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Quantifying errors in fracture orientation estimated from surface P-S converted waves

Reinaldo J. Michelena, Intevep, S.A., Venezuela
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SUMMARY

| show the estimation of fracture orientation by using t
ratio of energies of surfacB;S,converted waves is a proces
that depends on the properties of both the medium (orier]

and bandwidth). As thorientation of the recording line
gets closer the axes of symmetry of the medium, the ag
racy in the estimation of the angle of fractures increases.
largest error is obtained when the fractures and the line fd
an angle of +45 degrees. The accuracy also increases
increasing time delays since, for a given frequency, lar
time delays are easier to resolve. In general, larger freqy
cies yield smaller errors in the estimates of angles, as |
as the frequency is larger than the inverse of twice the ti
delay (the sampling theorem criteria to resolve a particu
time delay). For frequencies smaller than . this Nyquist-li
frequency the errors in the estimates also decrease. | tg
the algorithm with synthetic and fiel®-S, converted waves
data. For typical surface seismic frequencies and for recq
ing lines oriented close to the orientation of the fractur
the errors in the estimated angles are small.

INTRODUCTION

When using explosive sources, downgoing compressid
waves energy are converted to upcoming shear waves
ergy at the reflection points. This shear energy is pol
ized in the direction of the recording line. However, if th
medium above the reflection point is fractured along a p
ticular direction, the converted shear energy splits into t
components that travel with different velocities and with p
larizations (for small angles of incidence) parallel and p

incidence.
If the fractures form an ang#ewith the recording line

respond to in-line and cross-line receivers can be expressel

that depends on the orientation and density of the fractu
as shown by Thomsen (1988):
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(## 0 orx/2), as Figure 1 shows, the stacked traces that dor
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Wlt,ﬂigure 1: Polarization of P-S, converted shear waves t
B€lpro agate in a medium with fractures oriented an athgl
enwithrespect to the line. In this figur@, = 23.i(t) is
bngecorded by the in-line component af(d) is recorded by
m3he cross-line component.
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Bl-Figure 2: Synthetic traces that correspond to the experim|
e of Figure 1, assuminAt = 10 ms ané = 23 degrees. The
br-wavelet is impulsive.

wo
o-  When using four-components data (two source orien

br- tions X two receiver orientations), the angle of the fra

pendicular to the fractures. No conversions occur at noraltures with respect to the line is such that after rotating bq

sources and receivers, the off-diagonal components have
energy (Alford, 1986).n contrast, when the source has onl
_one component (in-line in the caseFeB, converted wave
q urveys), we can only rotate the receivers until the energy
one of the components is a minimum. Garotta and Gran

(1988) show tfs procedure works well when estimating frac
res, . . .
ture orientation fronfP-S,converted waves measured wit|
3Dx3C arrays. However, as far as | know, no formal pro
have been presented that shows the theoretical reasons
limitations of applying such a procedure in ZBS,con-
verted waves data.

(e}

wherei(t) andc(t) are the stacked signals in the in-line a
cross-line receivers respectively. The differet,ce ¢, = At

| have assumed the amplitude of the converted wave

At =10 ms.

is proportional to the fracture density (Tatham et al., 199p). "€

reflection point is equal to one. Figure 2 shows the sequenc
of impulses for the experiment shown in Figure 1, assu ingf

d | show in this paper the rotation angle that gives the m
imum (or maximum) energy ratio is such that the comp

thity of the medium. | demonstrate that for impulsive wavelg

e procedure is exact. For more general wavelets, the a
Where the minimum occurs is not necessarily the angle of
ractures, and the difference depends on the orientation
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of the fractures with respect to the line, the density of fra
turing, and both the dominant frequency and bandwidth
the signal. The algorithm is tested with both synthetic al
field P-S, converted waves data.

IMPULSIVE WAVELETS

To rotate the vectdi(t), ¢(¢)] an anglea (clockwise) we
simply multiply it by the correspondingX2? rotation matrix:

Li(t)\ _ [ cosa sina\ [i(t)

(C’s(t)) - (—sina cosa) (c(t)) ! (1)
wherels(t) andCs(t) are the components of the rotated veq
tor assuming an impulsive wavelet [W(t) = 6(t)]. After som
simplifications, we obtain the following expressions for th
components of the rotated vector:

Is(t)
Cs(t)

cos @ cos(0 — a)8(t — t;) + sin 0 sin(f — a)6(t — £3),
cos @sin(f — a)b(t — t;) — sin 0 cos(8 — a)8(t - t2).

