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GEOPHYSICAL PROSPECTING USING
SONICS AND ULTRASONICS

Geophysical prospecting refers to measurements and inter-
pretations of data to infer subsurface compositions of earth at
various depths. These measurements may be based on electri-
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cal, nuclear, and acoustic techniques depending on the physi-
cal or chemical properties of the subsurface formation that
are to be determined. This article focuses on applications of
acoustic techniques that are used in the exploration and pro-
duction of hydrocarbons from underground reservoirs.

Hydrocarbons are found in porous rocks. The intergranular
nature of these rocks is inferred from their volume fraction of
pores, referred to as porosity, and their connectivity, referred
to as permeability. The pores of a rock may be filled with
brine or hydrocarbons. The partition between these two
phases is described in terms of saturation. It is also of interest
to distinguish between the liquid and gas phases of hydrocar-
bons found in porous rocks. To aid in the design of the produc-
tion phase of oil and gas wells, it is also of interest to deter-
mine the pressure and temperature of the fluid in the pores.
In summary, the quantities of primary interest in the design
and development of oil and gas reservoirs are (1) porosity, (2)
saturation, (3) permeability, (4) pressure, and (5) temperature
of pore fluid; interested readers may refer to Refs. 1 and 2.

Following an identification of promising geological areas by
means of surface seismic surveys, a borehole is drilled to lo-
cate depths of potential hydrocarbon reservoirs. Figure 1(a)
shows a schematic of a borehole together with the surface
equipment and a sonde that carries various types of sources
and receivers for downhole measurements. A borehole fluid,
also referred to as mud, is used to facilitate the drilling and
prevent the well from collapsing under the pressure exerted
by the surrounding formation. These wells may range from
1000 to 10,000 m in depth. The environment in these wells
can have temperatures exceeding 175°C and pressures up to
138 MPa (20,000 psi). Periodically, drilling is interrupted to
evaluate the presence of hydrocarbons over a certain depth
range in the well by means of open-hole measurements, also
known as wireline logging operations. Open-hole sonic mea-
surements are typically made at frequencies ranging from 0.5
kHz to 20 kHz. However, open-hole imaging of sedimentary
layers and borehole cross-sectional shape requires frequencies
ranging from 200 kHz to 600 kHz.

If open-hole acoustic, electrical, and nuclear measurements
confirm the presence of a hydrocarbon reservoir, a heavy steel
casing is lowered into the well and cemented into the borehole
to prepare the well for production as shown in Fig. 1(b). The
cemented casing keeps the hole from collapsing and isolates
hydrocarbon-bearing zones from water-bearing ones. Finally,
the casing and cement are perforated to allow the oil and gas
to flow into the well for production. Cased-hole ultrasonic
measurements are typically made at frequencies ranging
from 100 kHz to 2.5 MHz.

This article contains two major sections covering measure-
ments introduced above: “Sonic Measurements” and “Ultra-
sonic Measurements.”

SONIC MEASUREMENTS

Sonic measurements play an important role in estimating the
mechanical attributes of rocks that are crucial in an efficient
and safe production and development of oil and gas wells. For
instance, the granular rock may be consolidated or unconsoli-
dated. This mechanical attribute of the rock impacts analyses
of wellbore stability as well as sanding in a producing well.
Sanding refers to the mechanical failure of the formation in
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the borehole vicinity that results in sand particles mixed with
liquid hydrocarbon flowing into a producing well. This attri-
bute can be estimated from the formation lithology together
with the ratio of compressional and shear wave velocities that
is related to the Poisson’s ratio of the formation. Another ap-
plication of acoustic measurements in a borehole is in the
identification of homogeneous versus fractured rocks. The ex-
istence of natural or induced fractured rocks significantly al-
ters the formation permeability that directly contributes to
the efficiency of production. Aligned fractures in rocks pro-
duce fractured—induced shear anisotropy that can be mea-
sured by a borehole flexural logging probe. Other applications
of acoustic measurements in rocks include: estimation of rock
porosity; identification of oil- versus gas-filled porous forma-
tions; identification of near-wellbore invasion of mud fluid in
a porous formation; overpressured regions of the formation;
and the presence of large tectonic stresses that can produce
radial alteration in the borehole vicinity.

Acoustic measurements can yield elastic parameters of the
propagating medium. These measurements are generally
based on (1) interval transit time or velocity of nondispersive
plane waves and dispersive guided waves, (2) amplitude at-
tenuation, and (3) reflection amplitude estimates from a stra-
tified formation. Most of the acoustic measurements in geo-
physical prospecting are based on travel time measurement
of compressional and shear plane waves in a homogeneous
formation. If the propagating medium consists of both solid

Figure 1. (a) Open-hole measurements. A
wireline tool in an open hole measures for-
mation properties to determine the depth
and producibility of hydrocarbon reser-
voirs. (b) Casing and cementing of a well.
Completion of a well for production in-
volves lowering a steel casing and pumping
cement through the casing to bond it to the
surrounding formation. Cased-hole mea-
surements are conducted in preparation for
production. (After Ref. 58, with per-
mission.)

and fluid phases, it has been found that the total time delay
At can be expressed in terms of delays in the two phases given
by the following expression (1,2):

At = Atygq(1 — @) + Atgyq9 1)

which is known as the Wyllie time-average equation (3). This
equation provides a linear relationship between the interval
transit time and the rock porosity ¢. Equation (1) can also be
expressed in terms of average compressional wave velocity V
and those in the solid V4 and fluid Vy, portions of the com-
posite.
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This rudimentary interpretation of acoustic measurement
in a borehole marks the beginning of an increase in the role
of sonic measurements in geophysical prospecting. In addition
to the measurements of compressional and shear wave veloci-
ties in homogeneous formations, recent developments include
measurements of radial and azimuthal variation of such
plane wave velocities in homogeneous and anisotropic forma-
tions.

Compressional headwaves are generally the first arrivals
from the formation. These arrivals are accentuated by the
presence of borehole resonances that occur for wavelengths in



342

the borehole fluid comparable to the borehole diameter. Multi-
ples of headwave resonances will be generated with a suffi-
ciently large bandwidth transmitter (4). In soft formations,
these borehole resonances occur at the cutoff frequencies of
leaky compressional modes. These modes are both dispersive
and attenuative. The velocity of these modes asymptotically
approaches the borehole fluid velocity at high frequencies (5).

Radial variation of compressional velocity can be estimated
by a tomographic reconstruction of refracted headwave mea-
surements with short and long transmitter—receiver spac-
ings (6).

Radial variation of shear velocity can be estimated by mea-
suring borehole flexural dispersion over a reasonably wide
bandwidth. Radial variations of compressional and shear
wave velocities are indicators of alteration in the vicinity of a
borehole that can be caused by borehole stress concentrations,
mechanical damage, and shale swelling. Such variations in
plane wave velocities also cause perturbations in the bore-
hole-guided mode dispersions from the case of homogeneous
formations. In particular, changes in borehole flexural disper-
sions caused by alterations can be inverted to estimate radial
variation of shear velocity in slow formations. While the me-
chanical state of rock in the borehole vicinity is of interest in
analyzing formation competency for perforations and predic-
tion of potential sanding, formation compressional and shear
velocities in the far-field are the ones that are needed for pe-
trophysical and geophysical applications. These applications
may include lithology identification, porosity estimation, syn-
thetic seismograms, and calibration of inputs to amplitude
variation with offset (AVO) analysis.

Rock porosity is estimated from compressional velocity
measurements and formation lithology by correlating the ra-
tio of compressional to shear velocities (Vp/Vg) with porosity
(or At,). In clastic rocks, a lower ratio of (Vp/Vy) for a given
shear slowness defined simply as the inverse of shear velocity
has been found to correlate well with the hydrocarbon-bear-
ing sandstones as described by Williams (7). This correlation
is sometimes used to differentiate hydrocarbon-bearing sand-
stones from water-bearing sandstones and shales in the ab-
sence of other measurement indicators. It is a particularly
useful technique in zones with fresh formation water where
high resistivities are common in water-bearing intervals and
the distinction between high-resistivity oil and low-resistivity
brine cannot be made.

Newer applications of sonic measurements are in estimat-
ing formation anisotropy. Formation anisotropy may be
caused by (a) intrinsic microlayerings, such as in shales, (b)
aligned fractures, (c) thin beddings, and (d) any tectonic
stresses transverse to the propagation direction. Anisotropy
caused by the first three sources are described by linear aniso-
tropic elasticity where the material may exhibit various sym-
metries with respect to the borehole measurement axes. The
measurement axes coincide with the borehole axis and two
orthogonal axes in the azimuthal plane. The lowest material
symmetry is that of triclinic materials. However, wave propa-
gation in the presence of prestress must be described by equa-
tions of motion for small dynamic fields superposed on a static
bias that are derived from a nonlinear formulation.

It is also of importance to distinguish between stress-in-
duced and other sources of shear anisotropy. Recently, it has
been found that a horizontal uniaxial stress in the formation
causes a crossover in flexural dispersions in a vertical bore-
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hole for the radial polarization aligned parallel and perpen-
dicular to the stress direction. This crossover in flexural dis-
persions is caused by stress-induced radial heterogeneities in
acoustic wave velocities that are different in the two principal
stress directions. Other sources of borehole flexural anisot-
ropy caused by finely layered dipping beds, aligned fractures,
or microstructures found in shales exhibit neither such radial
heterogeneities nor flexural dispersion crossover. Conse-
quently, a crossover in flexural dispersion can be used as an
indicator of stress-induced anisotropy. In the presence of
stress-induced shear anisotropy, the fast shear direction coin-
cides with the maximum stress direction in the far-field, and
the magnitude of shear anisotropy is proportional to the prod-
uct of stress magnitude and formation nonlinear constant.
Additional measurements of borehole guided modes, such as
axisymmetric Stoneley and flexural dispersions, at two bore-
hole pressures yield the two formation nonlinear constants
that can be used to estimate the magnitude of stress from the
measured azimuthal shear anisotropy.

When the shear anisotropy is caused by aligned fractures,
the fast shear direction coincides with the fracture strike, and
the magnitude of shear anisotropy is related to the fracture
density and fracture compliance.

ELASTIC WAVE PROPAGATION IN A BOREHOLE

An acoustic source in a fluid-filled borehole generates head
waves as well as relatively stronger borehole-guided modes.
Figure 1 shows a schematic diagram of a fluid-filled borehole
in a formation. A standard sonic measurement system con-
sists of placing a piezoelectric source and an array of hy-
drophone receivers on the borehole axis. The piezoelectric
source is configured in the form of either a monopole source
or a dipole source. The source bandwidth typically ranges
from 0.5 kHz to 20 kHz. A monopole source generates primar-
ily an axisymmetric family of modes together with compres-
sional and shear headwaves. In contrast, a dipole source pri-
marily excites the flexural family of borehole modes together
with compressional and shear headwaves. The headwaves are
caused by coupling to plane waves in the formation that prop-
agate along the borehole axis. An incident compressional
wave in the borehole fluid produces critically refracted com-
pressional waves in the formation. These refracted waves
traveling along the borehole surface are also known as com-
pressional head waves. The critical incidence angle, 6, equals
sin"{(V/V.), where V; is the compressional wave speed in the
borehole fluid and where V, is the compressional wave speed
in the formation. As the compressional head wave travels
along the interface, it radiates energy back into the fluid that
can be detected by hydrophone receivers placed in the fluid-
filled borehole. In fast formations, shear head waves can be
similarly excited by a compressional wave at the critical inci-
dence angle 6; = sin"{(V;/V), where V; is the shear wave speed
in the formation. It is also worth noting that head waves are
excited only when the wavelength of the incident wave is sig-
nificantly smaller than the borehole radius so that the bound-
ary can be effectively treated as a planar interface. In a homo-
geneous and isotropic model of fast formations, compressional
and shear head waves can be generated by a monopole source
placed in a fluid-filled borehole for determining the formation
compressional and shear wave speeds.
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Figure 2. A fluid-filled borehole with a source and an array of re-
ceivers.

