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An acoustic tool that provides a reduced tool mode and enhanced accuracy for estimating shear wave propagation slowness In
slow formations Is disclosed. In one embodiment, the acoustic tool comprises: an acoustic source, an array of acoustic receivers,
and an Internal controller. The acoustic source excites waves that propagate in a gquadrupole mode. The Internal controller
processes sighals from the array of acoustic receivers to determine a peak phase semblance having a slowness value that varies
with frequency. The minimum slowness value associated with the peak phase semblance provides an accurate estimate of the

shear wave propagation slowness. The acoustic source preferably includes four source elements. The elements that are 90° apart
are preferably driven In inverse-phase to obtain the quadrupole excitation pattern.
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CA 02390981 2004-11-08

ABSTRACT

An acoustic tool that provides a reduced tool mode and enhanced accuracy for
estimating shear wave propagation slowness in slow formations i1s disclosed. In one
embodiment, the acoustic tool comprises: an acoustic source, an array of acoustic receivers,
and an internal controller. The acoustic source excites waves that propagate in a quadrupole
mode. The internal controller processes signals from the array of acoustic receivers to
determine a peak phase semblance having a slowness value that varies with frequency. The
minimum slowness value associated with the peak phase semblance provides an accurate
estimate of the shear wave propagation slowness. The acoustic source preferably includes
four source elements. The elements that are 90° apart are preferably driven in inverse-phase

to obtain the quadrupole excitation pattern.
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ACOUSTIC LOGGING TOOL HAVING QUADRUPOLE SOURCE
BACKGROUND OF THE INVENTION
Field of the Invention
[0001] The present invention relates generally to systems and methods for determining
characteristics of a formation surrounding a borehole. More particularly, the present
invention relates to an acoustic logging tool that provides enhanced performance through use

of a quadrupole source configuration.

Description of Related Art

[0002] Acoustic well logging is a well-developed art, and details of acoustic logging tools
and techniques are set forth in A. Kurkjian, et al., "Slowness Estimation from Sonic Logging
Waveforms", Geoexploration, Vol. 277, pp. 215-256 (1991); C. F. Morris et al., "A New
Sonic Array Tool for Full Waveform Logging," SPE-13285, Society of Petroleum Engineers
(1984); A. R. Harrison et al., "Acquisition and Analysis of Sonic Waveforms From a
Borehole Monopole and Dipole Source . . . " SPE 20557, pp. 267-282 (September 1990); and
C. V. Kimball and T. L. Marzetta, "Semblance Processing of Borehole Acoustic Array Data",
Geophysics, Vol. 49, pp. 274-281 (March 1984).

[0003] An acoustic logging tool typically includes an acoustic source (transmitter), and a set
of receivers that are spaced several inches or feet apart. An acoustic signal is transmitted by
the acoustic source and received at the receivers of the borehole tool which are spaced apart

from the acoustic source. Measurements are repeated every few inches as the tool passes

along the borehole.

117296/1391.24800 -1-
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[00 04] The acousti c signal from source trarels throug‘h,thc formation adj acentthe borehole to
the receiver array, and the arrival tlmes ‘and | perhaps other characteristics of the Tecelver
responses are recorded. Typically, compressional wave (P'f“{*’a"@s- shear wave (S-wave), and
~ Stoneley Wa\?e ar-rivals andwaveforms aredetectcd by the ‘recclvers‘ .an'd 'are..,processed. The
processing of the data is often accomphshed tlphole or rnay be processed real trme 1n the tool
1tself - Regardless the mfonnatton that 1s recorded 1s typrcally used to ﬁnd formatron
characteristics such as formation ,:_'slowness : .'(the, Iverse of acoustic speed), ﬁbm ‘Wh;ich poré
 pressure, porosity, and other formation property determinations can be made. In some tools, the
acoustic signals may even'b_c -us-ed to image theé.-- formatiom '

