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(57) Abstract: Apparatus and methods for measurement ot pore pressure in rock formations through an open, or cemented and/or
cased, borehole ar described. Such measurements are achieved using the Dynamic Acoustic Elasticity (DAE) method for characterizing
nonlinear parameters by perturbing a selected rock formation volume with a High Amplitude, Low Frequency (HALF) acoustic strain
wave, and probing this volume using a Low Amplitude, High Frequency (LAHF) acoustic wave. Time reversal techniques may be
employed for focusing acoustic energy Into the formation in the vicinity of the pipe or open hole.
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DOWNHOLE NONLINEAR ACQUSTICS MEASUREMENTS 1IN ROCK
FORMATIONS USING DYNAMIC ACQUSTIC ELASTICITY AND TIME REVERSAL

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]  The present application claims the benefit of United States Provisional
Patent Application Number 62/4682,081 for “ Rock Formations Mysteresis Mapping
Derived From Nonlinear Acoustics Measurements For Geomechanics, Enginsaring
& Geophysics Applications” by Harvey E. Goodman et al., which was filed on 22
February 2017, and of United States Provisional Patent Application No. 82/411,717
for “Time-Reversed Nonlinear Acoustic Downhole Pore Pressure Measurements” by
Harvey E. Goodman at al, which was filed on 24 Oclober 2018, the entire contenis
of which Patent Applications are hersby specifically incorporated by referance herein
for all that they disclose and teach.

STATEMENT REGARDING FEDERAL RIGHTS
{0002]  This invention was made with government support under Contract No. DE-
ACS2-06NAZ5388 awarded by the U.S. Daepartment of Energy. The government has
certain rights in the invention,

PARTIES TO JOINT RESEARCH AGREEMENT

{0003]  The research work described here was performed under a Cooperative
Research and Development Agreement (CRADA) between Los Alamos National
Laboratory (LANL) and Chevron under the LANL-Chevron Alliance, CRADA number
LAQBCI05818.

BACKGROUND
i0004]  Pors pressures are the fluid pressures in the pore spaces in porous
formations. Knowisdge of pore pressure in a formation is valuable for planning
drilling operations and for gecchemical and geological analyses. The pore pressure
gradient is used in drilling for determining mud weight, which is selected based on
pore pressure gradient, wellbore stability and fracture gradient prior to selling and

cementing a casing. Drilling fluid I8 then applied in the form of mud pressure to

Gt



WO 2018/081179 PCT/US2017/058160

support the wallbore walls for preventing influx and welibore collapse during drilling.
Geological analyses include initial reserve estimation and fluid contact identification.
[0008]  Presently, formation pore pressure characterization s achieved through
direct formation probe contact either in an open hole or through flow testing from
perforations after the wellbore has been cased and cemented. Pore pressure may
also be measured directly by well production iesting with open hole packer isolation.
[0006]  Investigation of elastic nonfinearity of materials has broad applications,
including medical imaging, oivil engineering, and geophysics, since slastic
nonlinearily is a sensitive measurement of mechanical damage in solids.

[00OF]  The characterization of formation rock nonlinear elasticity including
hysteresis properties from borshole-based nonlinear (NL) acoustic measurements
enables the determination of complex formation stress and damage for a geclogical
section. In particular, the measurement of NL hysteresis behavior of the reservolr
rock undergoing production operations that includes reduction of pore pressure with
depletion and the recovery of pore pressure from injection, results in two repeatable
stress paths that develop along separale depletion and infection cvcles. This
difference impacts reservolr stress characterization accuracy as well as formation
compressibility assessments.  Further, formation compressibility properties that
foliow deplefion versus pressure recovery operations from injection, also impact
reservolr recovery forecasis.  ignoring hysteresis effects can resull in the
misdiagnosis of reservolr elasticlty properties and lead to mismanagement of
reservolr surveillance assessmenis that guide infield diiling and production
recovery forscasts,

SUMMARY OF THE INVENTION
{0008] To achieve the purposes of the embodiments of the present invention, as
ambodied and broadly describad herein, the method for determining at least one
nonlinear hysterstic parametsr In a {formation through a borehole, hereof includes:
generating low frequency, sinusoidal acoustic signal, having a chosen frequency and
amplitude focused in a volume surrounding the borehole and effective for generating
strain in the volume;transmitting pulsed, high frequency acoustic signals through the
volume; measuring signals generated in the formation in the volume relating to
particle velocity or particle acceleration in the formation from which the generated

strain is determined; and measuring time-of-flight of the pulsed, high frequency

)
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acoustic signals through the volume for a known strain; whereby the change of the
time~of-flight of the pulsed, high frequency acoustic signals as a function of the
generated strain is determined, from which the at least one nonlinear hysteretic
parametsr is determined.
{0008]  In another aspect of the embodiments of the present invention for
achiaving the purposes thereof, as embodied and broadly descrbed herein the
apparatus for determining at least one nonfinear hysterstic parameter in a formation
through a borehole, hereof includes: at least one transceiver trained 1o foous time-
reversed acoustic signals in a focal volume centered on the borehole; a probe
source comprising a transmitling transducer for fransmitting high frequency acoustic
pulses info the {ocal volume; a recelver comprising a receiving transducer for
receiving the high frequency acoustic pulses transmitied by the probe sourcs, from
the focal volume; a signal processor for measuring the time-of-flight of the received
high frequency acoustic pulses; and a non-contact vibrometer or contact
accelerometer disposed in the borshole for measuring particle velocity or particle
acceleration, from which the strain in the volums is determined, whereby the at least
ane nonlinear hysteretic parameter is determinad,
[0010]  Benefits and advantages of embodiments of the present invention includs,
but are not limited to, providing an apparatus and methed for measuring pore
pressure in a rock formation in cased and open hole environments without direct
contact with the formation, wherein the borehole mud weight useful for preventing
borehole fracture and collapse can be determined, and formation ofl in place can be
calculated.

