion based on measured flexaral wave velocities;
determine formation propertics including determiming a far-field shear velocity based, at least in part,
on the measured flexural wave velocity dispersion;
generate a reference flexural wave velocity dispersion based on the determined formation propertics;
generate a linear approximation model for an alteration zone having multiple lavers, said gencrating a
iincar approximation model including:
generating a set of wavelength dependent perturbation values based on differences botween
wavelength-correspondent velocitics in the measured flexural wave dispersion curve and

the reference flexural wave dispersion curve; and
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gencrating a respective sensitivity kernel for each of the mualtiple layers based on ratios
between each of a set of wavelength dependent and laver dependent flexural wave
perturbation values and an approximated shear velocity perturbation value;
process the linear approximation model to determine a set of shear velocity perturbation values based
on the wavelength dependent perturbation values and the sensitivity kemels; and
determine a respective shear velocity for each of the multiple lavers based on the far-ficld shear

velocity and the shear velocity perbwrbation values.

[5]
(9]
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