Modeling elastic waves in the presence of a borehole and free surface
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We introduce a modeling algorithm to simulate wave propag#tign 3z ar v

through a rotationally symmetric borehole environment in the pregence

of the earth’s surface. The modeling simulates 3-D waves|igya v, v

multidomain 2-D Chebychev mesh, and Tequires domain decompcsmdﬁzu(—i+ ’). (le)
technique and a special treatment of corner and-joint side pgints, Bth a0z

based on a characteristic decomposition of the wavefield| The

performance of the multidomain mesh is verified in 2-D Carte " dv. By,

soordinates by solving Lamb’s problemFinally, simulation in ag—— = vEs, + 4 - T ) (1f)
empty borehole for two different frequency ranges shows that tfé or z

method can handle a model wihrealistic holé diameter and suitable
for reverse VSP configurations. 2-D Cartesian .z - plane:r = X, 7 = 0,744 = 0,

Introduction o o 3-D Cylindrical: y=1/r,

The cEJrobIem of obtaining a realistic VSP surve& by u;ln[g

pseudospectral differential Operators was attacked b David KeSsler propagation (torsional waves)

and Dan Kosloff in a series of papers (Kessler an Kosloff, 1990,

1991, 1992). In the first two, they solve for 2-D acoustic and elpétic [ 29,4 99, ¥y
wave propagation in a plane perpendicular to the hale by =\ 3 tT& +27,—Ur¢ g (28)
Chebychey and Fourier differential o eratars the radial an

angular directions, respectively. In the third paper, they %pl a »

Fourier expansion in the vertical direction to propagate |3  (

wavefields. They simulate a 4 m borehole diameter and pro a@‘l’e“ M2 Ve | (2b)

a 40 Hz pulse a distance of 300 m from the hole, which is equivalent

to a maximum to minimum significant length ratio of 75. On t@? 5

other hand, Yoon and McMechan (1 92? use a sta gd _ % 9
finite-difference scheme to simulate full-wavefield sonic logs. ey, ™~ “ 3, ° (2c)
use a realistic hole diameter and Propa ate a 10 KHz pulse P5cm

from the borehole. However, the challenging problem i?\}ﬁh . )

propagate a seismic pulse with a realistic borehole diameter. Castesian, (x,z) - plane=x,¢ =,y =0,

resent-day computers, this task seems difficult to accompli 5) U?IE lindrical

least in three dimensions and with realistic computer times. |9 -V Lylinarica y=1/r.

The present modeling technique solves wave propagation i 3-{% . Lo . ,
rotationally symmetric media. In this context, the azimuthgh the repedmg equationg,= A +2u , with 1 andu the Lame

article Ve|oc|ty Component decoup|es from the other compo é .ta tsy are the pal’tlcle Ve|OCItIea‘,are the stress Componer ts,
Phe algorithm’is based on a muitidomain spectral method weigRnotes the density, and f are the body forces per unit volumme.
combines 2-D Chebychev meshes. The advantages of this t umerical Method

mesh is that general "boundary conditions can be implemented

four boundaries of the grid (Carcione 1993a,b%, allowin h computational subdomain is a square regjon where the grid
modeling of the borehole and the Earth's surface. In addition] gis¢tibution is defined by the Gauss-Labatto po¢itshe spatial
matching handles wave pragation from one _subdomain to i%rivatives are computevia a variant of the fast Fourier transfofm
other. Both boundary conditions and domain decomposition for the cosine transform. The distribution of the grid pdints
based on characteristics perBendlcuIar to the boundaries. Thisah[De altered conveniently by 1-D) stretching transformations. In
approach for modeling 3-D propagation avoids the angih@rexamles presented here ¥he following stretching functioh is
direction grid, which involves very small grid spacings (Kessler{asdd (Kok off et al., 1990):