The energy ratio of the two rotated components is

cos® @ cos?(0 — a) + sin? @ sin?(0 — @)
cosfsin?(0 —a) + sin? Bco?(f—a) ()

Rs(e) =

The subinde» in Rs(a) remind us this energy ratio hag
been derived for impulsive wavelets. As we will see in tl
next section “Band limited wavelets”, this expression m
not be valid for more general wavelets.

When the orientation of the fractures is such éhat
+# /4, in-line and cross-line traces have the same energy
therefore, the energy does not rotate from one compori
to the other. For any oth#@, the energy ratidR&Y) is a
function that has one maximum and one minimum in {
interval (- /2, x/2), as Figure 3 shows. The maximum ca|
be large when there is no energy in the cross-line compon
This is the case when the medium is either isotropic or w
fractures parallel or perpendicular to the recording line.

80 -80 -40 -20 0 R0 40 60 &0
angle (

Figure 3: Variation of the energy ratio when rotating t
traces in Figure 2. The maximum of occura at 23 (the

angle of the fractures) and the minimum is at -67 degrees

After a lengthy but straight forward algebra, we can sh
that the equation
dRs(a)

do 0, (3)

C-
of
hd

has two rootsy; anda; for any angle of the fracturds#
*x/4:

a = 0, (4)
0+x/2. (5)
Equations for the position of the roots (4) and (5) show
the maximum or minimum of the energy raRs{c) occurs
at angles either equal or perpendicular to the angle o
fractures with respect to the line. To find out whether
anglea that gives the maximum energy ratio also gives
angle of the fractures, we need to compare the arrival tim
the two rotated traces: I(t) arrives first then, the fracture
are oriented in the direction af otherwise, the fracture
are perpendicular.When there is no time difference aft
rotation, the medium is either isotropic or the fractures
either parallel or perpendicular to the line.

(2]
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BAND LIMITED WAVELETS

If we want to obtain analytic expressions for the ene
ratio R between general band limited wavelets, it is easie
do the calculations in the frequency domain, instead of
time domain as | did in the previous section to obtain
expression for the energy raiRs(a). The result is

g = Bus o Ww)Pdo + F(a) fj cos(wAt)| Wi(w)Pdw

by o o IW()Pdw = iF (@) fysn(@ADIW(w)Pdo’
6
where (
nd F(a) = 2cos®cos(d — ) sin 8 sin(§ — ).

ent The functionW (w) [the Fourier transform dN(t)] is zero
outside the interva? (the bandwidth).

he For some simple cases, we can examine analytically

N pehavior of the energy ratR. When eithelAt or the cen-

BNt tral frequencyw, of the signal are large, and assuming t

th pandwidth is large enough, the energy ratio is equal tg
energy ratio when the wavelet is impulsive:

Ly
Ecs' (7)

Another interesting limit we can take to expression of
energy ratio (6) is whetha: 0 oré = = /2. In these cases
cos(a)

Rs(e) = sin(a)’ (8)

This equation tells us when the angle of the fractfiies

small or close to 90 degrees, the energy ratio for band |

ited wavelets behaves exactly like the energy ratio for

pulsive wavelets and therefore, the angle can be accura
ne estimated.

At orlllgp—»iuseR = RB(a) =

#—0 or /2

lim
8—0 or /2

1)

" SYNTHETIC EXAMPLES

bw  To test the ability of the energy ratio approach to e
mate the orientation of the fractures when u$ing, con-
verted waves, | generated pairs of synthetic traces by ¢

volving spike-like traces similar to those in Figure 2 wi
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Ricker wavelets of various central frequenciss! assumed
different orientation® and time differenceAt. The energy
ratio approach was applied within a time window that cq
tains the event of interest. The energies were calculate
the time domain.

Figure 4 shows the behavior of the error in the estima
of the angle of the fractures as a function of frequency
fixed # and variousAts. In this exampleg = 23 degrees.
WhenAt is small, very high frequencies are needed to obt
accurate estimates of the angles. As At increases, acc
results can be obtained at lower frequencies, and for low

wavelet is band limited, equation (6): the error in the estima-
tion of the angle decreases as the angle between the fragtures
N- and the line gets smaller, and decreases as the fracture den-
d insity increases. With frequency, however, the behavior is|not
linear, and even though the error decrease for large frequen-
ion cies, for lower ones it can either decrease or increase. Next
for section shows the application of the algorithm to a P-S, ¢on-
verted wave field data set.
ain
;rr:t‘f:IELD DATA EXAMPLE

quencies, the error in never greater than 15 degrees. Figire 5 In January, 1994, Corpoven, S.A., and Intevep, S|A.,

confirms that for increasing, the error in the estimates als
increase, specially for smeAt.
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Figure 4: Error in the estimated angles as a function of
quency and time differenceDifferent curves represent dif-
ferent'time differenceAt, from 4 to 20 ms every 2 ms. Iif
this exampled = 23 degrees.
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Figure 5: Error in the estimated angles as a function of
guency and time difference. In this examte 35 degrees.

