Estimation of third-order elasticity parametersfrom local seismic anisotropy measurements

and geomechanical modeling
Ran Bachrach and Andrey Bakulin, Wester nGeco/Schlumber ger

Summary specifically the sensitivity of the method to thesamptions
We present a method to estimate a profile of stress and parameters.

sensitivity parameters using local measuremengeisimic

anisotropy and geomechanical modeling. The method  Theory

assumes that anomalous stresses at a locationtevésh Following Prioul et al. (2004), we assume a foromatihat
create a measurable perturbation in local anisimtrop is vertically transversely isotropic (VTI) in a moal stress
velocity field. If velocity field is known for “nonal” or regime. We assume that perturbed or anomaloussstres
baseline stress conditions then measured pertarbatin regime is characterized by an excess strain tefAgothat

be inverted for stress sensitivity parameters pledithat has vertical symmetry axis and is of bi-axial nattor the
geomechanical estimates of anomalous stresses are purpose of this study

available from either modeling or measurement. The  (AE, #0,AE, = AE,, AE,, = AE,, = AE,, =0)- Under these
method can be used for example to derive depthrdizme
stress sensitivity parameters along a well. We qmes
simple synthetic and then more realistic example

assumptions perturbed material preserves VTI symymet
but its stiffnesses(f”) are altered and related to normal-

illustrating the method and associated errors. regime stiffnessesq?) via following equations
|ntr0duction Cll Dclol+C’111AE11+0112(AE11+AE33)'

Stress sensitivity of rock is an important rock ey that Cys UC3; + CpiAEg, + 20,0, (1)
connects seismic and geomechanics. For a long time Cp, OC +C A, + ¢y, (AE,, + AE,),

seismically derive velocities are routinely used fmre o
pressure prediction which requires some kind afsfarm Ciz OCpz + C2eABys + 261,08,

between vertical velocity and vertical effectiveress. Ces OCgs + CuAEg; + 2C, A,

Recently geophysical measurements were applied to C,, OC, + ¢ AE, + Cee(AE,, + AEs,),
capture the effects of an overburden changes D ati®ss
state (Hatchell and Bourne, 2005; Herwanger et2@07;
Bachrach and Sengupta, 2008; Fuck et al., 2009}ime-

where Cy11, Ci1p, and cpp; are three independent TOE
parameters describing simplest isotropic stressibety

lapse seismic, depletion-induced 3D stress changese tensor, \-N.herea%m: 05(C1,=Ciz) C15_5: (_)25(°111_C112)
offset-dependent time-shifts in the entire overleard are additional TOE parameter combinations. Due 10 V
(Herwanger et al, 2007; Fuck et al, 2009), wheieagear- constraintc_ = g5(c,, - c,,)» Only five unstressed stiffnesses
salt exploration salt-induced stresses change iglaod are independent both for perturbed and unpertustads.
anisotropy of surrounding shales (Bachrach and $#ag
2008) To better interp.ret depletion Signatures tor |ntroducing Stiffness[to:l) and Comp”ance[so:l) matrices
conduct near-salt exploration one needs to conekéetts the stress-strain relations at a given referenegiten as
of 3D stress and anisotropic velocity. Sarkar ef28I03) [ AT]—[C"J[ﬁAE]
and Prioul et al. (2004) showed that third-ordersgtity B ' @
(TOE) theory can provide required rock physics sfarm [AE]:[SOMAT]-
mapping 3D stress to anisotropic velocity. In gahéfOE In our examples we will focus on analyzing anispicdP-
parameters can be derived from velocity measuresrent wave velocity field, therefore we pay primary atten to
different angles under different states of stress. evaluating first three stiffnesses from equatiorly. (
Unfortunately, most of the data comes from labasato Combining equations (1) and (2) we can obtain trenge
measurements, which if available only sample vexy f in stiffnesses in terms of stress perturbations as
depth locations. A method to estimate TOE pararseie
situ will greatly facilitate the ability to map \ality to 3D AC,, Dcm[(sﬁ +S%)AT,, + SiAT%JJ'
stress. Recently, Bachrach (2008) proposed a mhetted [ 0 . o 0 0 . <o ]
uses estimates of vertical effective stress ankl madel to Cual(S,, + S, +28 )Ty, + (S +S,)ATs ], 3)
derive TOE parameters from well logs. In thisdgtuve AC,, [j(;m(zsiAT11 + siAT33) +
discuss a method that uses geomechanical modelidg a [ 0 . w0 o ]
local estimates of anisotropy to estimate the TOE Cu12|2(S,, +S,)ATy, +2S, ATy,
parameters. Local anisotropy measurement may coone f AC,, Dcm[(sf1 + 5102 )AT,, + szAT33]+
seismic, borehole or well log data in either tirapde or
explorations  settings. Weg analyze the me?hod and Cm[(si +S) +2S8))AT,, +(S] + SE)AT%]'
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which can be written in matrix notation as
[ac]=[B][c]. @
with vectors [AC] = [Acu, AC,,, AC13] and
[c] =[41:Cuz Cag) - THUS, if the matrixB] is invertible and
we can estimate changes in the stiffnm] and changes