Kosloff, 992) and  therefore” very small time steps for| the
time-integration” algorithm. | o 2l

g g 0)= 1/ 1 1 ps +4
h i S =—fpl" " sm ) 3)
e wave equation [~ ap

The wave equation combines the equatioh momentunwherep = ¢.5x-%(8~+1)~1andq = 0.5¢-%8-2-1). |t can be seeh
conservation with the constitutive relations for isotropic and elggg the amount of grid stretchinglat -1 isdfjdl = «, and thaf
media. The velocity-stress formulation below represents etHeestretching &= 1 1sdfd = aff.

propagation in 2-.D Cartesian coordingx,z) or 3-D propagatiofiThe 2-D Cheébychev operator Is very sensitive to the boundary

in cylindrical coordinatefr, ¢, z), where axially symmetri
boréhole, formation and sourcé are assumed.”In this cag
wavefield does not depend on the azimuthal varipble

P — S — propagation

v, 1{ 9%, 86, V

3t 27( i m R AT (La)
ov, y[do, do, y (1b)
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da,, v, v,

g , 1c
TR ’1( 5 T (1)

o

@onditions. Stabilization of the a?%;onthm is based a
€h teristic treatment of the wavefield at the boundaries ofl each

subdomain. The wavefield is decomposed into one-Wgy%es, (of .
characteristics) perpendicular to the boundaries, and the incpmin
modes are modified according to the particular boundary condition,
In this work, the multidomain_shown in Figure 1 is Used. [Th
directions of the characteristics are also represented. Corners
80|nts, like L, for instance, were tested in a previous work
arcione, 1993a,b). Problems may arise from the so-called ‘I
points, which combine interface and free surface bourldary
conditions g 18 or interface and non-reflecting boundary conditions
(T2). These paints are treated independently (in each’ subdgmain)
with rotated characteristics, Unlike the interface points, where the
Wallveﬂeld is unique for both subdomains, T points have dissimilar
values.
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and lower boundarics of each subdomain respectively,
corresponding to equations (la-f) are ndescribed.
The stress-freeboundarycquations are:

V::mw)( . ):v:{)[r[)( . )-(-——7-,‘!;—()'5-2’(1)( i ], (4&1)
V;ngwr)( . ) - VS)M)( . ] + T/L—,“g;[d)( . )' (4/))
o) = 00 ) gl (4c)
o) =0, 44
O_ﬁ:rzu')( . ) — 0‘ (4(’)
Sy = G~ Ao, @

where (+) indicates_either subdomain 4 or subdomain B, and
Zo=~NEp , Zs=~up arc the compressional and shear impedances
of the medium. The superscripts (ofd) and (new) reler to the field
variables before and aflter the modification of the incoming
characteristicsrespectively. This is done at each time step.

The non-reflecting boundary equations are:

() ‘[»ﬁ”““('%%ai‘;f‘“(')],
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G0 = S o)+ 7).
The stress-free equations for the left bou A are obtaine
from (4a-f) by substituting —z , z - r. Slmllar‘[v, the non-reflectin
c4ua|)tlons for the right boundary csuddomain B are obtained fro
a-l).
The "vertical interface separating the subdomains can be a 1
material interface or just boundary separating regions of the sa|
medium. As before, ‘the wave equation is decomposed into:
modes describing o%mlng and incoming wave modperpendicular
to the boundary. The outgoing waves are determined by:
solution inside ‘the subdomain, while the incoming waves
calculatedfrom the conditions at the interface, i.e., continuoy
displacements and normastresses.  The interface boundary
equations (e.g., Carcionl991; Tcssmer et al,, 1992) arc given b
i = CoL Z B (B + 2o A A) —o 7P (A) + 67 B)]
W™ = CL Zs(B By -+ Z A A) o A) + 0T,

' {old) (ol
new , . n o, (A) g, (B)
o = cpzpu)zpm)[ ) ) 1 T T
(old) {old)
(new) - ‘v'(nra') _ {otd) v Cry (/1) ) o (]j‘)
" CSZS(A)/JS(B)[ R RS A 7 X7
Al -
c )=o)+ %t o™ — 6091,
(hcw)( . ) — O,(Old)( . ) + /1( . ) [U_(nrrw) _ O_(a!d)( . )] (()a 4/)
U‘i’¢ 4’4’ IS( . ) r v s .

whereC, = 1/ Z(A) + Z, (B and C; = /[ Z{A) + Z(B)].
the L and ‘I
(1991}, who

For
ointswc usc an ad hoc treatment suggested b
efines the ‘normal tthe point’ inwards and bisect

<

I'he stress-free andnon-reflecting boundary equations for the upﬂ!ﬁhe angle between the adjacerboundary lines. This procedure

involves rotation othe characteristic by an angle n/4."