BRIEF DESCRIPTION OF THE DRAWINGS
{0011 FIGURE 1A is a schematic representation of a laboratory apparatus for
Dynamic Acoustic Elasticity measuremsnis in a cylindrical sandstone bar, FIG.
18 shows various phases of the pump strain applied {o the bar, and FIG. 1C

fs a graph of Ac{fp)/co as a function of strain, &, generated by a plezoelectric

transducer having the waveform shown in FIG. 18.

{00121 FIGURE 2 is an llustration of the pump/probe msthod of the present
invention, showing a periodic pump signal being applied to a formation, which is
then probed using a pulsed probe signal.

[G013]  FIGURE 3Als a graph of Ac(gpyon as a function of time, and FIG. 3B
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is a graph of Ac{ggl/co as a function of strain in a cylindrical sandstone bar as

measured from the center of the bar fo the free end thereof at 11 positions
and for 4 different amplitudes of the applied pump transducer.

[0014]  FIGURE 4 lHustrates the relationship between the parameters o, 8, and
& of the pore pressure, and the characteristics of the generated “buttertly” curves

{Ac{tp) oo as a function of strain, &)

[0018]  FIGURE 5 is a graph of the particle velocity measured by & non-contact
accelerometer at the fres end of the sandstons bar, as a function of time.

[0016]  FIGURE 8 is a schematic representation of an embodiment of the present
apparatus for measuring downhole pore pressure based on Dynamic Acoustic
Elasticity.

100171 FIGURE 7 is a schematic representation of an embodiment of the present
apparatus for measuring downhole pore pressured based on Dynamic Acoustic
Elasticity, where the strain in the formation is generated using Time Reversal
Nonlinear Elastic Wave Spectroscopy.

10018]  FIGURE 8 is a graph of the effective veortical stress of a rock formation as
& function of the effective horizontal {or lateral) stress, the two loading response
paths followed during effective siress increass {simulating depletion) and effective
stregs decrease (simulating injection) being a measure of hysteresis.

{0018]  FIGURE 8 is a graph of borshole deviation as a function of borghols mud
woight, illustrating the impact of hysterssis on tension fracture fallure and
compression collapse faillure, with curve {(8) being hole collapse failure calculated
using e Mohr-Coulomb faliure model for the injoction case and 8000 psi axial
vertical stress; curve {(b) being hole fracture fallure for the injection case with 8000
pal effective vertical siress; curve {c} being hole collapse failure using the Mohr-
Coulomb failure model for the deplstion case with 8000 psi axial vertical stress; and
curve (d} being hole fracture fallure for the depletion case with BO0D psi effective
vartical siress.

{30207  FIGURE 10 is a graph of the differential pore volume change as a function
of effective vertical stress for a North Sea reservoir,

00211 FIGURE 11A is a graph of the change in travel time across a formation
onto which a strain wave shown in FIG. 11B is applied, Hlustrating rock formation
hysteresis using the pressnt DAE measurement technology.
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DETAILED DESCRIPTION OF THE INVENTION
{0022]  Briefly, the pressnt invention includes the measurement of formation pore
pressure either through a pipe after a well is cemented and/or cased, or in an open
hole, thereby efiminating direct contact with the formation. This may be accomplished
by using the Dynamic Acoustic Elasticity (DAE} method for characterizing nonlinear
parameters by perturbing a selected rock formation region with a High Amplitude,
Low Frequency (HALF) acoustic strain wave, and probing this region with a Low
Amplitude, High Frequency (LAHF) scoustic wave. Accurate values for the pore
pressure in a formation are valuabls for the prediction of gas/water contacts, which
permit more accurate location of hydrocarbons in the formation, permit the borehole
miud weight useful for preventing borehole fracture and collapse o be determined,
and formation oll in place to be calculated.
[0023] A MEASUREMENT OF PORE PRESSURE:
[0024] The changs in wave speed as the HALF induced strain field oscillation
propagales through the formation is linked o the nonlinear slastic parameters a, 8,
8, and A of the pore pressure. The modulation of the time of flight of LAMF probe
puises by the imposed acoustic (HALF or pump) changes in the formation strain are
measured. The perturbations in the formation caused by the pump are sufficiently
long to permif many probe pulses 1o be sent at different times in the pump cycle,
typically hundreds or thousands of probe pulses for a 0.5 s o 1 s pump pulse.
Effective probe pulses are sufficiently short to be resclvable without interfering with
each other so that the relative timing of the arrival of the pulses can readily be
measured.
{0025] Freguency mixing and resonance-based nonfinear  ultrasonic
measurements, where ultrasonic or acoustic waves propagate through a statically
stressed specimen, permit extraction of average variations of modulus and
attenuation versus strain lovel {generally only comprassiva), but by contrast require
static strain levels >0 to be properly measured.
[0028]  The following is a short description of DAE measurements which
generate “buttertly” shapes from which the parameters a, 8, §, and K may be
determined.
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n a DAE measurement a "pump” strain fisld, characterized by the
amplitude of the pump strain Apump, 18 established in the sample. At iy the

pump sirain in the sample is given by
Eourmp {8} = Apump sin (wpumpti). {1}
The elastic state of the sample at #jis inspecied with a low amplitude

‘probe” pulse that crosses the strain field of the sample at ime #. In crossing.

the sample at #j the probe pulse senses the sample experiencing strain field
Eump(E).  The time for the probe pulse to cross the sample at & &
foross{Gump{#i}}. The quantity of interest is the change in crossing time brought
aboutby the pump strain, that is,