[,0'005] Loggmg-whlle-dnllmg (LWD) loggmg tools are generally located as close to the dnll
bit as possrble so as to the delay between reachmg a formatron and measunng its
‘properties. When .implemcntcd as LWDtools,acoustic logg‘ing. tools must ov_ercorne a fnumber of
obstacles toperform‘ successfully. 'I'-hese obstacles include drilling noise, and acoustic propert: es “
~of the thick tool body. The drllling oneratlon creatcs a continnotts, lowsﬁ'equcncy noise that can
interfere with aconsticmeasurements\. For :-the rnost part, the noiseof the drilling operation: exlsts
only i._n a range "o,f frequencies below ahout 2 ' kHz -Accordingly, _the dnllmg noise can be
effectrvcly screened outin tools desi gned to operate In hi gher iequency ranges .

[0006} . The portlon of the dnll stnng near the dnll brt 1S typrcally desr gned to wrthstand the
large compressrve force created by the werght of the dnll stnng restmg on the dnll brt

Accordmgly, the walls of the tubmg n th1s reglon 1s substantrally thrcker than the average wall '

' _thrckness of the dnll stnng The outer-dlameter of the tubmg 1s consequently 1ncreased |
partrcularly .fOr LWD ~too'ls, _.Which .ha__ve to aQCOmmtada“te-" the bulk of -logging?instrurnents in '

addition to an inner bore for fluid flow.

43865.03/1391.24800 ‘ - a2
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[0007] In acoustic tools, increasing the rigidity of the tool increases the amplitude of “the
tool mode”, i.e. the amplitude of the acoustic energy that propagates through the body of the
tool between the acoustic source and the receiver array. It is desirable to minimize the tool
mode because this energy can interfere with the desired measurements of the true formation
shear wave velocity.

[0008] Increasing the outer diameter of the tool (relative to the borehole diameter) also
increases the dispersion of interface waves. Interface waves are acoustic energy that
propagates along the borehole boundary. For soft formations where the shear wave velocity i1s
slower than the borehole fluid sound velocity, the interface wave velocity provides the best
measurable indication of the true formation velocity. Dispersion of these waves reduces the
measurement accuracy. Accordingly, it is desirable to reduce the dispersion of interface
waves.

SUMMARY OF THE INVENTION

[0009] Accordingly, there is disclosed herein an acoustic tool that provides a reduced tool
mode and enhanced accuracy for estimating shear wave propagation slowness in slow
formations. In one embodiment, the acoustic tool comprises: an acoustic source, an array of
acoustic receivers, and an internal controller. The acoustic source excites waves that
propagate in a quadrupole mode. The internal controller processes signals from the array of
acoustic receivers to determine a peak phase semblance having a slowness value that varies
with frequency. The minimum slowness value associated with the peak phase semblance

provides an accurate estimate of the shear wave propagation slowness. The acoustic source
preferably includes four source elements. The elements that are 90° apart are preferably

driven in inverse-phase to obtain the quadrupole excitation pattern.

117296/1391 24800 -3 -
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] For a more detailed description of the preferred embodiment of the present invention,
reference will now be made to the accompanying drawings, wherein:

Fig. 1 shows a typical logging while drilling environment;

Fig. 2 shows a preferred acoustic logging tool embodiment,;

Fig. 3 shows a cross-sectional view of the acoustic source portion of the logging

tool;

Figs. 4A-4C show monopole, dipole, and quadrupole excitation patterns;

Figs. SA-5D show simulation results for monopole excitation,

Figs. 6A-6D show simulation results for dipole excitation;

Figs. 7A-7D show simulation results for quadrupole excitation; and

Fig. 8 shows a flowchart of a method for determining shear wave propagation

slowness in slow formations.

[0011] While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof are shown by way of example in the drawings and will herein
be described in detail. It should be understood, however, that the drawings and detailed
description thereto are not intended to limit the invention to the particular form disclosed, but
on the contrary, the intention is to cover all modifications, equivalents and alternatives falling
within the spirit and scope of the present invention as defined by the appended claims.
[0012] It is noted that speed and slowness are inversely related, and the determination of one
automatically determines the other. The following discussion focuses on determining wave

propagation slowness, but this is recognized to be the equivalent of determining wave

propagation speed.