Figure 2 illustrates how a monopole source placed in a lig-
uid-filled borehole excites compressional and shear head-
waves followed by relatively higher amplitude Stoneley wave
in a hard (fast) formation. A fast or slow formation implies
that the formation shear wave velocity is higher or lower than
the borehole-fluid compressional velocity, respectively. Figure
3 displays compressional headwaves followed by relatively
higher amplitude flexural wave caused by a dipole source in
a soft (slow) formation. Note that shear headwaves are not
detected by hydrophones placed in the borehole fluid in the
case of slow formations. These waveforms are processed by a
standard slowness-time coherence (STC) algorithm to extract
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Figure 3. Elastic wave propagation in a hard (fast) formation caused
by a monopole source (top); typical sonic waveforms recorded by a
monopole tool in a fast formation (bottom).
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the compressional and shear slownesses by an appropriate
windowing of the recorded waveforms (8). Slowness is the re-
ciprocal of velocity and is typically expressed as the interval
time per unit distance of travel by the elastic wave in stan-
dard sonic tools. A standard unit for slowness is us/ft
(us/ft = 0.3048 ws/m). Figure 4 shows a typical array of re-
corded time waveforms together with time varying windows
used in the STC processing. The STC-algorithm operates on
a set of time windows applied to the recorded waveforms. The
window position is determined by an assumed arrival time at
the first receiver and an assumed slowness. A scalar
semblance is computed for the windowed waveform segments.
Local maxima of the semblance function are identified by a
peak-finding algorithm and the corresponding slowness value
is associated with a particular arrival in the wavetrain. The
semblance is a measure of the presence or absence of an ar-
rival with a given slowness and arrival time and its value lies
between 0 and 1. If the assumed slowness and arrival time
do not coincide with that of an actual arrival, the semblance
takes on a smaller value. Figure 5 shows typical results from
the STC processing on two different frequency bands. Com-
paring the low-frequency window (0.5 kHz to 1.5 kHz) with
the high-frequency window (1 kHz to 2 kHz), we note that the
high-frequency window exhibits two distinct peaks. The lower
peak represents the faster velocity in the undisturbed region
which coincides with the low-frequency window peak slow-
ness. The slower arrival in the high-frequency window de-
notes the formation slowness in the altered zone. Therefore,
the low-frequency window exhibits a distinct high-quality
peak essentially unaffected by the altered zone. The sem-
blance contour plot is typically mapped into a compressional
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Figure 4. Elastic wave propagation in a soft (slow) formation caused
by a dipole source (top); typical dipole sonic waveforms recorded in a
slow formation (bottom).
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Figure 5. STC processing with different processing windows.

and shear slowness log that shows the formation compres-
sional and shear slownesses as a function of depth as shown
in Fig. 6.

Two standard interpretations of these sonic logs are illus-
trated in Figs. 7 and 8. Figure 7 shows an example of how
Vp/Vs versus At, for the compressional wave expressed in us/
ft illustrates lithology trends with respect to porosity that is
proportional to At.. The V»/Vy ratio is also related to the Pois-
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Figure 6. STC processing results for two processing windows at a
given depth.
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Figure 7. STC contour plot mapped into a sonic slowness log.

son’s ratio of the material as shown in Fig. 9. This relation-
ship helps in the identification of different lithologies.
Compressional and shear (V, and Vy) velocities can also be
used to estimate the elastic moduli of the formation. These
moduli are used to infer mechanical properties of the forma-
tion at various depths that have applications not only in the
petroleum industry, but also in civil and mining engineering
and hydrogeology. The mechanical stiffness and strength of
the formation are important parameters in the design of sub-
surface structures, nuclear waste disposal sites, and oil and
gas pipelines. The dynamic Young’s modulus Y and Poisson’s

' |
| | ! |

[ IShales
B 1 Limestone ,' ]
2 Anhydrite H
3.0~ 3 Dolomite 'l m
L 4 Salt ,: [ |
5 Quartz Unconsolidatad

B sediments/

Dry (or gas sandstones)
L L L L L L

|
150

| | |
100

A, 1.5

— 50

Figure 8. Correlations of Vp/Vs with A¢, in us/ft for different litholo-
gies. At, is proportional to the formation porosity.
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ratio v can be expressed in terms of the compressional and
shear velocities by the following equations

[3(Vp/Ve)2 —4]
Y = V2 P/YS
P S TV Ve)r — 11
L= L LVp/Vs)? —2]
T 22[(Vp/Vg)2 —1]

where p is the mass density of the formation at a given depth.

When the formation is not radialy homogeneous over the
scale of measurement, it is of interest to estimate the effective
radial depth of investigation in a conventional refracted head
wave logging. This effective depth depends on the source-to-
receiver spacings, the velocity contrast between the altered
and undisturbed zones, and radial extent of the altered zone.
The depth of investigation increases with source-to-receiver
spacing and for increased velocity contrasts between the two
zones (1).

Fracture Evaluation: Stoneley Reflections

A monopole Stoneley wave logging is also used to locate per-
meable fractures intersecting the borehole. The acoustic en-
ergy associated with the Stoneley wave is primarily located
in the borehole fluid with gradual decay into the formation.
The radial decay into the formation extends to about a wave-
length. As a result, low-frequency Stoneley exhibits larger ra-
dial depth of investigation whereas high-frequency Stoneley
is mostly confined to the borehole wall and propagates like
an interfacial wave at the borehole fluid and formation
boundary.

When a borehole Stoneley wave encounters an open frac-
ture intersecting the borehole, some of its energy is reflected
by the large acoustic impedance contrast created by the frac-
ture. The ratio of the reflected to incident energy correlates
with the openness of the fracture. This technique for the de-
tection of permeable fractures works well in hard forma-
tions (9).

Permeability Indications: Stoneley
Velocity and Energy Perturbations

Permeability is defined as the measure of how easily a fluid
of certain viscosity flows through a rock under a pressure gra-

0.4 0.5 Figure 9. Range of Poisson’s ratio for dif-

ferent lithologies.

dient. Permeability generally increases with porosity, grain
size, and certain bedding patterns. In addition to fractures,
Stoneley waves are also sensitive to formation permeability.
The pressure pulse in the borehole fluid creates fluid move-
ment into the surrounding formations with effective perme-
ability. If the borehole wall is impermeable, the Stoneley
wave travels without any attenuation caused by the radiation
of acoustic energy into the formation. However, if the borehole
crosses a permeable formation, the Stoneley wave attenuates
by moving the fluid into the porous rock and its dispersive
velocity decreases by varying amounts at different frequen-
cies. Changes in the Stoneley dispersion over a reasonable
bandwidth can be inverted for the formation permeability.
This inversion is possible only if other parameters affecting
the Stoneley dispersion are known from other measurements
(10-12). In particular, Stoneley dispersion is also affected by
borehole diameter and tool characteristics.

Formation Shear Logging

It is known that refracted shear head waves cannot be de-
tected in slow formations (where the shear wave velocity is
less than the borehole-fluid compressional velocity) with re-
ceivers placed in the borehole fluid.

Since formation shear wave velocity is of significant impor-
tance in determining formation lithology, recent effort has
been directed toward logging borehole Stoneley and flexural
modes for estimating formation shear wave velocity. Both of
these borehole modes are the more energetic arrivals than the
refracted headwaves. While a monopole source in a borehole
primarily excites Stoneley mode, a dipole source is an efficient
way of exciting borehole flexural waves. Stevens and Day (13)
described a procedure for shear velocity logging in slow for-
mations using the Stoneley dispersion. This procedure con-
sists of inverting frequency-dependent Stoneley phase and
group velocities together with attenuation for formation shear
velocity. The inversion model is based on a sensitivity analy-
sis described by Cheng et al. (14) for borehole Stoneley waves
in terms of partial derivatives of Stoneley velocity with re-
spect to model parameters. Stoneley velocity and attenuation
are significantly affected by the permeability of poroelastic
formations. Therefore, this procedure for determining shear
velocity is applicable to essentially impermeable formations.
On the other hand, borehole flexural waves are not as much
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affected by formation permeability and borehole fluid viscos-
ity (12).

Even though flexural waves are easily excited in both the
fast and slow formations over a bandwidth governed by its
excitation function (15-18), it is a dispersive mode which is
also influenced by four other model parameters (Vp, V;, D,
and p/p, where V, is the formation compressional wave
speed, V;is the fluid compressional wave speed, D is the bore-
hole diameter, and p/p; is the ratio of the formation and fluid
mass densities), besides the formation shear wave speed V.
A sensitivity analysis of the flexural dispersion to small varia-
tions in the model parameters shows that the formation shear
speed has by far the most dominant influence in a slow forma-
tion. In contrast, the flexural dispersion in a fast formation is
significantly influenced by three of the five model parameters:
the formation shear speed, the borehole fluid compressional
speed, and the borehole diameter. The frequency dependence
of these sensitivity functions indicates that the inversion of
flexural dispersion for formation shear speed is optimal in the
range 2 kHz to 4 kHz for a borehole of diameter 25.4 cm (19).
The objective of flexural wave logging is to estimate the for-
mation shear wave velocity from dipole waveforms recorded
at an array of receivers. Kimball (20) has suggested one way
of estimating the formation shear velocity from the processing
of these waveforms. Processing of these waveforms by a varia-
tion of Prony’s technique isolates both dispersive and nondis-
persive arrivals in the wavetrain (21). The Prony’s spectral
estimation technique consists of expressing the discrete fre-
quency spectrum of an array of waveforms in terms of expo-
nential functions for a given frequency. The exponential func-
tion contains the wavenumber of the associated mode at the
selected frequency. The unknowns in the expansion consists
of the amplitude and the exponential associated with each of
the arrival. Consequently, even in the absence of any noise in
the signal, the maximum number of arrivals that can be iso-
lated is half the number of recorded waveforms. Several vari-
ations of the Prony’s technique are available that can provide
dispersions of various arrivals in the recorded waveforms.
The low-frequency asymptote of flexural dispersion yields the
formation shear velocity. It is also possible to invert a band-
limited flexural dispersion for the formation shear velocity
based on a sensitivity analysis as discussed by Sinha (19).

This inversion procedure attempts to estimate the forma-
tion shear velocity that would produce the measured disper-
sion over a given bandwidth. The procedure is based on ob-
taining a sensitivity matrix that relates fractional changes in
phase velocity at various frequencies and model parameters
from those at a reference state. The flexural dispersion in the
reference state is known in terms of the assumed model pa-
rameters. The sensitivity matrix is calculated in terms of the
known flexural wave solution in the reference state and a lin-
earized perturbation model. Differences between the mea-
sured and reference flexural velocities at various frequencies
can then be inverted for the estimated differences between
the current and reference model parameters. Adding the dif-
ference in shear velocities (which is one of the model parame-
ters) to the assumed value in the reference state yields the
formation shear velocity that would produce the measured
flexural dispersion. For simplicity, this discussion assumes
that the remaining four model parameters in the current
state are known from other sources and the formation shear
velocity is the only unknown to be determined.
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In addition to the five fundamental parameters, there are
other environmental factors affecting acoustic waves propa-
gating along a borehole. For instance, noncircular borehole
geometry and altered zone surrounding the borehole with het-
erogeneities in material properties are two examples of envi-
ronmental factors that may cause differences between the
predicted modal dispersions obtained from the classical bore-
hole model and those obtained from the processing of wave-
forms recorded in a borehole.

RECENT DEVELOPMENTS I: RADIAL ALTERATIONS

Radial alterations in formation properties (such as elastic
wave velocities) may be caused by several sources, such as
shale swelling, borehole overpressures, formation stresses,
and mechanical damage (elastoplastic deformations) prior to
brittle fractures. Under these circumstances, it is necessary
to estimate the radial extent of such alterations as well as
undisturbed formation velocities from sonic measurements
made in a borehole.