A= foGSS(gpump {30 foross{0) = i - /oo = {wico)y- Ao oo {2}
GF

ACion = - Al , b= ol {3}

where @is the length of the path the probe pulse traverses, ¢f = {&ump

{31, and & = &{&ume = 0). The probs pulse is directed across the sample at

all possible phases of the pump strain. The change in crossing time or the

change in ¢ is measured as a funciion of the pump sirain at the tims of
crossing, AC/Co vs Lymg-
(00277 Data includes Acdos {plotted on the y-axis) as a function of the pump

strain field (£p) (plotted on the x-axis). The pump strain is of order 5 gestrain,

and the velocity shifts are negative and of order 2 <1073, The veloeity shift
has a negative DO valus of order 1072, The shift in velocity is o be

represented as a function of the pump strain {denoted here as &) in the form:

Aclgpioo = 1/RaAp + BlEp) + S{Ep)? + AlEn)] (4)
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where ad, is the intercept that depends on the ampiitude the pump
strain, Ap, £ is the cosfiicient of {fp}, O s the coefficient of {Ep)g, and A{fp)

represents a function related to the hysteric component of Acks. ade is the
intercept that depends, not on the instantaneous pump straln, but on the
amplitude of the pump strain, 4~ (See, Eq. (1) hereof). ade is found as the
average of all of the measured values of Acdce. For the measured data set,

aAp= -1 x 1073,

[0028] Refersnce will now be made in datall to the present embodiments of the
invention, examples of which are fllustrated in the accompanying drawings. In the
FIGURES, similar structure will be identified using identical reference characters. i
will be understood that the FIGURES are for the purpose of describing particular
embodiments of the invention and are not intended to limit the invention thereto.
Turning now o FIG. 1A, a laboratory apparatus, 10, for DAE measurements is
Hlustrated. Cvlindrical bar, 12, of Berea sandstone having a length of 3058.5
mm, a diameter, o of 25.8 mm, a density of 2054 kg/m® and an unperturbed
sound speed, o of 1918 mvs, was suspended from strings or wires o
simulate free boundary conditions. Pilezoelsctric disk, 14, driven by High
Amplitude, Low Fregquency (HALF) acoustic source, 18, generates
compression waves in bar 12, which are interrogated by transmitling
piezoelectric probe transducer, 18, driven by Low Amplitude, High Freguency
{LAHF} acoustic source, 20 and receiving transducer, 22, having associated
receiving slectronics, 24, Non-contact vibrometer, 28, having controlling and
receiving electronics, 28, measures low freguency movement of bar 12 at the
far end thersof from HALF pump 14. A laser vibrometer was emploved. A
comtact piezoelectric transducer-based accelerometer may also be used.
fross{8} = o/c{gume{#}), the Hme it takes an acoustic pulse from probe
transducer 18 to cross the diameter o of bar 12 at various locations, § along
the length thereof, is measured as a function of the strain generated in bar 12
by HALF acoustic pump 18, as LAHF source 20 and receiving transducer 22
are moved to various positions & along bar 12, Typically, ~3 kHz {i.e., the
fundamental resonance} was used for the pump for bench top studies (50 Hz o 10
kHz as a range). For formation studies 1-8§ kiz may be used in order o achisve
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appropriate penetration (~ 1m wavelength). In general 105 {0 10+ strain amplitude is
achieved with the pump, but the actual applied pump power varies with the source.
Probe frequency was approximatsly 500 kHz (100 kHz to 1 MMz as a rangs).

[0028]  FIGURE 18 llustrates various phases of the pump strain in bar 12,

and FIG. 1€ is a graph of Ac{fl o as a function of strain, £n, generated by

pump 18 in bar 12, Sirain levels may be belwsen 10° and 10°% for such
measurements, and the sample is interrogated under both compression and lension,
theraby allowing elastic response over a complete dynamic stress oycle to be
obtained.

[0030]  The nonlinear elastic parameters in Eg. 4 above depend on the change in
acoustic wave speed as a function of formation strain. This change in wave speed as
a function of strain is fit to a quadratic polynomial with the coefficients used 1o extract
a, 8, and &. The details of the data analysis may be found in a paper by 4
Riviers et al,, Joumal of Applied Physics 114, 054808 {2013). The area of the

ioops (hysteresis) as a function of strain, £pimax), can also be used, and is progortional
io @ FIGURE 2 is an lllustration of the pump/probe method of the present
invention, while FIG. 3A is a graph of Ad{gp)/ee as a function of time, whereas

FiG. 3B is a graph of Ac{fglco as a function of strain in the cylindrical
sandstone bar. Measurements are madse from the center of the bar to the
free end thereof at 11 positions and for 4 different amplitudes of the applied

pump transducer. FIGURE 4 fliustrates the relationship between the parameters

@, £, and § and the characteristics of the generated “buttertly” curves (Acigpl o as
a function of strain, &),

{0031]  FIQUHAE 5 is a graph of the particls velocity measured by the non-contact
accelerometer 26 (FIG. 1}, as a function of time,

{00327  Nondinear materials exhibit a nonlinear stress-strain relation which can be
probed by acoustic waves, leading o pressure-specific acoustic signalures,
Harmonics of the incident acoustic frequencies are created when the acoustic waves

are focused. The effective pressure in a formation may be written as,

Py —hP (%)
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where o is the confining pressure, Pis the pore pressure, and b is the Bict coefficient

(typically 0.4 - 0.8 in rock). The effective pressure can also be described by a
noniingar stress-strain relationship,

Py =K1~ fe- 5&‘2]£+K§1[((A£}2 -} sign (g}mz(.&g)e} (6)

where K is the lincar stifiness constant, £ is the strain, Ac is the strain amplitude, &
denotes the partial derivative with respect to time, sign is a function retuming the sign
{positive or negative) of the argument, 8 and 5 are combinations of third- and fourth-
order elastic constants representing the acoustoelasticity {(quadratic and cuble
classical nonlinearity}, and the parameter o relates 1o the strength of the hysteresis,
according 1o the Preisach-Mayergoyz mods! of elasticity. See, e.g., K.R. McCall st
al,, “A new theoretical paradigm to describe hysteresis, discrete memory and
nonlinear elastic wave propagation in rock,” Nondin, Proc. C%eophys; 3, 85-101 (1908},
H.A. Guyer ot al,, "Quantitative implementation of Prelsach-Mayergoyz space o find
static and dynamic elastic modull In rock” 4 Geophys. Bes. 102(B3), 5281-5203
{1897}, and G. Douglas Meegan, Jr. st al,, “Observations Of Nonlinear Elastic Wave
Behavior In Sandstong,” J. Acoust. Soc. Am. 84, (1893) 3387-3381.