117296/1391.24800 -4 .
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DETAILED DESCRIPTION OF THE PREFERRED EM‘BODIMEN T
[001—3] | Turmng now to the ﬁgures F1g l ﬂlusn'ates a typtcal loggmg-whrle-dnlhng
envxronment A d.nllmg platfonn 2 18 equlpped Wlth a dernck 4 that supports a h01st 6 The

dnllmg is carried out by a strmg of dnll ptpes connected together by "tool" Jomts 7 SO as to form

a dnll strmg 8. The hOlSt 6 suspends a kelly lO that 1s used to lower the dnill stnng 8 through- '

R rotary table 12 Connected to the lower end of the dnll stnng 8 Isa dnll b1t 14 The b1t 14 1S

rotated and dnllmg accomphshed by rotatmg the dnll stnng 8, by use of a downhole motor near
the dnll bit, or by both methods Dn.llmg ﬂmd, termed “mud” 15 pumped by mud- reolrculanon
' eqmpnent 16 through supply ptpe 18 through dnllmg kelly 10 and down through the dnll stnng
8 at lgh pressures. and volumes to emerge through nozzles or Jets in the dnll blt 14. The mud (
then travels back up the hole V1a the annulus formed between the .extcnor of the drill strmg 8 and .
the borehole Wall 20 through a blowout preventcr (not spe01ﬁcally shown) and mto a mud pit 24.
| on the surface. On the surface the dnlhng mud 1s cleaned and then recrrculated by rec:trculanon ‘
. eqmpment 16 The dnlhng mud 1S used to cool the dnll b1t 14, to carry cuttmgs from the base of
the bore to the surface and to balance the hydrostatlo pressure m the rock formauons -

[0014] In a preferre_d embodiment;-\.doumhole. s.enso_r-s_" 26 f are. coupled to a dommole ‘
controller/telemetry transrrutter 28 that transnnts telemetry srgnals by rnodulatmg the rnud flow '
In drill stnng 8. A telemetry recetver may be coupled to the kelly 10 to receive n'ansrmtted

) telemetry S1 gnals Other telcmetry transrmssron techmques are well known and may be used One -

of the Sensors 26 1S an LWD acoustlc tool located near thc dnll b1t 14
[00.15] - Fig. 2 ShOWS a pre-ferred -embodiment of an acoustic -LWD“-tool-4'0 m a-bo_reﬁfhole 20.

The tool comprises an acoustic source 42, an acoustic isolator 44, and an acoustic receiver array

43865.03/1391.24200. o -5
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* 46. The acoustic isolator 44 serves to aienuate and delsy acoustic waves tht propagaie through
the body of the tool from the source 42 to the receiver array 46. Any standard acoustic isolator
may be used. The acoustic source 42 and receiver amay 46 are preferably made up of
piezoelectric,elemen.ts - designed- to operate“indownhole conditions.However, many other sour-ces |
and detectors are smtable for downhole Operatlon' and may be used.
; [0016] The LWD tool 40 preferably mcludes a.n mtemal controller (not Spemﬁcally shown) ]
that commumcates wn:h the downhole controller 28 When the downhole controller 28 enables
‘the opera\tion of the LWD;tool 40, themtemal oontrol_ler 'COnotols the tn ggering and tmamgof .the : '
- acoustic source 42, "and:records and processes thesignals from the receiver array 46. The in-temal
controller .ﬁres ‘the acoustic source 42 ojeriodically, producing acoustic pre.ssure ancs that
propagate tbrough the fluid m borehole 20 = and | mto ﬂie;smrounding formatiorr.\\ xAt the l)ore}iole \
boundary, some _-of the acoustic energy is converted into shear waves that propagate along the
‘interface between fthe | 'borehole : ﬂuld and-the formation. As these “interface waves” prop ag.ate
past \th_e receiver array :46, they .eause'. pressure ‘Vaﬁations "__ch.at can be det'ected by, the -receiver
array elements. 'I-‘he receiver array signals are orocessed fb’y the internal controller to determine
‘the true formation shear ‘velocity. The 1nternal controller may : then communicate the .formation
sh‘ear velocity to the downhole conﬁ‘oller/tel emetry transmitter 28 for communjcaﬁoﬁ to the
surface. Alternatively, the downhole oontroller iziay maintain a log of fonnatiorr 'Shear velocities .
down'hole.
[0017] F lg 3 shows a cross-sectional view of the LWD tool 40 "-The -acous-tic source 42
‘preferably consists of four elements that are equally Spaced on the circumference of thetool. The
‘ _.re'ceiyer array preferably includes 2 ro\y oi’ elenientsspacedaxiallyalong the .surface of rhetool. |
The receiver array may also include additional rows of elements spaced circumferentially from