After examining the relationship between the frequen
wg Where the maximum error occurs and the time dAty
we find |

Womax error = '2K£ (9)

We see thadggax emor 1S the minimum frequency necessar
to resolve the time differencAt. For greater frequencies
the error decreases and eventually it tends to zero; for lo
(aliased) frequencies the error also decreases but it dog
go to zero.

The previous synthetic examples confirm what we 3
ticipated from the expression of the energy ratio when

b recorded a surfac€-S, converted wave, data set in south-
west Venezuela. The aim of the experiment was to deter

three lines intersect different well locations that were usef to
control and calibrate the results. The experiment was care-
fully designed, implemented, and monitored to make sure
the data quality was optimum, and to eliminate any vari-
ation in amplitudes and traveltimes that could be confused
with lithological effects. More details about the data acquijsi-
tion can be found in Ata et al. (1994) and Ata and Michelena
re- (1995). The data were processed to preserve true amplitude
and maximize frequency banB:S data were binned b
asymptotic approximation of the common conversion point
locations (Chung and Corrigan, 1985) for proper positipn-
ing of the events. More details about the processing canh be
found in Ata and Michelena (1995).

One of the lines intersects two wells where fracture orign-
tation from Formation Micro Scanner (FMS) logs was avail-
able. Figure 6 shows in-line and cross-line stacked traces
around a well located at 2.1 Km. In-line component is fagter
than cross-line componentSince the energy in the cross-
line component is also smaller than the energy in-line,|we
can conclude the line is oriented in a direction close to|the
orientation of the fractures, the case when we expect to have
the smallest errors in the estimation of the angles (equation
8). The central frequency of the data is 15 Hz. The data

e- rotated by angles obtained after applying the energy ratio
approach are shown in Figure 7. Even though the rotdtion
angle was estimated from the energy around a partigular

cy event, the energy in the slow component has been reduced
for all times, which means the fracture orientation may|be

=

y line shows the position of the maximum ratio. The star

this figure show the angle of the fractures interpreted f
wer FMS logs recorded in wells located at 2.1 and 2.9 Km. The
ssn’tagreement between angles estimated froBdata and FMS

logs is excellent. Two fracture sets were interpreted crgss-
n- ing the well located at 2.1 Km. However, the seismic data
lhe SEEMS tO be influenced only by one of them. This result |can
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be used to determine which fracture set is the densest sir
according to Yale and Sprunt (1989), seismic waves seems
polarize in the direction of the densest set when traveling
a medium with multiple fracture orientations.
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Figure 6: Stacked horizontal components around a well |
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Figure 7: Horizontal components rotated by angles eq
mated using the energy ratio approach.
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Figure 8: Energy ratio for the selected event as a function
distance and rotation angle. Maximum ratios are indical
by white color. The continues line fgoes throughout the mg
ima and indicate the estimated fracture orientations. T
stars at 2.1 and 2.9 Km indicate the fracture orientatig
measured by FMS logs recorded at two different wells.
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cEONCLUSIONS

irfo We have seen that the estimation of fracture orientatio

fmm P-Sconverted waves using the energy ratio approach
a process that depends on the properties of both the mediyim
(orientation and fracture density) and the signal (central frg-

guency and bandwidth). The accuracy in the estimated ah-
gles increase as the orientation of the line gets closer to the
orientation of the fractures or their axis of symmetry. The
accuracy also increases As(= fracture density) increases.

When the anisotropy is such that the traveltime differ
ences are of the order of the time resolution of the data, the
error in the estimated angles are the largest. By increasihg
the frequencies, the accuracy in the estimated angles also
increase.

The algorithm was tested with field data recorded in a
D-direction close to the orientation of the fractures. The dift
ferences between the fracture orientation measured by FMS
and estimated from the P-S converted waves were small and
could be used to indicate which fracture set was the densegt.
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