The _boundary and interface equations {S/I propagation ar
similar butmore simple than theq uations for” ~ S propagation
Th% characteristics fothe right ard left. boundarics arcy; + &, /7
andg

and for theupper and lowerboundaries, v, + o, /7, and

a4 the cquations aregiven by ©
Stress-free (upper boundary):

[{new) (old) { (olA)

)= [ M - . R

v () =y () ZS(-)U‘i'Z( )

o =iy’ o =0 (Ta-q)
Non-reflecting (lower bounda t-y):

newde v _ 1| ot { {old) (new) _ _(oid)

) (')*3‘[‘4) () ZS(,)”M(') ], rp T Trp s

) 1 1 - (nid)
oGy =S a0 = sy ) (8a—0)

As before, thestress-frec andnon-reflecting ec}ualions for the right
and left boundaries, respectively, @btained (rom (7) and(8) by
substitutingr — 2z, andvice-versa.
Interface:
(ol
rgr
(Ya—r¢)

o)
Z5(A)

o = CL 7B B) + Zs( AW (A — ol () + oG B)T,
775 (B)

Z5(B)

o= C.;ZS(A)ZS(B)[ B — Ay +

{rew)

a5+ ) = 6520,

Wave propagation in a 2-D Cartesiangrid

The example testthe performance of the boundatreatment on
T points,m particular on the intersection of thvertical interface
with the free surface (point Tl) (see Figure 1). Vkonsider the
medium homagencous with conpressional and shearwvelocities of
¢, =¥ E[p = 2000 m/s ang; =~ ulp = 1300 m/srespectively, and
a density ofp = 1 gfem®. Th a

Tals]

“1gfa e source is a vertical forthavin
Ricker wavelet time-history with centraﬁ-equcncgr {; 16 11z. The
orce is in subdomaili at 1.87 mdepth, and 372.8 m from the

interface. A receiver is located subdomain at 12 1 m from thd

interface, and at 212.8 m deptfi.he example is basically Lamby’

roblem, for which actosed analytical solution exists.
je calculations use a numerical mesh vNh= 8 1 andy, = 121
each subdomain. Their dimensions after stretching are
we 14603 m andz,, = 2252.3 m, with maximum grisize of
X = 7 = 20 M atthe centers of the meshes. The stretch
parameters are a, = 4.86, a, = 7.2 ajjd= 2. We found from
'rj#jaﬁencal tests that in order to maintain stability, the aspect
of the cells (maximurn to minimum length), close to L and T po
must be less tha5. The solution is propagated to @.8ith a time
Istep of1 ms, using a4dth-order Runge-Kutta integration schem
Figure 2 shows a snapshot of the %artlcl_e velocity vector,
compares numerical and analyticine histories at the receive|
As can be seen from the pictures, the result is satisfactory.

X,

Wave propagation in acylindrical grid

In this problem we solve equations (la-f) on a cylindrical grid
an emptyborchole of diameter 20 cm. The grid arboundary
conditions are shown in Figure 1. The left sidesubdomain A
sitnulates the boreholc wall, and the upper part of the subdo
the surface of the earth. The meditsrhomcgeneous with wave
velocities and density as in the previesample. The problem i
solved in two difTerent I‘regucncy ranges With source centrg
frequencies of 1.5 Kl Iz and 4Q1z, corresponding to thacoustic
logging and reservoir seismic prospecting bands, respectively.
Figure 3 showithce mesh for theacousuc Iogglng run.The numbe
of grid points in the verticadirection is 121, and inthe radial
directions 49 (subdomain A? and 121 (subdonB)nThe vertical
distance id5 m, andthe radial extensions of A arBlare1.2m and
6 m, respect ivcly.  In order to keep the algorithm stable wh
pplying the characteristic treatment, we choose the ratio be
he interior and thecxterior radii of both meshes less than