43865.03/1391.24800 | -6
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the first row. In a preferred embodiment, the receiver array consists of four rows of elements
that are circumferentially aligned with the four source elements.

[0018] The source elements can typically be fired individually and concurrently. When fired
concurrently, the elements can be fired in phase and in inverse phase. An in-phase firing
means that the same trigger signal is applied simultaneously to the elements. An inverse-
phase firing means that as one element receives a trigger signal, another receives an inverted
trigger signal, i.e. the additive inverse (negative) of the trigger signal. This firing flexibility
allows for variation of the acoustic source excitation pattern.

[0019] Fig. 4A shows the four source elements being fired in-phase. This produces a
monopole excitation pattern. This monopole pattern is one mode of wave propagation. Other
modes of wave propagation are shown in Fig. 4B (dipole) and Fig. 4C (quadrupole). The
source produces a dipole excitation pattern if elements on opposite sides of the tool are fired
In 1nverse-phase. A quadrupole excitation pattern is produced when elements 90° apart are
fired in inverse phase.

[0020] F1gs. 5-7 show simulation results for these three source excitation patterns. The
simulations were performed using a concentric symmetric layer model. In these simulations,
the formation is assumed to be a typical slow formation, with a compressional wave

propagation slowness of 110 us/ft, and a shear wave propagation slowness of 230 us/ft. The

borehole diameter is assumed to be 8.5 inches. The inner diameter of the tool is 1.9 inches,
and the outer diameter is 7.25 inches. The receiver elements are located at half-foot intervals

between 4.0 ft and 7.5 ft, inclusive. Full waveform simulation has been done using existing

techniques (such as 3D-finite difference numerical modeling).

117296/1391.24800 -7 -
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{0021]  Fig. 5B shows the simulated signals received by the receiver clements. Each of the
waveforms. i\s'" shown for a corresponding receiver as a function of time since the transmitterﬁﬁng.
' | -(N ote the -incréaSed - ﬁm-e delay'f- béfore 'th'eﬁ acoustlc Wave reaches the 'inéreasihgly dlstant réceivers.-)
After recordmg the waveforms the 10 g tool typlcally normahzes the wavefonn SO that they

have the same SIgnal energy In F1 g SB each waveform 1S labeled W1th a peréentage fo mdlcate the
'original maximum peak ampumde q__f;__the | si,_;:-e._lative ,t_oc themammumpeak ampl_itude --ggthe first
signal. ' . . '

, '[0.02;_2.] o F1g 5B alsd shows‘agadﬁated\série:s‘of éIOpihgh’pes to indicate the relative waveform
' .delays Nto be expectéd for given. slowness valﬁes. Slower waves ;(tho's'e havmg -larger slowness
' values) take lon ger to reach the more distant receiver elements, and accordingly, ﬂlé.ir effect on th¢
recorded Wavefonné is inéreasingly de,layedi forlia;'gerx dlstances | ﬁ ‘

[0023]  To identify waves and their s.\lowpess;v’alucs, the acoustic logging tool méy calculate mé
time semblance E(ts) as a function of slowness and time for the date. This information in fum may
be ﬁsed to dete;mine varlous . fonnation \pzrop:\erties, | ingludi.ng Wav‘ex prOpagatioﬁ velpéiiy and
dispersion Of acoustic Waves:; The equation for the time semblance E£(2,5) 1s: ”

. [Zx (e sd )T -

i=1

E(t s)

Zx (t-sd) . R w
i the above equation, N is the number of receiver elements, and hence is also the number of
r¢c.orded wavelorms, x, ®) 15 thewavefgnn feco:ifded b}’ the ith receiver, dz is the distance of the
th receiver from the transmiter, and s is the slowness. In Equation 1, the quantity (-sd s the

relative time at the ith receiver for a given slownesss.