{0033]  As described above, the parameters o, 8, and & may be obtained from

plots of (Ac{fp)/ oo as a tunction of strain, & In what follows, Ac{ép)/ oo will be

replaced by AG/Cq, and & will be replaced byg « is given by

JACH
G, &

pt )
2x

(2

where Co is the linear velocity and C the perturbad veloclty. The second derivative
of u with respect to tis the particle acceleration that is frequently measured, fis the
wave fundamental frequency, and ¢ is the sirain measured at frequency fin the focal
region as the signal source amplitude is increase.  Alternatively, alpha can be
abtained from the third harmonic amplitude also when wave amplitudes are large. In
the {following alpha, beta and delta are shown,
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9.5

»:2
L %,
ey Py

ooty 8
b5 ®

L,
where L is the wavelength of the fundamental frequency divided by two, squivalent
to the radius of the focal region, the second derivative of v with respect to time, 3§, is
the third harmonic acceleration amplitude, the second derivative of 1 with respest to
time, 2§, is the second harmonic acceleration amplitude, the second derivative of u
with respect to time, 14, is the fundamental harmonic acceleration amplitude, and e =
2nf, where fis the fundamental frequency.
[0034] Hysteresis is a component that is introduced to the pore pressure
determination.  The present DAE measurements illustrate that hysleresis does
consistently follow specific pore pressure paths. Therefors, pore pressure and
accompanying stress can be predicted along with the slastic moduli leading to
tormation comprassibility, as will be explained in greater detall below.
{0038]  Time reversal is a method for foousing acoustic waves such that intense
{non-darmnaging} sound amplitudes are generated in a volume fo induce local
nonlinearities. As an example, waves may be introduced into a borehole using a
piezoelectric transceiver. The waves are recorded on ancther transceiver located
alsewhere in the borehole. The recorded waves are then reversed in time, and
emitted from the detecting transceivers, where they follow their forward wave paths
backwards-in-spacs, and coalesce, focusing at the original source fransceiver, since
the elastic wave equation is symmelric with respect fo time. That is, the wave
equation may be evaluated sither forward or backward in time, the physics being
identical. Amplitudes at the time-reversed focus are large due to conservation of
energy, since all of the energy contained in the long-duration scaltered-signal is
collapsed onte the focal point in space and time. Since wave ampiitudes arg largest
at the focus, the local response may be nondinear, but only at the focus.
0038] FIGURE 8 is a schematic representation of an embodiment of the present
apparatus, 10, for measuwring downhole pore pressure based on DAE. As will be
described in FIG. 7, below, TR NEWS (Time Reversal Nonlinear Elastic Wave
Spectroscopy) or a phased array may be used {0 generate the strain in formation 38

10
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LAHF formation probe sourcs, 18, which generates pulses having sinusoidal
frequencies between 200 kHz and 1.5 MHz, and LAHF detector 22, which together
determine the delay in the velocity of generated LAHF pulses resulting from the
strain generated in the formation, using signal processor, 23, are placed in contact
with casing, 32, surrounding borehole, 34, Steel casings are typically used for this
purpose, and do not significantly distort acoustic signals generated in the formation.
AL 8C em to 1 m acoustic wavelengths, attenuation by a 0.25” steel casing, is small,
but can be corrected for, since steel is not attenuative when compared to rock. As
mentionaed above, the present DAE msasurements can likewise be performad in an
open borehole {(no casing or cement), and also ahead of the bit while drilling. Non-
contact vibrometer, 26, (or contact accelerometer) which is a calibrated sensor for
determining the displacement, velocity or accelaration, respectively, of the particies
in the formation as a result of the generated strain, is also placed in casing, 32,

surrounding borehole, 34. Measurements of AC/Cs as a function of ¢ can be

made, from which the pore pressure can be delermined. For bench top experiments
laser vibrometers, which are non-contact, were employed. Accelsromesters are
plezoslactric-based sensors and therefore are confact sensors.  Plezoslectric
contact transducers as well as an LVDT {linear variable differential transformer)
which is a displacement sensor, were used for measurements of the pump amplitude
in the laboratory.

00377 Use of a laser vibromster in the Doppler mode permits particle velocity to
be measured directly, while in the interferomster mode, pariicle displacement is

directly measured. When an accelerometer is used, the pariicle acceleration is

diraclly measured. The pump strain £ is determined by dividing the measurad

dynamic particle velocity {v) by the wavs spesd {0} in the formation, that is, € = vio.
the pump signal particle velocities at the sensor ars oscillatory, the slrain is also
oscilfatory. Thus, a strain waveform is oblained as a function of time. The times at
which the probe pulses are generated are determined such that the strain is known
at these times. Those strains are the values plofted on the x-axes, in the FIGURES
described above.

{00381  Focusing occurs in the rock formation, sven though generated within the
casing of the boreghole. The volume of the focus is determined by the frequency of
the time roversed signal.  Further, since the TR waves propagate and collapse

i1
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through the propagation medium, onto the point of focus, the sensors detect the
properties, nonlinear and ctherwise, of the waves.