When boreholes penetrate gas reservoirs with water-based
mud, a fast mud-filtrate-invaded annulus is created near the
borehole with slower gas reservoir existing beyond the
annulus. In this situation, compressional headwaves propa-
gating along the borehole typically probes only the mud fil-
trate. However, measurement of dispersive and leaky acoustic
modes propagating in the annulus probe the undisturbed for-
mation (gas reservoir) at low frequencies and annulus at
high frequencies.

Recently, Burridge and Sinha (22) proposed a technique
(based on Backus—Gilbert inversion) of inverting measured
borehole flexural velocity dispersions for obtaining radial
variation of formation shear velocity. This technique also pro-
vides information about the volume of investigation, amount
of radial alteration, and undisturbed shear wave velocity in
the far-field. The Backus—Gilbert (B—G) inversion technique
yields an estimate of the radially varying formation shear ve-
locity from a finite number of points on the flexural disper-
sion. It also indicates a trade-off relationship between the ra-
dial resolution and the error in the shear velocity estimate at
different distances from the borehole. In the B—G technique
a theoretical model predicts the corresponding changes in the
dispersion relation caused by perturbations in the formation
properties. This theoretical model is a perturbation scheme
that relates changes in the borehole dispersions to changes in
material parameters (19). This perturbation scheme is also
used to carry out sensitivity analyses of borehole dispersions
to various model parameters. Sensitivity analyses provide op-
timal bandwidths for inverting dispersion data for a particu-
lar material parameter. In slow formations, it has been shown
that formation shear velocity is, by far, the most dominant
parameter affecting the borehole flexural dispersion. There-
fore, it is possible to invert measured flexural dispersions in
slow formations for radial variation of shear velocity.

The B-G inversion technique consists of the following
steps: Given flexural wave velocities at several discrete fre-
quencies, a reasonable initial guess of the formation parame-
ters is made. These initial parameters define the unperturbed
(reference) state, which yields the “unperturbed” borehole
flexural mode solution. The difference between the actual (or
measured) and the unperturbed velocities at the axial wave-
numbers corresponding to each of the data points constitute
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Figure 10. Flexural dispersions in the presence of a radial variation
in shear velocity and that in the assumed homogeneous reference
state.

the input data to the B—G procedure. In addition, kernels are
calculated from the “unperturbed” flexural model eigenfunc-
tions for the reference medium. The sum of the inverted per-
turbation and the background profile yields the actual profile.

The solid and dashed lines in Fig. 10 denote borehole flex-
ural dispersions in the presence of radial alteration in shear
velocity and that in the selected homogeneous reference state,
respectively. To invert flexural velocities at several discrete
frequencies, we first calculate fractional changes in flexural
velocities at corresponding wavenumbers that define the in-
put to the B—G inversion model. The dashed line connecting
the measured and reference dispersions are along constant
wavenumbers. Note that it is necessary to select input data
at frequency intervals of 500 Hz or more to ensure that they
are uncorrelated. Figure 11 shows fractional changes in flex-
ural velocities at seven frequencies (i = 1, 7) that serve as
input to the B—G inversion model. Figure 12 displays the in-
version results for radial variation in formation shear velocity
using fractional changes in velocities shown in Fig. 12 over a
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Figure 11. Velocity differences at fixed wavenumbers that are input
to the Backus—Gilbert inversion.
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Figure 12. Inversion results for radial variation in formation shear
velocity using velocity differences over a bandwidth of 2 kHz to 8 kHz
and zero error in input velocities.

bandwidth of 2 kHz to 8 kHz and zero error in input veloci-
ties. Figure 13 shows similar inversion results for the same
input velocities but in the presence of a uniform error of 0.2%
in input velocities.

Key features of this inversion model are that the accuracy
and radial extent of inversion strongly depend on the band-
width and accuracy of measured flexural dispersion. Since
low- and high-frequency flexural waves have deep and shal-
low radial depths of investigation, respectively, it is prefera-
ble to have measured dispersion over as wide a bandwidth
as possible.

RECENT DEVELOPMENTS II: FORMATION
SHEAR ANISOTROPY

It is well recognized that sedimentary rocks are not, in gen-
eral, elastically isotropic, but exhibit some degree of anisot-
ropy. Anisotropy may arise intrinsic microstructural effects,
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Figure 13. Inversion results for radial variation in formation shear
velocity using velocity differences over a bandwidth of 2 kHz to 8 kHz
and 2% error in input velocities.
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such as layering of thin zones, or from local biaxial or triaxial
tectonic stresses within the formation. Thomsen (23) provided
a useful review of the measured anisotropy in many different
rock types; based on the data, he concluded that most crustal
rocks display weak anisotropy in many different rock types;
based on the data, he concluded that most crustal rocks dis-
play weak anisotropy.

Bulk Wave Speeds in the Presence of Anisotropy

Consider an elastic solid of mass density p and arbitrary an-
isotropy; that is, it may have as many as 21 independent elas-
ticity parameters. The equations of motion at circular fre-
quency o are (24)

a
ox; Cynren + po’u; =0 @)
J

Here u; are the components of displacement, i = 1, 2, 3, and
the summation convention on repeated subscripts is assumed.
The strain components are e; = (du,;/dx; + du;/ox;)/2, and the
elastic moduli Cy, satisfy the general symmetries Cy, = Cj
and C;; = Cy;, which are consequences of the symmetry of
the stress tensor and the assumed existence of a strain energy
function. The moduli can be succinctly represented by C,;,
where the suffixes I and J run from 1 to 6, with ij © I ac-
cording to 11, 22, 33, 23, 31,12« 1, 2, 3, 4, 5, 6.

Ignoring the borehole problem for the moment, we consider
the propagation of plane waves in the formation, which for
simplicity is assumed to be spatially uniform. Substituting
the plane-wave solution u; = aexp(iong;/v) into Eq. (3),
where n is the unit direction of propagation, and then multi-
plying by a;, where a is the unit polarization vector, give an
explicit expression for the phase speed v:

pv? = a,a;,Cyn i 4)
The apparent simplicity of this expression is tempered by the
difficulty of determining the polarization a@, which requires
solving a 3 X 3 matrix eigenvalue problem, also known as the
Kelvin—Christoffel equation (25). However, if the anisotropy
is weak, then neither the eigenvalues nor the eigenvectors de-
viate much from their underlying isotropic counterparts. In
particular, the polarization in Eq. (4) can be approximated by
the equivalent isotropic polarization.

Consider a transversely isotropic (TI) material with axis of
symmetry coincident with the x; direction. The five indepen-
dent moduli are C;;, Cs3, Cy5, Cyy, and Cgg, such that

[C,; Cip Ci3 O 0 0O
Cy Cy Chy O 0 0O
c_|Cis Ciuy Cy 0 0 0
0o 0 0 C, 0 0
0 0 0 0 Cy O
(0 0 0 0 0 Cgl

where Cy = (C;; — Cip)/2. It is more convenient to work with
the two moduli Cs5 and C,, and with three dimensionless an-
isotropy parameters, €, 7 y, each of which vanishes when the
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medium is isotropic:

€ = Cll _CBS

_Ci3+2C,, —Css
]7 =
2Cq4

CGG —C44
s y=——-
033

2C,4 ®)
The parameters € and y were introduced by Thomsen (23);
however, 7 is close to, but not exactly the same as, Thomsen’s
third anisotropy parameter, 8. The difference is discussed
below.

The three wave speeds in a TI medium can be expressed
in closed form (21). For instance, if n = (sin 6, 0, cos 6), then
the exact expression for the SH phase speed is

pvdy = Cyy(1+ 2y sin® ) (6)

The identity in Eq. (6) follows directly from Eq. (4) and the
fact that the SH polarization is @ = (0, 1, 0). The formulae
for the qSV and qP speeds are slightly more complicated, but
well known (23). Since the qSV and qP polarizations must be
in the x; — x; plane, both may be expressed in the form (ay,
0, as). Substituting into Eq. (4) yields

pv? = Cya(a; sind + az cos0)? 4+ Cyy(a; cosd — aysind)? )

+ 2C550a, sinf(ea, sinb + nag cos )

If the anisotropy is weak, the qP polarization is almost (sin 6,
0, cos 6), while the qSV is approximately (cos y, 0, —sin 6).
The discussion above implies that if these are used in Eq. (7),
the result is a first-order approximation in € and 7 to the
phase speeds:

Pv(zlp = Cy5l1 + 2¢ sin® 6 + 27 sin® 6 cos? 6] (8)
C
pvﬁsv =Cy [1 + 20—2 (€ — 1) sin? 0 cos? 9] (9)

Because €, 1, and y are small, one could use the approxi-
mation (1 + x)2 =~ 1 4+ x/2 for small x to get reasonable ap-
proximations to vgy, v, and vy in weakly anisotropic TI me-
dia. The resulting expression for vgy agrees with Eq. (16¢) of
Thomsen (23), but those for vp and vsy do not agree with the
corresponding formulae in Thomsen (23), Egs. (16a) and
(16b). Perfect agreement is obtained if the substitution n — &
is made, where

_ (C13+Cyy)® — (Cy5 —Cyy)®

8
2C33(C33 — Cyy)

(10)

Thomsen (23) derived the approximate wavespeeds for the TI
medium by explicit expansion of the known expressions for
the speeds, and he was led by this route to the nondimen-
sional parameter . It is clear from the algebraic identity

772

2 <% - 1)

Cys
that 7 is slightly smaller than § but the two parameters are
interchangeable in the limit of weak anisotropy; their differ-

ence is of second order. Hence, the differences between these
results and Thomsen’s are of second order in the anisotropy.

§=n+



In his paper, Thomsen (23) demonstrated that & (and hence
1) is of critical significance to exploration geophysics, but that
it is “an awkward combination of elastic parameters.” Be-
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p, on r = a. The static displacement for » > a is (15)
pa? tu 1,2 0 (12)
Uy = 5, o=1,4] Uug =
2u r? 3

cause of its simpler form [compare Eqgs. (5) and (10)], Norris
and Sinha (24) suggest that n rather than & be used as a
measure of anisotropy.

Borehole Modes

Acoustic anisotropy in rocks can be divided into two broad
categories: intrinsic and stress-induced. The motivation for
this classification stems from differences in the response of
elastic waves propagating along a borehole in a formation
with intrinsic or stress-induced anisotropy. The response of
acoustic waves in anisotropic materials can be described in
terms of effective elastic constants in the equations of motion.
These constants are derived from a microscopic description of
the material that can have certain crack distributions or thin
layers of different elastic properties. When the elastic proper-
ties are appropriately averaged over a finite volume of the
rock with cracks or layerings, the effective elastic constants
exhibit orthohombic or TI symmetry. Two commonly encoun-
tered situations involve a fluid-filled borehole traversing a
formation with the TI symmetry axis perpendicular (TTH) and
parallel (TIV) to the borehole axis. Vertically aligned frac-
tures and inclusions, as well as biaxial horizontal stresses
surrounding a vertical borehole, give rise to an effective for-
mation with the TIH (TT anisotropy with a horizontal axis of
symmetry) anisotropy. On the other hand, intrinsic anisot-
ropy of horizontal shale layerings and anisotropy caused by
horizontal find beddings represent an effective formation with
the TIV (TI anisotropy with a vertical axis of symmetry) an-
isotropy. In a TIV formation, there is only one shear velocity
for waves propagating up the borehole. In contrast, there are
two shear waves with different velocities that can propagate
along the borehole in a TIH formation. The difference in the
two shear velocities is typically measured with orthogonal di-
pole sources and receiver pairs placed on the borehole axis.

The Tube Wave Speed in Anisotropic Formations

A monopole source placed on the borehole axis produces the
lowest-order axisymmetric (Stoneley) wave propagating along
the borehole. This is a dispersive wave whose low-frequency
asymptote coincides with the tube wave speed. Closed-form
expression for the tube wave speed in anisotropic formations
is of value in inverting for a certain combination of formation
anisotropic constants.