43865.03/1391.24800 - S
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[0024]  Semblance values E{(1,5) range between zero and one. Values near one indicate a high
correlation between the various recorded waveft'orms at the given time and slowness; and hence
 indicate the presence of a propagating wave having that slowness value. Vv alues near Zero mdicate
hittle correlation between the various Wavieforms ;atthe givenjtime -and slowness 'y_alne; ‘and hence
prov1de no mdlcanon ofa propaganng wave havmg that slowness value
[002;’5] ' F1g SA shows the tune semblance E(z,s) plot for the data n Frg SB Two strong peaks
- are vrsrble along with three secondary peaks The strong peak in the lower leﬁ corner corresponds i
to a compresswnal wave wrth the correct slowness (1 10 p.s/ft) The strong peak n the rmddle of the
plot, and the secondary peaks below and to the nght of the strong peak, correspond to the shear. '
Wave. The correct slowness value (230 ps/ft) 1s provrded by one of the secondary peaks ‘but the
rnulti’plicity. and relati'?ve strength ' of-the -peakS .. makes 1t difﬁcult to .correctly determine the- shear
| velocity. : . o . e .
| [0026] Another ﬁmcnon that may be useful for analyzmg the perforrnance of acousnc loggmg
tools is the phase semblance The phase semblance E(f,s) is determmed as a functron of slowness

and ﬁ'equency accorchng to the followmg oquanon

E s

Z(D[X (f )e-;(zaf)sdr]_ .; ,.' o o .
ZH*:DIX o‘)e""”ﬂ“" JH ' e

E(f S)"‘-—

In the above equation, Nis the number of ._':rece;ivers, and hence is also the number of recorded
waveforms, X(f) is the Fourier transform of waveform x;(¢), d; is the distance of the ith receiver
from the transmitter, and exponential factor e”(w) "-‘_f?";is."the Fourier transform equivalent of the

. relative time Shlﬁ (t-sdj). D repreSentS thephase operator of th.ejcomplex number. For é-COmplex :

| 43865.03/1391.24800 - S -9.
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number 4¢’°, the phase given by the phase operator is ®[4€/°]=0. (No attempt is made to limit
the phase to a range of principal values.)

[0027] Fig. 5C shows the phase semblance plot for the data in Fig. 5B. The phase semblance

1s shown as a function of frequency (in kHz) and slowness (in us/ft). A general phase

semblance relationship is visible between frequency and slowness (sloping downward from
left to right), but no clear indication of the shear wave is visible.

[0028] Fig. 5D shows a plot of a term in the analytic calculation of the dispersion function as
a function of frequency and slowness. The model used for this calculation is axi-symmetric.
Standard continuous stress-displacement boundary conditions are used, along with a
vanishing shear stress in the fluid. The dispersion function is found by predicting the
behavior of the different wave propagation modes as a function of frequency. The techniques
for performing these calculations may be found in the following references:

K.M. White, Underground Sound, Elsevier, Amsterdam, 1983

D. P. Schmitt and M. Bouchon, Full wave acoustic logging: synthetic

microseismograms and frequency wavenumber analysis, Geophysics, 50, 1756-1778,

1985.