[0038]  The probe signal is applied al a constant time spacing. The time it takes
for the probe puise to travel to the probe detector can be directly measured by
knowing the Himing and spacing of the probe emitler/detector pair. As the pump
disturbe the formation, the probe signal may be advanced or retarded in time. This
can be exiracted by continually measuring the probs. Distances and materials do
not change during the measurement, so a change in time can be directly related to a

change in velocity. AC/Cq is measured from the timing ralative 1o a reference signal

as the probe pulse travels through the radius of the TR focus. Strain ¢ is measured

by the particle velocity divided by the wave speed. Paricle velocity is directly
measured by the calibrated sensor at the focal point.  Altemnatively, the sensor
measures particle acceleration and a correction made fo generate the particle
velocity. Note that the vibrometer measuraments are non-contact, while accelerator
measuremenis are conlact measurements,

[0040]  FIGURE 7 is a schematic representation of an embodiment of the present
apparatus for measuwring downhole pore pressured based on Dynamic Acoustic
Elasticity (DAE), where the strain in the formation is generated using Time Reversal
Nonlinear Elastic Wave Spectroscopy. As siated above, phased arays of acoustic
sources may alse be ulilized. For a phased array, waves are directed info a focal
region, which s difficult in a rock formation because of scattering, whereas for time
reversal, the response dus o the scattering is measured directly and used to focus
the energy. Scattering by the formation and casing is built into the time reversal
process, and is automatically accounted for,

{00411  The DAE measurement defines hysleresis for the rock surrounding the
borehols. Calculations regarding likely source frequencies for the probing part of the
DAE measurement illustrals that the measurement is taken about 2 1o 3 fest or more
into the formation beyond any near hole stress influence. Therefore, the DAE
measurement can be treated as a scalar value useful for characterizing siress with
pressure performance for the reservoirn,  Without the present fechnology, core
samples are reguired {o obtain this information.

(00421  In accordance with the tme-reversal process, acoustic signals from
sotrce, 38, are trained o focus into focal region, 38, Only one source is shown, but
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many sewrces may be used o increase the signal intensity, thereby increasing the
strain applied o the formation. The phase relationships among the waves permit the
constructive interference thereof resulting in space and time focusing effective for
inducing a nonlinear strain in the formation 30 focal volume 38. As brielly mentioned
above, if the sound velocity in formation 38 is known {as Es- generally the situation)
using the relationship for the wavelength, A = valocity/frequency, the diameter of the
focal spot measursd at the half maximum value is equal to one-half of the dominang
wavelength. See, e.9., “Depth Profile Of A Time-Reversal Focus In An Elastic Solid,”
by Marcet C. Remillieux et ai.l, Ultrasonics 58 (2015) 80-86. Time Reversal Source
support, 40, is adapled to fit in borehole 34 having an inner diameter of 8 in., as an
gxample, and may be constructad of sturdy plastics capables of withstanding high
temperatures and caustic environments.

{0043]  In operation, the tool of FIG. 7 may be emploved as follows:

1. Lower the tool into a cased borshols;

2. Focus a chosen amplitude and frequency of ultrasonic energy
through the borehole casing using time reversal or phased arrays as the
HALF;

3. Record the ime delay of the probe signal pulses, LAMF, focused in

the same region as the MALF, as a function of the strain ¢ in the formation

measurad at the racelver in the bore holg;
4. Vary the source ampliiude and frequency, and repeat
measuremeants at the racaiver;
5. Measure AG/Co at the various source amplitudes and frequencies
to determine g, B, and &, and
8. Determine the pore pressure in the HALF region,
[0044] B, DETERMINATION OF MUD WEIGHT:

[0048]  Embodiments of the present invention relate nonlinear acoustics, nonlinear
elasticity and hysterssis measuraments for characterizing rock formation stress and
elasticity behavior known to be sirongly linked to reservoir production activities. That
is, reservoir pressure reduction defined as deplelion, versus reservolr pressure
recovery activities by injection of produced waler, resuit in consistent formation
stress and elasticity responses that follow the pressure decling or pressure recovery

cycle. FIGURE 8 lllustrates the pressure history effect on laboratory measurements

13



WO 2018/081179 PCT/US2017/058160

of stresses on sandstone corg from an ofishore North Sea reservolr.  Effective
vartical stress {squivalent to overburden stress) is plotted against effective horizontal
stress (equivalent (o lateral stress due to the overburden loading). As the sandsione
reservolr is loading (simulating depletion dus o pore pressure reduction) and
untoading {(simulating pore pressure increase from injection), the effective horizontal
stress necessary 1© keep changes in lateral sirain constant follows a different and
repeatable stress path. The area between these two stress paths defines the
hysteresis,

[0048]  The dependence of borehole stability performance is related to subsurface
stress magnitude. When a well is drilled, the rock stresses in the vicinity of the
wellbore are redistributed as the support originally offered by the drilled out rock is
replaced by the hvdraulic presswre of the mud.  Stress concenirations at the
borehole wall, ofien described as tangential stresses, can exceed the strength of the
rock o cause hols collapse fallure. To compensate for these stress concentrations,
borehole fluid pressure is increased during driling causing the tangential stress level
o become smaller. Mowever, if the borehols fiuid pressure is increased such that &
exceeds the tangential stress concentration, the borehole will faill in tension resulting
in the loss of diilling fluid to the rock formation. Thus, drilling fluid pressure
management is reguired, and mud weight is balanced between borehole tensile
{fracture} failure and borehole compressive failure or collapse. See, s.g. MR
Melean and M.A. Addis, “Wellbore Stability: The Effect of Strength Criteria on Mud
Weight Recommendations,” Society of Pebtroleumn Enginesrs, SPE 20405, 8-18,
{19903,

{0047] Borsholes drilled during exploration and development of a field must
accommodate the formation stress that builds up at the borshole wall, The
magnitude of these stresses depends on the pre-diill i1 sifu stress field and trajectory
of the well. When mud weight exceeds the stress magnitude at the bore hole wall,
the well fractures and mud is lost to the formation from tensile failure. Conversely,
borehole failure in compression occurs when formation strength cannot sustain the
low mud weight used during drilling. This failure type often causes hole enlargement
and hoth stress magnitude and formation strength must be known in order 1o pradict
this type of hole failure,

(00481 Hock formation stress magnitude and orentation in the subswiface is a

conseguence of gravity loading, or overburden, and tsclonic stress induced by fault
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movement often at the regional scale. However, stress fields found In many
geological seitings associated with oil and gas accumulations, are often found to be
“relaxed” tectonically and assumed to be primarily a result of gravity loading. This
stress state will be uged to lustrate the sffect of subsurface stress on hole stability.