Consider a circular borehole, r < a in cylindrical coordi-
nates (r, ¢, x3), which is occupied by an inviscid fluid of den-
sity pr and bulk modulus K; = pu?, where vy is the fluid wave
speed. The formation, r > a, is an arbitrary anisotropic solid,
and for simplicity it is assumed to be spatially uniform. The
tube wave is the quasi-static or limiting low-frequency form
of the azimuthally symmetric Stoneley wave mode in an iso-
tropic formation with speed given by (15)

K,
vp =Ug (1—%—7)

where w is the formation shear modulus. The displacement
field in the formation is proportional to the plane strain dis-
placement that results from an applied uniform pressure, say

-1/2
(11)

Norris and Sinha (24) have shown that the tube wave
speed in a weakly anisotropic formation is vy given by Eq.
(11), where the effective shear modulus for the formation is
w*, which is given by

1 = §(Cyy +Cyy — 2C,5 + 4Cs0)

L (13)

This expression for the effective shear modulus is not re-
stricted to any particular material symmetry and is equally
valid for a triclinic or a TI formation.

Norris and Sinha (24) have discussed inversion of a subset
of formation anisotropic constants from borehole measure-
ments under the assumption that the orientation of the bore-
hole axis with respect to the TI symmetry axis is known.

Dipole Shear Anisotropy Logging

Generally, the goal of dipole shear anisotropy logging is to
identify and characterize (a) aligned fractures in hard (fast)
formations, (b) intrinsic anisotropy in shales because of micro-
layerings, and (c) stress-induced anisotropy in tectonically ac-
tive formations (26—28). Esmersoy et al. (29) have described
the details of dipole shear anisotropy logging. Processing of
recorded waveforms at the two pairs of orthogonal receivers
produced by two orthogonal dipole sources yields the azi-
muthal orientation of (a) the fast shear direction and (b) the
fast and slow shear wave slownesses (or velocities). When the
borehole axis is perpendicular to the TI symmetry axis, the
fast shear direction coincides with the fracture strike in the
presence of fracture-induced shear anisotropy. The difference
between the fast and slow shear wave velocities (also referred
to as the magnitude of shear anisotropy) is related to the
transverse fracture compliance as described by Schoenberg
and Sayers (30):

Py (Viy = Vis) = mydyp (14)

where p, and w, are the mass density and shear modulus of
the background medium; Vy;, and V;; are the fast and slow
shear wave velocities with X; as the propagation direction;
and X, and X; as the shear polarization directions, respec-
tively. &y is the transverse fracture compliance, and fractures
are in the X,—X, plane. Z; = 4S,, is the tangential compliance
of the fractured medium.

When the borehole axis makes an arbitrary angle with re-
spect to the TI symmetry axis of the formation, the effective
anisotropy exhibits monoclinic symmetry with respect to the
borehole measurement axis. Under these circumstances, bore-
hole flexural dispersions for the fast and slow dipole orienta-
tions exhibit characteristic differences in fast (Bakken shale)
and slow (Austin chalk) formations as discussed by Sinha et
al. (27) and by Leslie and Randall (31). The differences in



cross-dipole waveforms at a given depth for identifying the
fast and slow shear directions (32). The inline waveforms cor-
responding to the fast and slow dipole orientations are then
subjected to semblance processing for obtaining the fast and
slow shear slownesses as described by Kimball and Marzetta
(8) and Esmersoy et al. (29).

RECENT DEVELOPMENTS I1I: SONIC MEASUREMENTS
IN THE PRESENCE OF FORMATION STRESSES

Formation stresses play an important role in geophysical
prospecting and development of oil and gas reservoirs. Both
the direction and magnitude of these stresses are required in
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Figure 14. Borehole flexural dispersions for the fast and slow radial
polarization directions in a TIH formation (Austin chalk). The water-
filled borehole diameter is 8 in. (20.32 cm). The dashed and solid lines
denote results from an equivalent isotropic and anisotropic models,
respectively.

flexural dispersions are shown in Figs. 14 and 15 for Bakken
shale and Austin chalk for the case of borehole axis perpen-
dicular to the TI symmetry axis TIII anisotropy).

Note that the fast and slow flexural dispersions have a ten-
dency to merge together at higher frequencies in the case of
fast formations. In contrast, the two dispersions are approxi-
mately parallel to each other in the case of slow formations.

Sinha et al. (27) have shown that for weakly anisotropic
formations, it is possible to define two equivalent isotropic for-
mations with approximately the same flexural dispersions as
that of the fully anisotropic formations. The two equivalent
isotropic formations are defined by the actual compressional
(qP) and the fast (SH) or slow (qSV) shear wave velocities
along the borehole axis. The dashed curves in Figs. 14 and 15
denote borehole flexural dispersions obtained from the equiv-
alent isotropic formations. Agreement is well within 1% to 2%
between the equivalent isotropic and fully anisotropic forma-
tion results. This is an important result because it forms the
basis for the processing of dipole dispersions in anisotropic
formations. This processing consists of Alford rotation of the
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Figure 15. Borehole flexural dispersions for the fast and slow radial
polarization directions in a TIH formation (Bakken shale). The water-
filled borehole diameter is 8 in. (20.32 cm). The dashed and solid lines
denote results from an isotropic and anisotropic models, respectively.
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(a) planning for borehole stability during directional drilling,
(b) hydraulic fracturing for enhanced production, and (c) se-
lective perforation for prevention of sanding during pro-
duction.

Figure 16 shows a geologic cross section of Cusiana fields
in Colombia. Hydraulic thrust from the Pacific Ocean onto a
tectonic plate produces horizontal stresses in formations.
Such horizontal stresses, together with the vertical overbur-
den stress, constitute the formation stresses. The formation
stress state is characterized by the magnitude and direction
of the three principal stresses. Generally, the overburden
pressure yields the principal stress in the vertical direction.
The magnitude of vertical stress is known by integrating the
mass density of formation from the surface to the depth of
interest. Consequently, identifying the other two principal
stresses is the remaining task necessary to fully characterize
the formation stress state.

When drilling horizontal wells, it is critical to know the
subsurface stress. A well drilled in the wrong direction may
suffer from premature collapse. Stress information is used in
the drilling and completion of horizontal wells, especially in
the areas of fractured reservoirs. Figure 17 illustrates various
choices in planning horizontal well orientations with respect
to the principal stress directions. A stable horizontal well di-
rection is the one that causes minimal stress differential be-
tween the maximum and minimum stresses in the azimuthal
plane perpendicular to the drilling direction.

Stress affects the velocity of elastic, small-amplitude waves
by varying amounts depending on the material nonlinearity.
The dependence of the acoustic wave velocity on biasing
stresses in the propagating medium is known as acoustoelas-
ticity. Figure 18 shows a schematic diagram of a liquid-filled
borehole of radius a in a formation subject to a uniaxial
stress S. The measurement system consists of a piezoelectric
source and an array of hydrophone receivers.

The propagation of small amplitude waves in homogeneous
and anisotropic solids is governed by the linear equations of
motion. However, when the solid is prestressed, the propaga-
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Figure 16. A geologic cross section of the Cusiana fields in Colombia.
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Figure 17. Examples of horizontal wells and formation stresses.

tion of such waves are properly described by equations of mo-
tion for small dynamic fields superposed on a static bias (28).
A static bias represents any statically deformed state of the
medium due to an externally applied load or residual stresses.

Dipole sonic logging tools can measure azimuthal anisot-
ropy in the surrounding formation (29,33). However, mea-
surements are typically done at low frequencies (in the range
of 1 kHz to 5 kHz) with the goal of estimating azimuthal
shear anisotropy. At these low frequencies, flexural waves
have larger radial depth of investigation and are not signifi-
cantly affected by the stress-induced altered zone extending
to about one borehole diameter. There is no difference in the
azimuthal shear anisotropy caused by either intrinsic sources
or stress-induced sources that are obtained from the low-fre-
quency asymptotes of flexural wave speeds. However, at
higher frequencies (in the range of 5 kHz to 10 kHz in moder-
ately fast formations and in the range of 2 kHz to 5 kHz in
slow formations in a typical borehole diameter of 20.32 cm),
flexural waves become largely sensitive to the stress-induced
altered zone close to the borehole. This stress-induced altered
zone exhibits acoustic velocity heterogeneities in the two prin-
cipal stress directions. Other types of formation anisotropy
that are typically described by a TI medium do not exhibit

Receivers

Figure 18. A fluid-filled borehole in a uniaxially stressed formation.
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Figure 19. Stress distributions in the vicinity of a borehole.

any such acoustic velocity heterogeneity in the radial direc-
tion (27).

Figure 19 displays the radial (Tyz), tangential or hoop
(T4,), and radial-azimuthal shear (T%,) stress distributions.
These stresses exhibit significant variations in an annulus ex-
tending up to approximately three times the borehole diame-
ter. The radial heterogeneity in acoustic wave velocity in this
annulus is a result of borehole stress concentration and is not
found in intrinsically anisotropic formation. Beyond this
annulus, the stress is essentially the tectonic uniaxial stress.
Note that Trz vanishes at the borehole surface because we
assume that there is no static pressure in the borehole fluid.

The stress distributions shown in Fig. 19 can be trans-
formed into a corresponding plane wave velocity distribution
for any point (R and ¢) in the azimuthal plane as described
by Sinha and Kostek (28). Appendix B of Ref. 28 provides ex-
pressions for the plane wave velocities in terms of principal
stresses and strains in any material together with its linear
(second-order) and nonlinear (third-order) elastic constants.
However, the near borehole stresses are, generally, expressed
in terms of polar coordinates (R and ¢) that are not coincident
with the principal stress axes in the far-field for all values of
¢. Therefore, it is necessary to rotate the stresses at an arbi-
trary point (R, ¢) by —¢, so that all the stresses are referred
to the principal axes defined by the far-field stresses.

Under the above-mentioned plane strain assumption, the
resulting expressions for the compressional and shear wave
velocities for waves propagating along the X, direction in an
isotropic medium subject to homogeneous normal stress S
along the X, direction in the far-field are given by

(1—2v)cqq9

pOVlzl(R, P)=A+2u+ [v + o

} (Tpg +Tpy)  (15)
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Figure 20. Compressional wave velocity distribution in the vicinity
of a borehole.

v
PoVia(R, ¢) =p — ﬂ(clﬂ +c155) (Tgp + Tyy)
(16)
C155 ' C144 v
+ (1 + m) TRR + mT(M)

v
PoVis(R, ¢) =p — 5(0144 +c155) (Tpp + Tyy)
a7
C155 ’ C144 v
+ (1 + ﬁ) Ty + WTRR

where

Tpp = Tpp cos® ¢ + Ty, sin’ 0 — Ty, sin2¢ (18)

T;, = Tpg sin® ¢ + T}, cos? ¢ + Ty, sin2¢ (19)
In Eqgs. (15) to (17), p, is the mass density in the reference
state; Trg, T4y, and Ty, are the stresses in polar coordinates;
and ¢y = ¥cqe — c193) and cq55 = 3(c111 — c112) are the nonlinear
constants. We follow the convention that V;; denotes the plane
wave velocity for propagation along the X; direction and polar-
ization along the X direction.

Figure 20 shows azimuthal variation of compressional
wave velocity V; at several radial distances from the borehole
surface (R/a = 1,1.2, 1.4, . . ., 10) for propagation parallel to
the borehole (X;) axis. The uniaxial stress is applied parallel
to the X, axis and its magnitude S = —5 MPa. The formation
material constants used in these calculations are listed in Ta-
ble 1. Figure 21 shows a similar plot (as in Fig. 20) for the
fast shear wave velocity V,, for propagation in the X; direction
and polarization in the X, direction which is parallel to the
applied uniaxial stress. The far-field shear wave velocity Vi,
is approximately 1790 m/s? for R/a = 10.

Shown in Fig. 22 is a similar plot (as in Fig. 20) for the
slow shear wave velocity Vi; for propagation in the X; direc-
tion and polarization in the X; direction which is perpendicu-

Table 1. Material Properties for a Dry Berea Rock

Po Vs Ci1 C1i2 C123
(kg/m?) (m/s) Vil Vs (GPa) (GPa) (GPa)
2062 1500 1.55 —21,217 —3044 2361

Azimuth (deg)

Figure 21. Fast shear wave velocity distribution in the vicinity of
a borehole.

lar to the applied uniaxial stress. The far-field shear wave
velocity V5 is approximately 1640 m/s? for R/a = 10.