[0029] At any given frequency, four peaks are visible. The slowness value (and width) of the
peaks varies as a function of frequency. The peaks are indicative of branch cuts and poles in
the dispersion function. In general, the effect of the branch cuts on the waveform is negligible
compared to that of poles. Two of the peaks represent branch cuts. These are relatively
constant at 100 ps/ft and 200 us/ft, respectively. The bottom-most peak represents wave

propagation along the interface between the tool and the borehole fluid, and the top-most

peak represents wave propagation along the interface between the borehole fluid and the

formation (i.e. the borehole

117296/1391 24800 -10 -
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- -boundary) Most s1gmﬁcantly, the propagauon slowness of the borehole boundary wave gradually
-decreases asa functlon of frequency from 350 p.s/ft to about 280 p.s/ft Because the true shea: wave
' *propasation “slownesss is 230 us/ft, there ti,s fhﬁlerhope | for an accurate measmement ot l’he '
formation shear wave slowness using the monopole source configuration. !
. ,[003:0]. Fl g. 53 shows | .the si‘g\nals‘receiued‘bythe ;reo‘eit’er. 'e,l'étnents for the dipiOIe excitation
| .pattem These mgrlals ate the basls t'or tho semblance plot 1u ~F1g 6A ancl the phase semblance. -
' \plot n th 6C The.semblauoe plot in F1g 6A shows one strong pealc at about 800 p.s and 130
. p.s/ﬂ, and three secondary peaks at about (1320 us, 150 p.s/ft), (1900 us, 250 u.s/ft) a.ud (2400 p.s, .
150 us/ﬁ) reSpecuvely None of these peaks prowdes the oorrect slowness for the formatlon -
shear wave. ‘- - - - o
[0031] The phase semblance plot mFlg 6C shows two clear phase}relatiouships which slope
' downward f_rom left t_o nght. T—he lower one is indicative of the tool interface wave, and the *'upper:
one is indicative of the borehole interface wave. The presence of both waves in the region of
faterest may cause one of the interface Waves 1o be obscured by the other, which may
oomplicates. tueasut'emeutptocedures.\ ‘ — o
[0032] Fig 6D shows the analytic term for the dtpole excitation pattern. Below 10 kHz, four
peaks are apparent. (Additional peaks emerge at higher ﬁ.‘cquenoies, but these are i gno for the
present discusSion.) AS- before', ..two’of thepeaks hatfe relatively coustaht slownessvalues at 100:
ps/ft and 200 us/ ft, respecttvely The tool mterface Wave starts at about 23 0 us/ ft aud falls off
\ 'asymptouoally to about 100 us/ft The borehole mterfaoe wave var1es between 300 us/ft and 280: -

. ps/ft. As before there 18 little hope for obtammg an acourate measurement of the formatlon shear }

' Wa_ve slowness from th__e borehole i-nterfaoe wave.

43865.03139124800 S S
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[0033] Fig. 7B shows the signals received by the receiver elements for the quadrupole
excitation pattern. These signals are the basis for the semblance plot in Fig. 7A and the phase

semblance plot in Fig. 7C. The semblance plot shows a single strong peak at 2000 ps and 275
us/ft, no help is apparent here. The phase semblance plot, however, shows a clear phase

relationship between the slowness and the frequency. Significantly, the phase semblance peak

has a sharp minimum at 240 ps/ft. Using the quadrupole excitation pattern and the phase

semblance plot provides an improved method for determining the formation shear slowness.
[0034] Fig. 7D provides additional support for the use of the quadrupole excitation pattern.
The analytic term for calculating dispersion has the familiar four peaks. The peak associated

with the borehole interface wave converges to the desired 230 us/ft at about 2 kHz. For
frequencies above 5 kHz, the peak maintains a slowness value of about 280 us/ft.

[0035] From the above discussion, it is clear that the quadrupole source provides more direct
results for determining the slow formation shear wave slowness than the monopole and
dipole sources. A second substantial benefit of the quadrupole source is that the tool interface
wave 1s absent from the frequency region of interest. This eliminates one potential source of
interference with the measurements, and simplifies the formation measurement procedure.

[0036] Fig. 8 shows a flowchart of the improved method for determining formation slowness.
In block 52, the internal controller triggers the acoustic source in a quadrupole excitation
pattern. In block 354, the internal controller records the signals from the receiver array
elements. In block 56, the internal controller calculates the phase semblance as a function of

frequency and slowness, and in block 58, the internal controller identifies the minimum
slowness value of the phase semblance peak. The internal controller communicates this value

to the downhole controller as the formation shear wave slowness.