in the bi-axial state of stresw('wAT ) we can find the

three TOE parameters needed to characterize thenss
of the rock. Generally non-hydrostatic stress pbetions
(AT, # AT,,) are required to make matriEB] invertible

which is the case for depletion-induced or salucet
changes in the overburden sediments.

Estimating TOE parametersfrom changesin
anisotropic P-wavefield

Seismic signatures are more conveniently expregsed)
Thomsen parameters that are related to VTI s88ae as

33 44 Cll C33
PO SO (5)

y= Ces _C44 o= (C13 +Cy)’ - (Css -C.)’* )
2c,, 2C33(C33 - C44)

It is well-known thatP-wave velocity field is controlled by
only three parameter¥p,, £ and d. We assume that at the
location of interest with a perturbed stresses,ef@ample,
around a well,P-wave seismic and/or borehole data are
inverted and a profiles ofp, € andJ are recovered as a
function of depth. We further assume that profiles
unperturbed parametem:ﬂlgo,a'oare also known with a

certain accuracy as well as estimates of stressgesa

(AT,,,AT,,) for each depth. In a time-lapse scenario this

information may come from a previous baseline
measurements, whereas in an exploration scenarnayt
come from an offset well or basin knowledge. Chanige
Vpo, € and & can be converted to a desired vector
[AC]:[AC“,AC%,ACB] if we assume that the vertical

shear-wave velocity can be estimated through argkne
Vpo/ Vg ratio for the basin and thatis related tas through

a certain correlation (Sayers, 2005). We will di& the
sensitivity of these assumptions in the followiregtfon.

A simple example and sensitivity analysis
In Figure 1 we present a hypothetical Gulf of Mexic
profile for v° ¢° g°and density. The vertical stress is

calculated by integrating the density profile. \A&sume
that the horizontal stress is lower than the valtgtress,
which is an assumption typical for extensional bssi
(Finkbiner, 1998; Fredreich et al, 2003). We inpas
negative perturbation of up to -10 MPa on the hwoal
stress while keeping,_ =0o. Due to usual convention that

compressive stresses are negative, this perturbimtiplies

increase in the magnitude of horizontal stressrigure 2
we present the hypothetical TOE profile and in Fég8 we
present the change in vertiddwave velocity, verticab
wave velocity, and anisotropy, associated with stress
perturbation and computed using given TOE pararseter
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Figure 1: Velocity, density and anisotropy prcfifer undisturbe:
sediment.
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Figure 2. Profile of assumed TOE parameters.

If we have the error-free measurement and knowsstre
perturbations we can directly invert them for thfEGE
parameters. To analyze the sensitivity of thesmons to
the assumptions and errors we proceed as follonsnF
equation 4 we can directly see that the TOE parmet
derived by the inversion as[c]:[B(SO, AT)]‘l[AC].
Mathematically, the sensitivity of the TOE estimasn be
written as
c=c¢(S°,AT,AC), ©
6
oc Jc oc
& ——0£° +—— AT +——AC,
0S OAT 0AC
and the three sources of errors in the estimatebea
identified as follows:
a. The error in the background elastic parameters
(Mdso). This error accounts for inaccuracies in the
0s°
unperturbed parameters and relationships betWggen
to Vg and betweery ande.
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Figure 3: Perturbations in elastic properties amdss shown §
difference between perturbed and original paramet@bservg
increase in anisotropy due to increase in the nhadai off
compressive horizontal stress.
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Figure 4: Inverted profiles of TOE parameters assg errors o
10% in ng and absolute accuracy efand J estimates bein|

+0.05.
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TOE coefficients presented in Figure 4.
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b. The error in the stress estimajaﬁ[fd AT ). This error
AT

accounts for imperfection in the stress perturlpetio

c. The error in the measured changes of velocity an
Thomsen parameters
(9[c] e o] anc