Crossover in Flexural Dispersions

When the biasing state of the propagating medium is known
and the flexural wave solution, in the absence of any uniaxial
stress, is calculated in the reference state, the changes in the
flexural wave dispersion due to any given biasing stress dis-
tributions can be calculated from a perturbation equation as
described by Sinha and Kostek (28).

We have computed tectonic stress-induced changes in
flexural wave dispersions for a borehole of diameter 0.2 m (8
in.) surrounded by a formation. The formation material prop-
erties are listed in Table 1. The material constants were esti-
mated from acoustic velocity measurements made on a uniax-
ially stressed sample at 5 MPa. We have chosen c¢yy;, ¢35, and
c193 in the compressed Voigt notation to be the three indepen-
dent third-order elastic constants of an isotropic formation in
the absence of any nonhydrostatic stress in the reference
state. The nonlinearity parameter is defined as 8 = (3¢;; +
c111)/2¢11, where ¢y; = pvZ, is —954 for this formation. This non-
linearity parameter for rocks varies by several orders of mag-
nitude depending on the rock type, porosity, degree of com-
paction, and so on. Generally, slower formations exhibit
higher degree of nonlinearity than faster ones.
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Figure 22. Slow shear wave velocity distribution in the vicinity of
a borehole.
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Figure 23. Borehole flexural dispersions for the fast (¢ = 0°) and
slow (¢ = 90°) radial polarization directions in a uniaxially stressed
formation. The flexural dispersion crossover is an indicator of stress-
induced azimuthal anisotropy.

In addition, we assume a borehole fluid with a compres-
sional wave velocity V; = 1500 m/s and mass density p; =
1000 kg/m?.

In Fig. 23 we show the flexural wave velocity dispersion
with and without a uniaxial compressive stress of 5 MPa (725
psi). The angle ¢ denotes the orientation of the radial compo-
nent of the flexural wave relative to the uniaxial stress direc-
tion. Note that when the radial component is parallel to the
uniaxial compressive stress direction (¢ = 0°), the flexural
wave velocity significantly increases from the unstressed case
at low frequencies. On the other hand, when the radial com-
ponent is normal to the stress direction (¢ = 90°), the velocity
again increases, but by a lesser amount at low frequencies. It
is clear from Figs. 21 and 22 that V, is larger than V3 for
R/a = 10 that corresponds to the far-field. However, V3 is
larger than the unstressed shear wave speed of 1500 m/s, be-
cause of the formation nonlinear constants used and the far-
field compressive stress which is now perpendicular to the
shear polarization direction. In some other materials with dif-
ferent magnitudes of third-order elastic constants, it is possi-
ble to have Vi3 lower than the unstressed shear wave speed.
At low frequencies, the radial polarization of flexural waves
with higher velocity coincides with the far-field stress direc-
tion S. However, as the frequency increases, flexural wave
velocity dispersions for the two cases ¢ = 0° and ¢ = 90° cross
each other; and beyond the crossover frequency, the flexural
wave velocity corresponding to ¢ = 90° becomes higher than
that for ¢ = 0°. This reversal in the relative values of the
velocities for the two polarization directions is characteristic
of uniaxial stress-induced azimuthal anisotropy, a result of
the drilling of the borehole. This near-borehole effect is ob-
servable only at relatively high frequencies (typically between
5 kHz and 10 kHz for a borehole of diameter 0.2 m). At these
frequencies, the wavelength is smaller than the borehole di-
ameter. The fractional change in flexural wave velocities is
quite large (approximately 10°) at low frequencies, whereas
the difference reduces to about 2% at high frequencies. Dipole
sonic tools can measure flexural wave speeds with a resolu-
tion of 1% to 2%. It should also be carefully noted that these
differences are for the assumed values of the formation pa-
rameters and a somewhat low magnitude of uniaxial stress (5
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MPa). Recent measurements on a laboratory sample of slower
and softer rock indicate that these differences at both low and
high frequencies can be on the order of 6% to 8% for a uniax-
ial compressive stress of 5 MPa (34,35).

It is clear from Fig. 23 that the relative magnitude of the
flexural wave velocities for the fast and slow dipole source
directions reverse at very high frequencies from those at low
frequencies, which results in a flexural dispersion crossover.
This crossover phenomenon is, evidently, caused by the bore-
hole stress concentration. An effective stress—concentration
annulus width is approximately equal to the borehole diame-
ter. Radial distributions of seismic shear wave velocities for
polarizations parallel and normal to the far-field stress direc-
tion also show a crossover at the edge of this annulus. The
crossover frequency in the fast and slow flexural dispersions
occurs when the wavelength approximately equals the bore-
hole diameter. To a lesser degree, the crossover frequency is
also affected by the formation material nonlinearity and
stress magnitude.

Shear Stress Parameter

Under the assumption that the observed azimuthal shear ve-
locity anisotropy is due solely to the uniaxial tectonic stress,
one can estimate the largest formation shear stress parame-
ter from the expression (28)

po (V3 —VZ) = (1 + "ﬁ) QT max (20)

Ces

where p, is the formation mass density; cs6 = (€111 — e +
2¢193)/8, a third-order elastic constant of the formation in the
reference state; Vi, and Vi3 are the low-frequency velocities
for flexural waves propagating along X, direction, with radial
polarizations along the X, and X; directions, respectively.
Note that at these low frequencies, the flexural wave veloci-
ties asymptotically approach shear wave velocities with polar-
izations parallel to the radial component of the borehole flex-
ural wave. The quantities on the left-hand side of Eq. (20) can
be obtained from the formation mass density in the reference
state and the shear wave anisotropy estimated either from
the low-frequency asymptotes of borehole flexural wave veloc-
ities or from shear wave velocities for the two principal polar-
ization directions from borehole seismic measurements. The
quantity on the right-hand side is the formation shear stress
parameter in the azimuthal plane normal to the borehole
axis. If the formation nonlinear constant cy is known, the
maximum shear stress magnitude or, equivalently, the differ-
ence between the maximum and minimum tectonic stresses
in the azimuthal plane can be obtained from Eq. (20). We note
that for rocks with large acoustoelastic coefficients, |css6/cos| >
1. As a result, these rocks exhibit large stress-induced azi-
muthal anisotropy in shear wave velocities for the two princi-
pal polarization directions for a given difference in the stress
magnitudes (Ty; — Ts3) in the azimuthal plane.

The principal stress directions in the azimuthal plane are
aligned along the shear polarization directions that corre-
spond to the highest and lowest flexural wave velocities at
low frequencies. The direction of the largest formation shear
stress is oriented 45° from one of the principal axes in the
azimuthal plane.
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In summary, the presence of a borehole significantly alters
the existing stress state in the near-field. These borehole
stresses introduce characteristic frequency dependencies of
flexural wave velocities as a function of the polarization direc-
tion. At low frequencies, the flexural wave velocities asymp-
totically approach the shear wave velocities in the formation
with the same polarization. The fast flexural wave polariza-
tion direction coincides with the far-field stress direction. On
the other hand, at high frequencies the first flexural wave
polarization direction is perpendicular to the far-field stress
direction. This behavior is due to the stress concentration
around the borehole and is unique to stress-induced azi-
muthal anisotropy. This flexural dispersion crossover in the
wave velocities for the two orthogonally polarized flexural
waves is not observed in intrinsically anisotropic formations.
Consequently, this flexural wave characteristic provides a
technique to distinguish stress-induced anisotropy from other
sources of formation anisotropy. The possibility of this tech-
nique for identifying stress-induced anisotropy in formations
was first predicted by a theoretical analysis of stress-induced
effects on borehole flexural waves (28). Experimental verifi-
cation of the flexural dispersion crossover in uniaxially
stressed laboratory samples has been reported by Sinha et al.
(34) and Winkler et al. (35). While the nonlinearity parame-
ters of rocks may vary by several orders or magnitude with
substantially different acoustoelastic effects, we note that
stress-induced effects on borehole flexural waves are, gener-
ally, larger in slower and softer rocks. Once the flexural an-
isotropy is attributed to the stress in the formation, the fast
shear polarization direction can be interpreted to be the far-
field uniaxial stress direction. Moreover, the asymptotic be-
havior of flexural waves at low frequencies can be utilized to
estimate the largest shear stress parameter that is poten-
tially useful in the estimation of the mechanical properties of
the formation around the borehole.

RECENT DEVELOPMENTS IV: FORMATION
NONLINEAR CONSTANTS

Nonlinearities in rocks cause stress dependence of acoustic
wave velocities. The nonlinear constitutive relations of such
isotropic materials are described in terms of two linear and
three nonlinear elastic constants. Acoustic time waveforms
recorded at two different borehole pressures can be used to
estimate two of the three formation nonlinear constants. Pro-
cessing of these time waveforms produced by a monopole or
dipole source yields the Stoneley or flexural dispersions, re-
spectively. The differences in the Stoneley and flexural dis-
persions caused by a known change in the borehole pressure
are then utilized in a multifrequency inversion model that
yields two of the three independent nonlinear constants of the
formation. These two nonlinear constants, c4s and c5, are
sufficient to calculate the difference between the maximum
and minimum stresses in the azimuthal plane from the dipole
anisotropy in the fast and slow shear wave velocities. In addi-
tion, they are also sufficient to compute the stress derivatives
of shear wave velocities in a uniaxially stressed sample of the
same material as that of the in situ formation. Generally, a
positive derivative indicates that the rock sample would
stiffen, and a negative derivative indicates that it would
soften with increasing uniaxial stress.
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Figure 24. A pressurized borehole with an acoustic source and an
array of receivers.

Stoneley and Flexural Dispersions

Figure 24 shows a diagram of a borehole of radius a, taken
here as 10.16 cm (4 in.). When the borehole pressure is in-
creased by P, above the ambient pressure, static deformations
of the borehole fluid and formation are described by the static
equations of equilibrium and continuity of radial component
of particle displacement and radial stress at the borehole
wall. Figure 25 shows the radial and hoop stress distributions
away from the borehole. The influence of these static stresses
on the propagation of borehole modes is studied in some detail
by Sinha et al. (36). Table 1 contains a summary of the mate-
rial constants in the ambient state that were used in the cal-
culations for the Stoneley and flexural dispersions before and
after an increase in the borehole pressure by P,. Here p, is
the formation mass density; cy11, ¢33, and cjp3 are the three
third-order elastic constants for a dry Berea rock written in
Voigt compressed notation; ¢y = (c12 — €123)/2; and c¢55 =
(ci11 — c119)/4. At the ambient pressure, the borehole fluid is
assumed to have a compressional wave velocity V; = 1500 m/
s; mass density pr = 1000 kg/m?; and its nonlinearity parame-
ter B/A = 5 (37).

An increase in the borehole pressure causes changes in the
material properties of the borehole fluid and formation that

0.8
0.6
0.4
0.2

Too /Py

0.2 -
041+ TRR/PO
-0.6 [~ —
-0.8 -

| | | | |
-1
0 2 4 6 8 10 12

Rla

Trr/Po

Figure 25. Incremental stress distributions in the borehole vicinity
caused by an increase in borehole pressure P,. Tzz and T are the
radial and hoop stresses, respectively.
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Figure 26. Borehole Stoneley dispersions before and after an in-
crease in borehole pressure P, = 5 MPa.

are calculated in terms of the fluid and formation nonlinear
constants. So both the fluid and formation nonlinearities con-
tribute to the pressure-induced changes in the Stoneley and
flexural dispersions. Figure 26 displays the Stoneley disper-
sions in the ambient state and after an increase in the bore-
hole pressure by P, = 3.447 MPa (500 psi).