117296/1391.24800 -12 -
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[0037] Numerous variations and modifications will become apparent to those skilled in the
art once the above disclosure is fully appreciated. It is intended that the following claims be
interpreted to embrace all such variations and modifications.

[0038] For example, the present method may be used with any acoustic source that excites
wave propagation in the quadrupole mode, although a quadrupole source (i.e. a source that
primarily excites the quadrupole mode) is preferred. The receiver configuration may be
additionally or alternatively altered (or the receiver signals processed) to enhance the
quadrupole mode response and reduce the response to monopole and dipole modes. In one
embodiment, the receiver array quadrupole response may be enhanced by determining a
combined signal for each set of four receivers in the array. The combined signal may be the

sum of inverted signals from two opposing receivers with the signals from the remaining two

recelvers in the set.

117296/1391 24800 -13 -
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CLAIMS
What 1s claimed is:
1. An acoustic logging tool that comprises:
an acoustic source configured to excite wave propagation in a quadrupole mode;
an array of acoustic receivers; and
an internal controller configured to record signals from each of the acoustic receivers and
configured to process the signals to determine a shear wave propagation slowness
for a formation surrounding the acoustic logging tool, the internal controller being
configured to determine a phase semblance as a function of fr equency and

slowness from the recorded signals.

2. The acoustic logging tool of claim 1, wherein the acoustic source is a quadrupole source.

3. The acoustic logging tool of claim 2, wherein the acoustic source includes four source
elements that are equally spaced about the circumference of the logging tool, and wherein

opposing elements are excited in-phase, and elements 90° apart are excited in inverse-phase.

4. The acoustic logging tool of claim 3, wherein each source element includes a piezoelectric

transducer.

5. The acoustic logging tool of any one of claims 1 to 4, wherein the array of acoustic receivers

includes a set of four receiver elements at each of a plurality of positions along the longitudinal

117296/1391.24800 - 14 -
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axis of the logging tool, wherein the receiver elements of each set are equally spaced about the

circumference of the logging tool.

6. The acoustic logging tool of any one of claims 1 to 5, wherein the acoustic source includes
four source elements that are equally spaced about the circumference of the logging tool, and

wherein each of the source elements is aligned with a respective one of the receiver elements in

each set of receiver elements.

7. The acoustic logging tool of claim 5, wherein the internal controller inverts signals from two
opposing receiver elements in each set of receiver elements and combines the inverted signals
with signals from the remaining two receiver elements in the set of receiver elements to obtain a

combined signal for each set of receiver elements.

8. The acoustic logging tool of any one of claims 5 to 7, wherein each of the receiver elements

includes a piezoelectric transducer.

9. The acoustic logging tool of any one of claims 1 to 8, wherein the internal controller is
configured to identify a phase semblance peak associated with each of a plurality of frequencies,
and wherein the internal controller is configured to identify a smallest slowness value associated

with the phase semblance peak as the shear wave propagation slowness for the formation.
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10. The acoustic logging tool of any one of claims 1 to 9, wherein the tool is configured for

logging while drilling.

11. The acoustic logging tool of any one of claims 1 to 10, wherein the source excites waves

having frequencies greater than 2 kHz.

12. A method of determining the shear wave propagation slowness of a formation, the method
comprising:
exciting waves that propagate along a borehole in quadrupole mode;
receiving acoustic signals at each of a plurality of positions along the borehole;
calculating, from the acoustic signals, slowness values associated with a peak phase

semblance as a function of frequency.

13. The method of claim 12, wherein the peak phase semblance is associated with a borehole

interface wave.

14. The method of claim 12, further comprising:

determining a mintmum slowness value associated with the peak phase semblance.

15. The method of claim 14, further comprising:

providing the minimum slowness value as an estimate of the shear wave propagation

slowness.
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1 16. The method of any one of claims 12 to 15, further comprising:
2 processing the acoustic signals to enhance the quadrupole response of a receiver array

3 before said act of calculating slowness values.

11729671391 24800 -17 -
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