[0048] The magnitude of horizontal stresses dus to overburden can be
calculated using Polsson's ratio v, Biot's constant, b, overburden stress v, and pore

pressure Pe. The minimum horizgontal stress, an, is:
on=[v/i{1-v{o-bPp) + bPs, whers {2

the portion of total stress borne by the pore fluid is expressed in the {(bPy) component
of Equ. 8. Biot's constant, b, is the effectiveness of pore fluid in supporting the stress,
and is expressed as:
B =1~ {Cn/Can) , whers {18}

Gm is the malrix solid compressibility, and Cuy is the compressibility of the bulk
drained frame of the rock,

(00507 When horizontal stresses are due to overburden siress only (s, a
normally stressed area), horizontal strosses can be considered equal in magnitude.
That is, the maximum horizonial stress ow equals on.

[0051]  For wellbore stability assessment, stress concentrations that form at the
wall of the borehole ars determined by transforming the orthogonal subsurface
stress fisld to ovlindrical coordinates, from which the maximum and minimum stress
at the borehole wall can be evaluated. This is necessary to determine the well
prassure o mud weight Pw when borshols collapse is initiated using the Mohe-
Coulomb failure model. The stress transforms used are summarized in B.S, Aadnoy
and M.E. Chenevert, *Siability of Highly Inclined Boreholas”, SPE Drilling Enginser,
364-374 {1887). : "

[0082] {i) Borehole Fracturs Failure:

{0053} For inclined holes deviated by an angle v from verlical, borehole fracture
gradient may be calculated using the method developed by Aadnoy and Chensvert,
BUpra.

P, ~16

fracture = Fnit, + sin” (¥}, whers {11}
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Inity =30, ~a, +T, -bP,, and (1

55

J
Ty= E’g , where UCSE is the unconfined compressive strength of the rock,  {(13)

in a vertical wall, y= 0, so that the second term in Eqgu. 11 is zero, resulting in the
Breakdown = Initg.

For v » 0.4, Breakdown = on. This higher Poisson's ratio indicates that the rock
formation is ductiie and unabie to sustain a high stress concentration at the borshole
wall.  Consequently, the mastimum mud weight the borshole can tolerate before
fracturing is the stress minimum for the system on,

[0054] (i1} Mohr-Coulomb Borshole Collapse Fallure:

{0088} This faillure criterion is a two-dimensional formulation. Only the maximum
and the minimum principal stress are included in fallure determinations. For a
vertical well, the Mohr-Coulomb criterion finds the critical welibore pressure at failire
Pw , where Pw={3on-on~UCS}/ {1+ {12 + 112 4yt 1, {14}
where u s the coefficient of internal friction, a function of the rock formation friction
angle ¢ and determined by p = tan ¢. For deviated wells, the siress terms are
ransposed o the borehole wall o find the maximum and minimum values. Although
thase sitress concentrations are fangential in nalure, they are deconvolved to their
normal components {principal stresses) such that shear stress is equal to zero.
These nommal stress maxima and minima values are substituied infe the Pw
aguation above, replacing on and on.

[0058] For a given pore pressure and horizontal stress magnitude, hole siability
behavior will differ markedly depending on the pore pressure history of the reservoir,
that is, whether the reservolr pressure with siress follows the depletion path or
injection path. For the degree of hysteresis shown in FIG. 8, the impact on borehols
stability is Hustrated In FIG.9 for depletion and injection. FIGURE 9 is a graph of
borehole deviation as a function of borehols mud weight, llustrating the impaoct of
hysteresis on tension fracture fallure and compression collapse fallure, with curve {a)
being hole collapse fallure calculated using the Mobr-Coulomb fallure mode! for the
injection case and 8000 psi axial verlical stress; curve (&) being hole fracture failure
for the injection case with 8000 psi effective veriical stress; curve {6} being hole
coliapse fallire using the Mohr-Coulomb fallurs model for the depletion case with
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8000 psi axial vertical siress; and curve {d) being hole fracture fallure for the
depletion case with BOOO psi effective vertical stress. The piot displays borshols
mud weight in pounds per gallon {ppg) versus borehole deviation in degress from
vertical.  Units of ppg are commonly used by the off industry, noting fresh water
gradient is 8.33 ppg (0.433 psifft).

[0057] At 0° hole deviation {vertical well} curve (d) fracture failure case for
depletion path indicates the fracturs gradient is about 15.5 ppg and the collapse
gradient is about 10.5 ppg. Therelfore, for this case, a vertical well needs mud
weight between 10.5 {minimum to prevent collapse failure) and 15.5 ppg (o prevent
fracturing faillure). This is a wide safe drilling mud weight window. As the hole
deviation increases to about 48°, the safe drilling mud weight window closes. This
indicates wells deviated more than 49° cannot be drilled safely. That is, mud weight
cannot be increased to prevent hole collapse fallurs {abowt 12.1 ppy reguired),
without losing mud o the formation from fracturing.  The fracture gradient is less
than the hole collapse gradient. However, the injection case is more tolerais 1o
deviated well stability since the fracturs gradient is greater, the green curve.