Figure 27 shows the flexural dispersions before and after
pressurization. Both the Stoneley and flexural dispersions in
the ambient state are obtained from the solution of a stan-
dard boundary-value problem. After an increase in the bore-
hole pressure, the corresponding dispersions are obtained
from a previously reported perturbation model (36). Since the
formation nonlinearities for a dry Berea sandstone are sig-
nificantly larger than that of borehole fluid, the contribution
of fluid nonlinearity to the pressure-induced changes in the
Stoneley and flexural dispersions is minimal.

Sensitivity of the Stoneley Dispersion
to the Nonlinear Constants

The sensitivity of the two formation nonlinear constants (nor-
malized by its shear modulus cg), N1 = —cu/ces, and Ny = —
c155/ces to the Stoneley dispersion caused by an increase in the
borehole pressure can be studied from a previously reported
perturbation analysis (36). This perturbation analysis relates
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Figure 27. Borehole flexural dispersions before and after an increase
in borehole pressure P, = 5 MPa.
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a fractional change in the Stoneley wave velocity at various
frequencies to a corresponding change in the borehole pres-
sure P, above and beyond the ambient pressure. A fractional
change in the phase velocity at a given frequency is expressed
as

VStoneley _ VStoneley
ref

VStoneley

ref

AV
VAP

AV

= [CIN1 +CyN, + - + VAP

} P, (21)
linear

where C; and C, denote lengthy integrals that can be numeri-
cally evaluated as a function of frequency in terms of the
known Stoneley wave solution in the ambient state. The
quantity, AV/VAP|y,, denotes the contribution of the borehole
fluid nonlinearity to the total change in the Stoneley wave
velocity. The other quantity, AV/VAP|., denotes the contri-
bution of the formation that can be calculated in terms of the
known linear elastic constants and Stoneley wave solution in
the ambient state. The sensitivity of the normalized nonlinear
constants, N; and N,, to the Stoneley dispersion can be ex-
pressed in terms of the integrals C; and C; at various frequen-
cies. Figure 28 shows the frequency sensitivity of coefficients
C, and C, to the fractional changes in the Stoneley wave ve-
locity caused by a unit (P, = 1 Pa) increase in the borehole
pressure.

Sensitivity of the Flexural Dispersion to the Nonlinear Constants

The sensitivity of the same two normalized nonlinear con-
stants N; and N, to the flexural dispersion caused by an in-
crease in the borehole pressure can be analyzed in a similar
manner as described for the Stoneley dispersion. As before, a
fractional change in the flexural velocity at a given frequency
is expressed in the following form:

flexural flexural
|4 — Vref

Vﬂefxural
AV
VAP

AV

== |:D1Nl +D2N2+ +m

} P, (22)
fluid linear
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Figure 28. Sensitivity coefficients as a function of frequency for
changes in the Stoneley dispersion.
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Figure 29. Sensitivity coefficients as a function of frequency for
changes in the flexural dispersion.

where D; and D, denote integrals that can be evaluated as a
function of frequency in terms of the known flexural wave so-
lution in the ambient state. Figure 29 displays the frequency
sensitivity of coefficients D; and D, to the fractional changes
in the flexural velocity caused by an increase in the borehole
pressure of unit magnitude (P, = 1 Pa). Note that the portions
of the fractional changes in the flexural dispersion due to the
linear constants of the formation in the ambient state and
those due to the nonlinearity of the borehole fluid can also be
calculated in terms of the known borehole fluid nonlinearity
and the flexural wave solution in the ambient state (36).

Estimation of the Formation Nonlinear Constants

Estimation of the formation nonlinear constants may be car-
ried out from multifrequency inversion of the Stoneley and
flexural wave velocity dispersions. The inversion for the for-
mation nonlinear constants may be carried out either from
changes in the Stoneley or from flexural dispersions caused
by a borehole pressure increase. It may also be carried out by
a combination of the Stoneley and flexural dispersion data at
more frequencies than the minimum of two that are shown in
the illustration given below:

Assuming that fractional changes in the Stoneley velocities
at two frequencies f; and [, are available for a borehole pres-
sure increase of P, = 3.447 MPa (500 psi), one can formulate
the inversion process in the form of the following equations:

AX =B (23)
where
ch ch
Az[ X ;2} 2
Cl C2
N, P,
X=| 1 25
[NQPJ 5)
(ﬂ _AVE AV )
B— 4 Stoneley \4 linear 14 fluid f1 (26)
- <ﬂ _AVE AV >
4 Stoneley linear 14 fluid fa
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Table 2. N; and N, from Stoneley Dispersions

f

(kHz) AV B N, N,
V' |stoneley

1.688 0.0168 0.0149 582 9775

2.180 0.0219 0.0201 (582) (979)

where the superscripts and subscripts f; and f; denote that
the quantity is evaluated at those frequencies. The accuracy
of the estimates of nonlinear constants are improved if one
measures borehole pressure-induced changes in the Stoneley
velocities over a frequency band where these constants have
larger sensitivity. Table 2 contains the input data of the Sto-
neley velocity differences at two different frequencies, and the
two estimated normalized nonlinear constants of the forma-
tion. The actual values of the normalized nonlinear constants
N, and N, are shown in parentheses. Note that the input ve-
locity data are obtained from a forward model. So the only
source of error in the estimate is due to the lower sensitivity
of the parameter.

As in the case of multifrequency inversion of Stoneley dis-
persion, one can also employ changes in the flexural disper-
sions caused by borehole pressurization to estimate the same
formation nonlinear constants ¢4 and ¢;55 as before. However,
note that unlike the Stoneley dispersion, low-frequency flex-
ural dispersion data exhibit negligibly small acoustoelastic ef-
fect and are not suitable for estimating the formation nonlin-
ear constants. Nevertheless, estimation of the formation
nonlinear constants from the inversion of flexural dispersions
in a moderately high frequency band (approximately 3 kHz to
4 kHz) is quite accurate as shown in Table 3.

Estimation of Uniaxial Stress Magnitude

Recently, it has been reported that a flexural dispersion cross-
over for the fast and slow dipole orientations is an indicator
of stress-induced anisotropy dominating over any intrinsic
formation anisotropy. Assuming that the azimuthal shear an-
isotropy is solely due to the difference between the maximum
(Sy) and minimum (S;) stresses in the far-field, the stress dif-
ference can be estimated from the following equation:

2 2
Sy -8, = 2eWi2 = Vis) @7
(1 + c456/C66)

where 2c56/ces = N1 — Ny, the stresses Sy and S, are parallel
to the X, and X; directions, respectively; and the borehole is
parallel to the X, axis. Therefore, estimation of the formation
nonlinear constants N; and N, from sonic measurements
while changing borehole pressures allows calculation of the
stress difference from the dipole shear anisotropy.

Table 3. N; and N, from Flexural Dispersions

f

(kHz) AV B N, N,
V' | flexural

3.412 0.0155 0.0153 582 980

3.995 0.0257 0.0253 (582) (979)
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Estimation of Stress Derivatives of p,V?%, and p,V?%;

The plane wave velocities for waves propagating along the
X, direction in an isotropic medium subject to homogeneous
biasing normal stresses and strains can be calculated from
the equations of motion for small dynamic fields superposed
on a bias. Assuming that there is a specimen of the same
material as the formation in the ambient state in the form of
a rod with the uniaxial stress of magnitude S applied along
the rod axis, stress derivatives of shear velocities for waves
propagating normal to the rod axis and polarized parallel and
normal to the stress direction can be approximated by Egs.
(28) and (29), respectively, as described by Sinha (38):

PodViy _ (2—Ny)cgs , (N1 +Ny)vegs

3S = v + v (28)
PedVis _ (WNy = Ni)egs | (N — 2)vces

s ¥ Y 29)

where v and Y are the formation Poisson’s ratio and Young’s
modulus in the reference ambient state, respectively, and V;;
denotes the plane wave velocity in the reference state for
propagation along the X; direction and polarization along the
X direction. These stress derivatives are functions of the for-
mation nonlinear constants c;y and ci5 via N; and N,, and
linear constants Y and v refer to the ambient reference state.
Substituting the estimated values of the formation nonlinear
constants N; and N, obtained from the inversion of the Sto-
neley and flexural dispersions before and after borehole pres-
surization allows calculation of stress derivatives of p,V%, and
poV; from Eqgs. (28) and (29).

Experimental results by Winkler (39) reveal that a positive
slope of p,V% generally indicates that the existing stresses in
the material are significantly less than the failure stress,
whereas a negative slope implies that the existing stresses
in the material are substantially close to the failure stress.
Agreement is good between the calculated stress derivatives
of pV% and pyV% and those experimentally measured on a
specimen of this rock at atmospheric pressure.

In summary, two of the three formation nonlinear con-
stants, ¢4 and cy55, can be estimated by inverting changes in
the Stoneley and/or flexural dispersions at two different bore-
hole pressures. A sensitivity analysis of these nonlinear con-
stants to the Stoneley and flexural dispersions helps in a
proper selection of frequency band for multifrequency inver-
sion of velocities. These two nonlinear constants are sufficient
to calculate magnitude of the difference between the maxi-
mum and minimum stresses in the azimuthal plane from the
dipole shear anisotropy measurements. The same two nonlin-
ear constants are also sufficient to calculate stress derivatives
of shear velocities for waves propagating normal to the ap-
plied stress in a uniaxially stressed sample of the same mate-
rial as that of the formation under in situ conditions.

ULTRASONIC MEASUREMENTS

Ultrasonic measurements play an important role in the devel-
opment and maintenance of an oilfield well. After a well has
been drilled, ultrasonic imaging provides the borehole cross-
sectional shape and an image of the sedimentary layers, and
it detects fractures and faults that intersect the borehole. Ge-
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ologists use this information to understand the well deposi-
tional environment and locate hydrocarbon reservoirs. Well
developers use this information to maintain a structurally
stable well and optimize productivity of fractured reservoirs.
When a well is cased and cemented, ultrasonic measurements
help evaluate whether cement has filled the annulus between
casing and formation to prevent hydraulic communication be-
tween hydrocarbon-bearing and water-bearing zones. Later
on, during the well production stage, ultrasonic measure-
ments are used to inspect the integrity of the casing vis-a-
vis corrosion.

Ultrasonic waves are used for these applications because
they are capable of probing rocks, steel, and cement with mil-
limeter-to-centimeter resolution.

Ultrasonic Pulse-Echo Imaging Technique

Open-hole imaging and casing inspection are based on the
pulse-echo technique introduced by Zemanek et al. (40) and
improved by Havira (41). In this technique, an ultrasonic pi-
ezoelectric transducer in contact with a fluid medium radiates
a concentrated acoustic beam of short duration in the direc-
tion of the object to be imaged. The beam is reflected at dis-
continuities where material properties such as density and
compressibility change, as is the case at the interface between
a fluid and a rock. The amount of reflected acoustic energy
depends on the acoustic contrast seen by the beam and on the
geometry of the illuminated surface of the object. The same
transducer then detects the reflected acoustic energy and con-
verts it into an electric voltage. For maximum signal recep-
tion, we direct the transducer beam at normal angle with re-
spect to the plane of the object. As we move the transducer
system sidewise and up and down with respect to the object,
we record the time of arrival and the amplitude of the re-
flected signal. We then use this information to determine the
location and size of the object and infer some of its acoustic
properties. The pulse-echo technique is widely used as a basis
for ultrasonic imaging because of its simplicity and effec-
tiveness.

Transducer Assembly and Characteristics

The ultrasonic transducer system used in open- and cased-
hole imaging is part of an elaborate assembly called a sonde
in the form of a rugged cylindrical tube of 10 cm or less in
diameter and tens of meters in length. Figure 30 shows the
schematic of an ultrasonic sonde. The sonde houses the trans-
ducer(s), an electronics cartridge responsible for signal gener-
ation and data acquisition with digital signal processing
units, centralizers to help center the sonde during measure-
ment, and, for ultrasonic applications that require it, a motor
to rotate the transducer for azimuthal coverage.