OAC 0AVg,€,0]

m[vpo,g,a])' This error
AAC

accounts for the inaccuracies of our local estiomaif
changesav ,Ae ,AJ -

In this example we assume that the backgroundhesff
matrix and the stress perturbations are known i
accuracy of 10% of their correct values. The to-si
observations are providing vertical velocity withid%
accuracy, whereas anisotropic parameterand o are
measured with an absolute error of 0.05 (whicheisvien
40% to 100% relative error). These values reptesen
possible accuracy achievable with seismic and VSP
measurements. The TOE best estimate and thetaimtgr
associated with contributions of the three erromge
(equation 6) are shown in Figure 4. In Figure 5present
perturbations AVPD’A‘S ,AJ obtained using exact non-

linear equations (1) and (5) with true and erroseou
estimates of TOE parameters plotted in Figure 4.ngte
that with minor exceptions our predictions remaiithim
the+0.05 corridor around the true anisotropy profiles.

Gulf of Mexico example

In this example we are interested in stress peatiots
generated by an extensive salt body. We calcidizess
field from geomechanical modeling for two sediment
models with salt and without the salt (Bachrach and
Sengupta, 2008). The salt-induced stress pertarisasre
obtained by subtracting the two geomechanical mulat
(Figure 6). We map the salt-induced stress chaiges
changes in Thomsen’s parametersand J using TOE
profile presented in Figure 2. In this particidaample we
assume that sediment is isotropic in the absence of
anomalous salt stresses. After applying rock plsysic
transform based on non-linear elasticity we obtalumes

of Thomsen’s parameters shown in Figure 7a,b. tthéu
analysis we concentrate at a location of interést t
corresponds to a vertical well shown in Figure 7&jgure
7c,d,e displays profiles of stress perturbationsd an
anisotropy perturbations correspondingly. Decraasthe
magnitude of the vertical compressive stress ad a=l
increase in the magnitude of the horizontal stbegh lead

to lower vertical and higher horizontal velocitiegus
creating positive anomalies in Thomsen parametatsus
examine whether we will be able to recover estimate
TOE parameters from measurements of seismic aopsotr
and changes in vertical velocity assuming that dtress
perturbations are known from geomechanical modeling
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Figure 8 presents the inverted TOE parameters rodatai
using error-free observations, exact material g and
stresses and compares them with the estimateseamzbyv
from input with errors. As in synthetic example, assume
both positive and negative errors in backgrountinss
(10%), stress (10%) and local anisotropy measurtsmen
(absolute error of0.05). As seen in Figure 8, the TOE
parameters with errors in the input are still readdy
representing the subsurface properties. We nate dbr
inversion for TOE parameters is stable as long hes t
observed perturbations manddare larger than 0.015.
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Figure 6: Salt-induced stress perturbations (MP&prizontal
(top) and vertical (bottom) stresses in the Gulaixico model
(salt body in the middle of the section is shownaihte color).
Model with salt is subtracted from model withoult.sa

Summary and conclusions

We demonstrated that stress modeling and local
observation of anisotropy can be used to estimhee t
depth-dependent variation of subsurface stressitis#ys
expressed as third-order elasticity (TOE) coeffitie
Seismic, VSP or acoustic measurement of stresséttu
anisotropy along a well profile can provide a way t
characterize depth-dependent stress sensitivityrooks
provided that anomalous stress field is quantifieith
modeling or borehole measurements. Depth-dependent
stress sensitivity is required to interpret georaedtal
effects in 4D seismic. They are also required td ai
anisotropic velocity model building process in cdenp
areas with anomalous stress fields such basins avithlt
tectonics. We have shown that even with a very erud
assumptions and large errors in measurements we can
obtain reasonable estimates of TOE parametersitbatill
useful for applications requiring a link betweersggc and

3D geomechanics.  Considering sparseness of core
sampling and potential pitfalls associated with the
laboratory measurements of stress sensitivity petens,

the in-situ technique utilizing local anisotropy
measurements may represent a more robust practical

alternative capturing depth variation of the stress
sensitivity. Local anisotropy measurements canhiaioed
using localized seismic tomography, VSP inversian o
acoustic logging measurements.
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Figure 7: Stress-induced perturbation in Thomsaarpeters (a)
and 6 (b) predicted from geomechanical modeling. Blaaie|l
shows vertical well at the location of interest. Bjofile of
horizontal stress perturbation along the verticallwd) Profile of
vertical stress perturbation along the verticallwe) Profile of
perturbations in Thomsen’s parameters along thdicaérwell.
Middle section with zero values represents saltybathere ng
inversion is done.
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Figure 8: TOE parameters from inversion using reinmee
measurement and correct parameters (solid lineéthderrors in
stress, material properties and anisotropy meaams[n

(+ 0.05 absolute error).
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