0058] The stability calculation was pedormed using FIG. 8 data when the
effective vertical stress equals 8000 psi. This cccurs afier the reservoir pressure
gradient has decreased from the original 16.24 ppg {0.844 psift.) o 10.0 ppy (0.52
psifft.).  The stress difference seen at identical pore pressure is the result of
hysteresis. TABLE 1 shows the formation stress and formation mechanical
properties used v generate the stability profile.

{0058]  TABLE 1. North Sea reservolr borehole stabiiity model input,

ivad cycle | Depth | Overbd | Respress | Max hote | Min Hodz | Comp Friction | Poissratic | Biot's
ft. Siress Grad ppg | stress grad | stress grad | sirth pst | angle constant
grad Prg BRg degrees
Peg
Loading - | 14801 | 187 10.0 127 127 4158 43,4 0.186 10
Depletion
Unloading | 14801 | 187 10.0 134 134 4158 434 (3.186 1.8
- Injection

[0G60]  Hole stability estimates shown in FIQG. 8 indicate that fracture gradiants are
strongly impacted by hysteresis compared to borshole collapse failure.  This
behavior derives from the dependence of borehole fracturing behavior with respect

o stress magnitude. Borshole coliapse is impacted primarily by formation rock
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compressive strength.  For the case studied, formation compressive strength is
considered constant and unaffected by hysteresis.

[0061]  In other words, the hysteresis term enables us fo predict how the formation
stress will change as the formation pore pressure undergoss change with
production. A large value of a means a larger difference in stress to be expected
between the “depletion stress cycle or path” compared fo the “injection stress path”.
Basically, the width of the hysteresis area shown in FIG, 8. The siress values used
for FIG. 8 are presented in TABLE 1, where the stress gradients in Cols. 5 and § are
the values thereof afler a 4800 psi reduction reservolr pressure, and ow = oh
Between the 2 ioad oycles, there is a difference of 18.4 — 12.7 = 0.70 ppy (0.364
peifft.} between injection and depletion operations. Al a reservolr depth of 14,801 #.,
the stress magnitude difference is nearly 5400 psi; (14801 X 0.384). This diference
in stress magnitude significantly influences borehole fracture behavior, but less
significantly for borehole collapse fallure.

{00627 €. DETERMINATION OF RESERVOIR PERFORMANCE:

{0083} (i) Hysleresis Impact on Reservoilr Rock Formation Comprassibility:

{0064} The hysteretic behavior of reservolr rock includes changes in porosity
associated with pore pressure loss with depletion and pore pressure recovery from
injection. This porosity change results from the rock frame or rock skeleton loading
that ccours with pore fluid pressure magnitude. FIGURE 10 shows two distingt
porosity change paths thatl are dependent upon either depletion or injection
operations. Notice this dala set for the same offshore North Sea reservoir shows
iotal porosity restoration will not happen after depletion has cccusred.

100851 Pressure changes assoclated with deplstion and injection practice also
impact reservolr compressibility. TABLE 2 shows the compressibility changes with
stress path for the North Sea reservolr investigated.  Reservolr compressibility
valugs according to depletion and injection operations impact ofl recovery
parformance. These reservoir comprassibility magnitudes are relatively small when
compared with highly compactible chalk in other reservoirs in the North Sea. For
example, the Ekofisk field in the Norwegian sector of the North Sea, produces from a
chalk formation that exhibits porosities in the range of 25 to 48% with reported rock
compressibility as high as 50 to 100 « 105 psi'.  Thus, for less compressibility
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reservolrs, the compaction drive mechanism can strongly affect ulimate recovery
when the reservolr volume is significant.

TABLE 2. North Sea Reservoir Compressibility Load Path Depsndence.

Eff. Yertical Bulk vol Pore Vol Uniaxial Bulk { Uniaxial Pore
load cycle Stress Comp, Comp, Yol Comp, Vol Comp,
Interval, pei | Ch, cofecipsi | Cp, cofecipsi | Chm, ocfecipsl | Cpm, colocips
Loading - . . o e
. 2100-12800 1.318-06 7.35E-{6 555807 346B-08
Diepletion
Unloading | 0005100 | 51807 4.156-06 380807 2.255-06
- Injection
[0088]  The effect of reservolr compressibility is discussed in Sodiety of Petroleum

Engineers {SPE} sponsored PetroWiki, Fock expansivity & is an important
parameter affecting ofl recovery using material balance analysis lo model
performance. Reservoir rock expansion ocours when pressure decreases due to
production. For high pressure gas reservoirs along the Gulf Coast, rock expansivity
of over 8% was measured on core that also showed reservoir porosity decreasing
from 18.7 % to 18.5%. This rock expansion behavior increases ol recovery from the
reservolr as the ol is pushed out of the pore space.

[0067]  Reservolr rock expansivity is related to rock compressibility by the

following relationship:

Er(p) = [ of dp {15)
where of is the rock compressibility. Cf is related to the instantaneous formation
pore volume compressibility by

of (o} = YV, [ 3Vo/3 P, (16)

where Vp is pors volume and P reservolr pressura.  Normally, the pressure
dependence of reservolr compressibility of is determined by core analysis. With the
capability 1o define of using the present nonlinear acoustic hysteresis measurements,
a continuous measurement of this reservoir altribute can be made.

[a068]

Equ. 15 can be svaluated numerically, The hysteresis measurement used (o define

if of is known as a funclion of reservoir pressure, then the right side of

reservolr compressibility behavior with pressure oycle, an example of which is
presented in TABLE 2, Col. 4, agrees with fisld observalions that of is commaonly
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found to vary with reservolr pressure and reservolr production oycle, that is,

depietion versus injection.