The sonde is first lowered into the well. As it is pulled up,
continuous ultrasonic measurements are taken and recorded
digitally as a function of depth and azimuth. In the case of a
rotating transducer system, the transducer scans the forma-
tion wall or the casing in a helical path firing every 2°, 5°, 10°,
or 20°, depending on the application and resolution required.
The data are either stored in memories for subsequent pro-
cessing at the surface or transmitted to the surface via a wire-
line. Presently, the data are often processed down hole in real
time and then transmitted to the surface for display and
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Figure 30. Schematic of an ultrasonic imaging platform which ac-
commodates different transducers and transducer assemblies for the
three ultrasonic applications discussed in this article: open-hole im-
aging, casing inspection, and cement evaluation. The bottom sub,
which houses the transducer, rotates at 7.5 rotations per second and
fires at various sampling rates depending on the spatial resolution
needed. (From Ref. 58.)
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printing. The recorded raw and processed data are commonly
called logs.

Measurement of the wave speed in the mud is also carried
out as it is needed in the data processing. This measurement
is carried out either with an additional transducer during the
imaging logging or with the same transducer while the tool is
lowered into the well. In this latter mode, the transducer is
flipped 180° so it faces a built-in target at a known distance.
A mud wave speed profile is thus calculated and stored for
use in the processing of the data obtained during the logging
performed when the tool is pulled up the well.

We use focused apertures, such as spherically curved caps,
in open-hole imaging and casing inspection because of the
high spatial resolution they provide. This resolution, compa-
rable to the beam size in its focal region, is typically much
smaller than the aperture size. The resolution increases with
frequency. However, because of the high acoustic attenuation
present in the mud, open-hole imaging uses frequencies below
a few hundreds of kilohertz. On the other hand, casing corro-
sion inspection requires higher resolution (of the order of few
millimeters) than formation wall imaging and is usually per-
formed at higher frequencies, typically 2 MHz. To ensure that
attenuation is not detrimental to the measurement, brine,
production fluids, or lighter muds fill the casing during this
measurement.
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Open-Hole Imaging

Figure 31(a) depicts an ultrasonic pitch-catch imaging of a
formation rock in contact with mud. Figure 31(b) shows a
time signal generated by the transducer upon detection of the
reflected echo. Figure 31(b) also shows the envelope of the
time signal which is used to estimate the amplitude and
travel time of the reflected echo. The travel time corresponds
to the beam propagation in the mud from the transducer ap-
erture to the mud—formation interface and back to the trans-
ducer aperture. Let us denote by c,, the acoustic wave speed
in the mud and by ¢, the estimated travel time of the reflected
echo; then the location, d, of the mud—formation interface
with respect to the transducer aperture is given by the simple
relation

d = cmty/2 (30)
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Figure 31. (a) Open-hole ultrasonic imaging. A 250 kHz or 500 kHz-
focused transducer beam is used to measure the hole size and image
its geological and structural features. (b) A typical transducer time
trace features an echo due to reflection from the mud-formation sur-
face. The travel time and amplitude of the envelope peak of the re-
flected echo are measured and used to estimate the distance to the
interface (hence the size of the hole) and detect sedimentary layering,
fractures, and faults intersecting the borehole, as well as detect en-
largement of the borehole such as breakouts and cavities. (c) A trans-
mission-line analog is used to estimate the acoustic wave reflection
coefficient in the pulse-echo technique.
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Table 4. Acoustic Parameters for Some of the Layers in a
Cased-Hole Environment

Acoustic Compressional
Impedance, Z Velocity Density

Layer (10° kg m 25} (m/s) (kg m™3)
Water 14 1480 1000
Steel 45.86 5880 7800
Cement slurries

Low-Z cement 3.36 2500 1340

Medium-Z cement 6.51 3375 1930

High-Z cement 8.01 3530 2300
Rock formations

Shale 4.3-12.0 2133-5181 2016-2316

Sand 6.0-8.2 2743-3505 2187-2340

Limestone 9.43-14.8 3960-5640 2380-2624

Dolomite 20.19 7010 2800

After Nelson (57).

We use d and the known position of the transducer within
the hole to calculate the cross-sectional shape of the hole. To
estimate the amplitude reflection coefficient of the mud-
formation interface due to acoustic contrast, we use an elec-
tric transmission-line analogue and the concept of acoustic
impedance. To the mud and formation, we assign, respec-
tively, the acoustic impedances Z,, = p.c, and Z; = pic;, where
P 1s the mud density, p; is the formation density, and ¢; is
the formation compressional wave speed. Figure 31(c) shows
a schematic of the transmission-line analog. Similarly to the
voltage reflection coefficient at the junction of two lines in the
transmission-line model, we write the acoustic reflection coef-
ficient at the mud—formation interface as

R Zt=Zn 31
 Zi+Znm (31)
Thus a hard rock, which has larger density and compres-

sional wave speed, reflects more acoustic energy than a soft
rock. Table 4 lists acoustic properties of some of the layers
present in a cased-hole environment. However, because
acoustic beam reflection also depends on the roughness and
alignment of the surface illuminated by the incident beam,
Eq. (31) does not describe the total reflection coefficient at
the mud—formation interface. Surface roughness and sharp
geometrical discontinuities, such as the boundary of a cavity
or a fault intersecting the borehole, scatter acoustic energy
over a larger angular range, whereas inclined surfaces with
respect to the incident beam deflect energy away from the
transducer collecting aperture. Both situations, often encoun-
tered in open-hole imaging, result in a decrease of the re-
flected signal amplitude.

To view and identify the various borehole deformation fea-
tures, we display colored images of the radius and amplitude.
A host of processing algorithms have been developed to auto-
matically or interactively detect and quantitatively character-
ize borehole deformations such as breakouts, fractures, faults
intersecting the borehole, and sedimentary bedding as re-
ported by Barton et al. (42). Figure 32 shows examples of sig-
nal amplitude images which exhibit the presence of breakouts
and fractures. [Other examples can be found in Hayman et
al. (43)].
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Applications of Open-Hole Imaging

Open-hole images of breakouts and fractures intersecting the
borehole have enabled geophysicists and geologists to deter-
mine the stress state and fracture distribution orientation in
the surrounding rock. This information in turn enables well
developers to maintain a structurally stable well and optimize
productivity of fractured reservoirs (44). For instance, break-
out orientation and their azimuthal widths as a function of
the depth of a vertical well are used to determine the direc-
tion of the minimum horizontal stress and help constrain the
rock in-situ stress magnitudes as described by Barton et al.
(45). Information from the ultrasonic images is used in con-
junction with other measurements. In particular, with that
from sonic dipole shear anisotropy logging to determine
aligned fractures in hard formations as discussed in the sec-
tion on sonic measurements.

Other borehole deformations include shearing of the bore-
hole along existing fractures and bedding planes, reaming
and erosion by pipes which occur during the drilling process,
and other irregular hole shapes.

Casing Inspection

Figure 33(a) depicts the mode of operation for casing inspec-
tion. Here, the high-frequency (of the order of 2 MHz) trans-
ducer beam probes a layered mud-casing—cement structure.
The detected signal features two echoes due to reflections at
the internal and external walls of the casing. The signal may
contain additional later-arriving, but with lesser amplitude,
echoes due to reverberation in the casing. Figure 33(b) shows
a typical transducer signal and its corresponding envelope.
For processing, we estimate and record the travel times and
amplitudes of both echoes. The travel time of the first-arriv-
ing echo, t,, yields, as per Eq. (30), the internal radius of the
casing. The delay, &t, between the first-arriving and second-
arriving echoes allows for computation of the casing thick-
ness, h, from

h =cs8t/2 (32)
where c, is the compressional wave speed in steel which we
assume to be known. Images of the reflection echoes combined
with the estimated internal radius and casing thickness pro-
vide the means to detect and quantify various features on the
casing such as casing damage, holes, metal loss, and pits. Fig-
ure 34 shows an example of a three-dimensional display of
a severely corroded casing. [Other examples can be found in
Hayman et al. (46).]

A typical 2 MHz transducer for casing corrosion has a di-
ameter of 12.7 mm (0.5 in.) and a focal length of 50.8 mm
(2.0 in.).

Cement Evaluation: Principle of Operation

Cement evaluation refers to the process of detecting whether
cement fills the annulus between casing and formation and
inferring the cement compressive strength. Ultrasonic cement
evaluation evolved from the need to overcome the limitations
of a lower-frequency (20 kHz) sonic measurement which had
been used originally for the same purpose. The sonic mea-
surement, carried out monopole source, lacks the azimuthal
resolution to pinpoint where, for instance, a mud or gas chan-
nel in the cement column is located. The measurement also
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Figure 32. Open-hole ultrasonic imaging in sand/
shale environment. Examples of amplitude images
versus depth (vertical scale) and azimuth (hori-
zontal scale); dark corresponds to low-amplitude
signal. Left image indicates in dark features the
presence of fractures intersecting the borehole at
various dip (i.e., inclination) angles and alterna-
tion of horizontal sand beds, appearing faintly
dark, and shale beds, appearing light. Right image
indicates in dark the effects of radius enlarge-
ments on the signal amplitude. The borehole ra-
dius at a fixed depth, obtained from the travel
time, is plotted in a dashed line to the right of the
image. A circle is also plotted as a reference to
highlight deviations from a circular cross section.
These radius enlargements, referred to as break-
outs, occur diametrically opposed to each other and
are induced by nonuniform azimuthal stress con-
centration around the borehole. (After Ref. 58.)

fails in the case where the cement is not tightly bonded to the
casing. This situation can arise from contraction and expan-
sion of the steel casing due to thermal and pressure changes.

Havira (47) introduced the ultrasonic pulse-echo measure-
ment commonly used nowadays for cement evaluation. The
measurement technique is based on the excitation of a thick-
ness resonance of the casing. Figure 35 depicts a schematic of
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Figure 33. Casing corrosion imaging. A 2 MHz, small-sized (12.7
mm diameter), focused transducer beam is used to image corrosion
on the internal and external walls of the casing. The travel time and
amplitude of the envelope peaks due to reflections at the inner and
outer wall echoes are estimated and used to measure the casing inner
radius and thickness. (After Ref. 58.)
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Borehole radius (in.)

this measurement and shows a typical signal which consists
of a large head echo due to reflection at the mud-—casing inter-
face and a decaying resonance which arises from energy re-
verberation in the casing. The measurement is based on mon-
itoring the decay of this resonance and relating it to the
cement impedance. The cement impedance is then used to in-
fer the cement compressive strength using charts that relate
the two parameters. The resonance decays faster when good
cement rather than poor (i.e., damaged or contaminated) ce-
ment or mud fills the annulus.

The fundamental casing resonance excited at normal inci-
dence corresponds to a frequency, f,, at which the operating
wavelength becomes equal to twice the casing thickness, £,

Cs

=5 (33)

fo

To cover the range of thickness of most oilfield casings, gener-
ally from 4.5 mm to 15 mm, the transducer bandwidth is se-
lected to be of the order of a few hundred kilohertz, corre-
sponding to the range between 190 kHz and 650 kHz. The
transducer aperture is optimized for maximum excitation of
the casing fundamental thickness mode; the aperture radi-
ates a pulsed beam whose wavefront nearly conforms with
the internal concave wall of the casing. This particular thick-
ness mode is known to be the first high-order symmetric
Lamb mode, S;, as noted by Randall and Stanke (48).

Cement Evaluation: Processing

To quantify the decay rate of the casing resonance and thus
determine the acoustic impedance of the annulus medium,
various approaches have been used. The existing approaches,
which are typically constrained by the requirement to be im-
plentable downhole, evolved from simple schemes to elabo-
rated methods. This evolution has been enabled by the advent
of more powerful electronic technology capable of handling
high-temperature and high-pressure environments. Havira
(47) initially used waveform windowing by taking the ratio of
the acoustic energy present in the decaying part of the wave-
form to that of the head echo such that mud attenuation and
beam diffraction in the fluid are taken into account. The ratio
is then calibrated to that of a free pipe condition, where fluid
fills the annulus, and expressed as an impedance of the
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Figure 34. Casing corrosion imaging.
Three-dimensional amplitude images show
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annulus. Kimball (49) further improved this method by nar-
row-band filtering to capture the contribution of the funda-
mental casing mode and exclude that due to higher-order
modes.