T

ng

ratio
nts,

e.
and
Ir.
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o

en
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80
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Kessler and Kosloff, 1990). The stretching parameters are
2.88 = 7.2 and The minimum to maxi
significant length ratio (radial extent over the borehole radius)
and the radial distance is 8.4 shear wavelengths. A vertical f
applied at 2.7 mm from the borehole wall (a ring-shaped s
and at 1.6 m from the surface. The timsc used b%{ th
Runge-Kutta scheme is 5 10ns. Snapshots of the wavcfield
dis played in Figure 3.The waves traveling through the bore
wall and the Rayleigh surface waves have very high amp
%_actually, they are cli ppcd in the second snapshotz.
he second model has a vertical distance of 50 m, and
extensions of 1.2 m and 50 m, rcspcctiyébr subdomains A an
B The stretching (3) is only applied to the radial direction o
inner mesh, withx{4) = 2.88 andff = 2. In this problem, th
minimum to maximum length ratio is 513, and the radial dist
is 16 shear wavelengths. As before, a vertical ring-shaped so
applied (clamped) to the borehole wall , at 13 m from the su
A snapshot of the particle velocity vector is shown in Figur
where the different waves can be ap reuath:(RaP/Iei'gh), T
(borehole wave)P (coniprcssional) anS (shear). Finally, Figure
displays the seismogram recorded at the borehole wall and s
It can'be seen that, at the surface, the wave T generates a R
wave R _and a new borehole wave propagating downwards
labeled T in the Figure).

Conclusions

The present modeling scheme is designed to investigate W
phenomena in boreh ole environments; in particular, wave
propagating through the well system and reversvsp
confgurations. Since we solve 3-D propa%at_lor_l with the same
as 2-I> modeling, borehole waves and their interaction with
surface can bé simulated with realistic computer times.
examples involve an empty hole in a homogeneous formation
the borehole fluid can easily be modeled by adding a
subdomain. The numerical scheme can be improved by consi
different time steps for each subdomain, thus resultin

reduction of computer time. The Performance of the L and T g
can be irnproved by applying alternative characteristicr@aches
Moreover, the use of genera ized coordinates (Carcione, 1993
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INTHe"left andupper’ boundaries satisfy stress-free boundary condifi
OlgHel the right and lower boundaries non-reflecting boundary conditio

time=08sg

allow the modeling of surfacegopogra hy and variable hol
diameter. Realistic material rheology (ane asticity and aniso
can be easily incorporated in the modeling (e.g:, Carcionc,
1993b; Tessmer and Behle, 1992).

Although the model has rotational symmetry, it allows for lateral

iat . | roperties,” truncated casing, vertical

variations in hole diameter, washouts, borehole bottom, etg For

instance, knowledge of” the velocity of the longitudinal and torsfonal

through a dlll-strln? l_{)rowdes usefyl
oletto

variations of material

modes propagatm
information for the data-processing (e.g., P efl892). Th
drill-tool (including the coup Ing_joints) and the drilg (which
geqerates surface waves) are, Tactically, a rotatiosgigmetri
System.
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t=2ms

Borehole

Figure 4. Snapshot of the particle velocity vector, f(f{ heeistmic Figure 5. Seism

roble with borehole (800142 central fre ucre souICe).
f{ayleighwavc, ‘I' the borchote wavel’ the boc

the'shear body wave.

Figure 3. Mesh and sna
central frequency source).
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ly compressional, and 8

enote the  cgrresponding ta

qratn recorded at ttborehole wall and earth’s surface|
ﬁe seismic problem.
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