{0068] Once Er {p) has been defined, the material-balance methods can be

applied to estimate original oif in place OOIP and to confirm the reserveir producing

mechanism. See, e.g., MJ. Fetkovich et al, “Application of a General Material

Balance for High-Pressure Gas Reservoirs,” Soclety of Petroleum Enginesrs, SPE

Journal pages 3-13 {1888), where pore volume compressibility of is used to account

for reservolr rock changes in pore volume with reservolr pressure. In FIG. 2 thereof,

a single function is defined in the relationship between pore prassure and pore

volume, likely not accounting for hystorssis behavior; however, this was not

measured for the ressrvoir being considerad in that article.

{0070] (i) Measurement of Hysteresis Using Nonlinear Acoustic Technigues

in Accordance with the Teachings of Embodiments of the Present Invention:

100711 Hysteresis is displayed in FIG.11A as #Hlustrated in the graph of the
difterancs in wave speed versus axial strain, The difference In wave speed with
increasing {(corresponding to reservoir depletion) versus decreasing {corresponding o
reservolr injection} strain paths (A and B, respectively} indicates the hysterstic
behavior. Wave speed is related to the change in travel time or ime-of-flight (TOF)
across the specimen during the stain wave progression, as asinusoidal
compressional wave is passed through a sample volume. The measured increasing
strain {path A} and decreasing strain decreasing (path 8} is shown in FIG, 11B.

{00721 An approximation for the general relationship between changes in velocity
and Young's modulus is 2Ac/co = AE/E,, where Ac is the changs in velocity and AE is
the changs in Young’s modulus.

[0073]  The foregoing description of the invention has been presented for
purposes of fllustration and description and is not intended 1o be exhaustive or 1o
it the invention to the precise form disclosed, and obviously many modifications
and variations are possible in light of the above teaching. The embodiments ware
chosen and described in order to best explain ths principles of the invention and its
practical application to thersby snable others skilled in the an o best utilize the
nvention in varicus embodiments and with various modifications as are sulted to the
particular use contemplated. It is intended that the scope of the invention be defined
by the claims appended hereto.
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WHAT IS CLAIMED 18:

1. A method for determining at lsast one nonlinear hysterstic parameter in a
formation through a borshole, comprising:
generating low frequency, sinusoidal acoustic signal, having a chosen
frequency and amplitude focused in a volume surrounding the borshole and
affective for generating strain in the volume;
transmitting pulsed, high frequency acoustic signals through the volume;
measuring signals generated in the formation in the volume relating to particle
velocity or particle acceleration in the formation from which the gensrated sirain
is determined; and
measuring time-of-flight of the pulsed, high frequency acoustic signals through
the volume for a known straim;
whereby the change of the time-of-flight of the pulsed, high freguency
acoustic signals as a function of the gensraled strain is determined, from which
the at least one nonlinsar hysteraetic parameter is determined. |

2. The method of claim 1, wherein said borehole comprises an open borehole.

3. The method of claim 1, wherein the low frequency, focused sinusoidal
acoustic signal is generated using time reversal. ‘
4, The method of claim 1, whersin the low frequency, focused sinusoidal
acoustic signal is generated using phased arrays of acoustic sources.

5. The method of claim 1, wherein the high frequency, pulsed acoustic signals
are generated in the borshols,

8. The method of claim 1, wherein the low frequency, focused periodic acoustic
signal is gensrated in the borehole.

7. The method of claim 1, wherein the particle velocity or particle acceleration is
measured using a non-contact vibrometsr of a contact accslerometar.

8. The method of claim 1, wherein the low frequency sinusoidal acoustic signal
is between 1 Mz and 1000 He,

a. The method of claim 1, wherein the high frequency acoustic signal has a

frequency between 200 kHz and 1.5 MHz.
10, The method of claim 1, wherein the al least one nonlinear hysleretic
parametsr comprises o, 8, and 4.
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11, The method of claim 10, whersin the hysteresis of the nonlinsar hysterstic
parameters o, B, and § as a function of generated strain is determined.
12, The method of claim 11, further comprising the step of calculating pors
prassure in the volume from the nonlinear hysteretic parameters g, B, and 8, and the
hysteresis thereof as a function of generated strain.
13, The method of claim 12, further comprising the step of caloulating fracture
failure of said borshole.
14, The method of claim 12, further comprising the step of calculating collapse
failure of said borehole.
16, The method of claim 12, further comprising the step of calculating ofl recovery
performance of sald formation.
6. An apparatus for determining at least one nonlinear hysterstic parameter in a
formation through a borghole, comprising:

at least one transceiver trained to focus time-reversed acoustic signals in a
focal volume centered on said borghole;

a probe source comprising a transmitling transducer for fransmitling high
frequency acoustic pulses into the focal volume;

a recelver comprising a receiving transducer for recelving the high frequency
acoustic pulses transmitied by the probe source, from the focal volums;

a signal processor for measuwring the Hme-offlight of the received high
frequency acoustic pulses; and

a non-contact vibrometer or coniact accelerometer disposed in the borshole
for measuring particle velocity or particle acceleration, from which the strain in the
volume is determined, whereby sald at least one nonlinear hysterstic parametsr is
measured.
17.  The apparatus of claim 18, whersin the low freguency sinusoidal acoustio
signal is betwesn 1 Mz and 1000 Hz,
18,  The apparaius of claim 18, whersin the high frequency acoustic signal has a
frequency between 200 kHz and 1.5 MHz.
18,  The apparatus of claim 18, wherein sald borehole comprises an open
borehols,

20, The apparatus of claim 16, wherein said probe source is disposed within the
borshole.

7
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21, The apparatus of claim 18, wherein said receiver lg disposed within the
borehole.

22.  The apparatus of clalm 18, whersin said at Isast one nonlinear hysteretic
parameter comprises q, B, and 8.
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