Hayman et al. (50) recently introduced a processing
method which uses a plane-wave model to iteratively fit the
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Figure 35. Cased-hole cement evaluation. A 500 kHz unfocused
transducer beam is used to excite a strong casing thickness resonance
whose amplitude decay depends on whether cement is present behind
the casing or not. The amplitude and travel time of the first echo due
to the mud—casing interface is monitored for low-resolution casing in-
spection.
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of the casing wall and holes on the inside
wall. The images shown are for half of the
casing. (After Ref. 58.)

measured signal. The model makes use of known values for
the steel impedance and wave speed and of the measured
value of the mud impedance. It then uses the casing thickness
and cement impedance as free parameters to adjust for the
fit. For this purpose, both model-generated and measured sig-
nals are first preprocessed to extract the casing thickness and
a measure of the cement impedance. This is done by calculat-
ing the group delay (the derivative of the phase with respect
to frequency) of the signal which is nearly flat except at the
resonances which produce minima. The frequency, f,, of the
fundamental mode minimum is used to calculate the casing
thickness as per Eq. (33), whereas its width, Af, is used as a
measure of the cement impedance. The iterative scheme stops
when f;, and Af from the measured and model-generated sig-
nals match within some chosen error criterion. To correct for
the nonplanar geometry of the plane-wave model, Randall
and Stanke (48) developed a 3-D cylindrical model for this
measurement and provided correction tables.

Cement Evaluation: A Plane-Wave Model

The following intuitively simple model helps to predict and
interpret the signal generated in this thickness resonance
measurement. We assume that the transducer emits plane
waves which interact at normal incidence with a seismic-like
plane-layered mud—casing—cement structure as shown in Fig.
35. Figure 36 depicts the transmission-line analog which we
use to formulate the total reflection coefficient, R(w), for an
incident plane wave with unit amplitude and angular fre-
quency . Upon reflection and transmission at each interface,
the plane-wave amplitude is multiplied by the interface re-
flection and transmission coefficients, respectively. As it prop-
agates in the casing layer from one interface to the other, the
plane wave acquires a phase accumulation equal to
exp{jkh}, where k, = w/c, is the compressional wavenumber
in steel. Following these rules and using T = 2h/c,, we write
R(w) in the sequence

R(w) =R, + (1 +Ry)[1 + (-R,Re’T)

) A (34)
+ (=RyRe’T)? + ... 1R, (1 — R)e’*”
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Figure 36. (a) Transmission-line analog to the layered mud-steel—
cement configuration with associated acoustic impedances. (b) The
plane-wave reflection coefficient from the layered configuration is de-
rived by considering multiple reflections within the steel layer. The
sketch shows the first three reflections and their amplitudes in the
mud.

which can be written in closed form as Havira (47) noted:

R, —R!

_ p-1
RO =B TR Rpei™

(35)

Here, R, and R, are the acoustic reflection coefficients at the
mud-—casing and casing—cement interfaces, respectively. Ac-
cording to Eq. (31), R; and R, are given in terms of the acous-
tic impedances of the mud layer (Z,,), the steel layer (Z,), and
cement layer (Z,):

 Zy—Zn
C Zs+Zm’

Z.—Z;

B, T Ze+Zs

R, (36)

where 6 is the Dirac delta function. We obtain the impulse
response of the transducer within this model by Fourier
transform of R(w) in Eq. (35):

r@t) = [R(w)e /' dw
PN (87)
=R,5(t) + (R, — R] )Z|R1R2| 8t —nT)

n=1

We plot this time sequence in Fig. 37 for two cases. The first
case corresponds to water—steel-water with R, = —R, =
0.937. The second case corresponds to water—steel-cement
with R, = —0.731. In interpreting these data, we refer to the
former case as bad bond (no cement) and refer to the latter
case as good bond (to mean that the cement is in contact with
the casing).

Cement Evaluation: A Three-Dimensional Rigorous Model

Optimization of the pulse-echo measurement and develop-
ment of accurate and robust signal processing methods re-
quire the use of a more rigorous model than the plane-wave
model presented above. A three-dimensional rigorous theory
needs to account for the radiation and reception characteris-
tics of the transducer, the beam propagation in the fluid, and
the beam interaction with the cylindrically layered fluid—
steel-cement—formation structure as schematized in Fig. 38.
If one assumes a canonical configuration where all layers are
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Figure 37. Pulse-echo impulse response from the layered mud-
steel-cement configuration shown in Fig. 36. Note that the positive
and negative parts of the vertical scale are dissimilar to accommodate
the strong reflection from the mud-—steel interface.

concentric, these requirements can be conveniently taken into
account in the frequency domain by expressing the transducer
voltage via a two-dimensional spectral wavenumber integral.
This integral results from decomposition of all pertinent wave
fields in terms of plane waves along the cylindrical axis, z,
with a continuous wavenumber B corresponding to z, and an-
gularly propagating waves along the azimuthal direction, ¢,
indexed with a continuous wavenumber » corresponding to
the azimuthal variable ¢; interested readers may refer to Ref.
51 and 52. The time-domain voltage, e(t), is then recovered
from a fast Fourier transform (FFT) of the frequency-domain

Casing

Formation

P .
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———

% 7 Mud/fluid <

Figure 38. Geometry of the configuration considered in the three-
dimensional rigorous model for cement evaluation. A transducer sup-
ported by a tool insonifies in pulse-echo mode a cylindrically layered
mud—casing—cement—formation medium. The configuration extends
out of the plane of the paper along the casing axis. a, radius of tool;
r, radius of transducer aperture center; ry, intermediary fictitious
surface used in the analysis.
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data based on

et) = [E(w)e " dw (38)

where E(w) is the frequency-domain voltage given by
_ Y (@) < . Ao H,El)(’(mal)
E(w)_n3wpm /fﬁoop(ro, v, B)p(ry; —v, =)' (v, ﬂ)Hﬁz)(Kmal)

X [H]fl) (Kmro)]’2 dvdp
(39)
with

km = V= % kn = w/en (40)

In this formulae, the outgoing (HY) and incoming (H?) Han-
kel functions of real order v account for wave propagation in
cylindrical geometry, p(ry; v, B) is the spectral amplitude of
the pressure wave at r = r; radiated by the transducer within
the (v, B)-spectral decomposition; it represents the radiation
and reception characteristics of an electroacoustically recipro-
cal transducer, and I'(», B) is a spectral reflection coefficient
accounting for the interaction of the (v, 8) pressure wave com-
ponent with the cylindrically layered medium with reference
to the innermost interface at a;; we compute I'(», 8) by consid-
ering elastic wave propagation and appropriate boundary con-
ditions in the layered medium. Finally, the frequency-depen-
dent quantity y(w) accounts for the temporal spectrum of the
transmitter and receiver electronics; it is typically derived
from an appropriate calibration experiment.

We assume that the transducer-sensitive aperture of sur-
face A and known normal velocity distribution v, can be con-
sidered to be surrounded by an infinite rigid baffle. Accord-
ingly, we can use the well-known Rayleigh—Sommerfeld
formula to compute the pressure p(ry, ¢, z) radiated at a cylin-
drical surface of radius ry,

plx = (ry, ¢,2)] = —2jopm /f G, x')v, (x') dA (41)
Ap

where dA = dx,dx, is an element of integration over A and
Gy(x; x') is the three-dimensional “free-field” Green’s function,

Jk ple—x'|

Gf(x; x) = (42)

4r|x — x/|

The two-dimensional Fourier transform then yields p(ry; v, B)
as

Pro;v, B) = [de¢ [ dzp(ry, ¢, 2) exp{—jve + Bz} (43)

The integrals are carried out numerically over domains of in-
tegration 7 , along ¢ and &, along z over which p(ry, ¢, 2) is
not vanishingly small.
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Figure 39. (a) Comparison between experimental (dark solid) trans-
ducer signal and calculated signal (light solid) from the three-dimen-
sional rigorous model for the cement evaluation pulse-echo measure-
ment for a steel pipe loaded with water on both sides. (b) Comparison
between associated Fourier spectral amplitudes. The inset in (a)
shows an expanded view of the casing resonant response. The notch
in the spectral amplitude profile in (b) around 0.3 MHz indicates the
fundamental casing thickness resonance which is at the basis of the
measurement; its position and spectral width are related to the cas-
ing thickness and the impedance of the medium in the annulus in
contact with the casing.

Figure 39 displays an example of computed and experi-
mental signals for a 9.5 mm thick casing with water filling
the inside and outside of the casing. The transducer has a 10
mm by 30 mm rectangular aperture with a nearly uniform
v, and is positioned at 42 mm from the casing internal wall.
The model-calculated signal in Fig. 39(a) and its Fourier spec-
trum in Fig. 39(b), both shown in gray, agree very well with
the experimental signal and its spectrum shown in dark solid.
The inset in Fig. 39(a) shows an expanded view of the casing
resonant response. Figure 40 displays a similar comparison,
but for the case of a cemented casing with water as formation.
The cement thickness is 38 mm. The inset plot in Fig. 40
shows the extracted contribution due to reflection at the ce-
ment—water interface. We compute this contribution by sub-
tracting the signal pertaining to the 38 mm thick cement from
the signal pertaining to a significantly thicker cement under
the same conditions. To capture y(w) needed in Eq. (39), an
independent calibration experiment involving reflection from
a very thick casing is performed. (Interested readers may re-
fer to Ref. 52.)

Recent Developments in Ultrasonic Measurements

Recent developments have focused on (1) enhancing open-hole
imaging and cement evaluation methods with advanced sig-



business to reevaluate the potential and optimize the produc-
tivity of existing cased wells.
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Figure 40. Comparison between calculated (light solid) and experi-
mental (dark solid) waveform for a pulse-echo measurement from a
steel pipe cemented on the outside. The inset shows an expanded
view of the extracted echo due to reflection from the end of the 38.1
mm thick cement. The extraction of this echo is done by subtracting
the signal from a similar one corresponding to the same conditions
except that the cement is significantly thicker.

nal processing methods and novel transducer design and (2)
identifying new applications of ultrasonic measurements.
Current cement evaluation techniques have limitations to ad-
dress, for instance, lightweight and flexible cements. These
latter are used because of their optimized mechanical proper-
ties to certain well conditions. Lightweight and flexible ce-
ments have acoustic properties that are similar to that of mud
and thus pose big challenges to the current tools (53).

Miller and Stanke (54) proposed a signal processing
method to augment the applications of present cement evalu-
ation pulse-echo techniques to deeper radial imaging (up to
the formation wall). Their method extracts the echoes arising
from reflection at the cement-formation interface from data
acquired with commercial tools. The method uses a series of
steps that suppress the early-arriving large echo in the signal
and diminish the casing resonance to a level at which the
cement-formation interface echoes, when they are present in
the original data, become detectable. Miller and Stanke have
shown that their method is effective whenever there is indica-
tion from the estimated cement impedance that the casing
resonance is effected by reflections from the cement-formation
interface (54). Rao et al. (55) have proposed an ultrasonic sys-
tem with a separate transmitter and receiver aligned with the
casing axis so as to propagate acoustic energy in the casing.
The amplitude decay of the propagatory signal, measured at
two receivers, shows clear correlation with the cement prop-
erties.

Ultrasonic measurements are now used in conjunction
with formation evaluation measurements conducted during
the drilling process; these measurements are referred to as
logging while drilling. Moake et al. (56) recently introduced a
new ultrasonic system with three transducers operating in
pulse-echo mode to provide the shape of the hole. This infor-
mation is used by other measurements (e.g., nuclear) to com-
pensate for the presence of mud in the inversion for forma-
tion properties.

The areas of cement evaluation and annulus and formation
wall imaging in cased wells is the subject of renewed interest
nowadays and would probably remain so in the foreseeable
future. This interest in developing enhanced and more reli-
able ultrasonic measurements parallels that in the oil field
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