Elastic-wave values
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ABSTRACT

The average Vp/Vsvalue of aset of layersisaweighted sum of the interval velocity
ratios. The average value is also bounded by the maximum and minimum interval
values. The average value will change according to changes in the target layer. The
thicker the layer, the greater its influence on the average value.

The approximate equations for converted-wave reflectivity RPSand pure-shear
reflectivity RSScan be combined to give a simple relationship between the two:

R™~ 4sin(6)R™ where 0 isthe reflection angle of the shear wave.

The normalized elastic parameters (A(TO( , AB ’ %) are estimated from summed P-P
and P-Sreflection coefficients using alinear inversion method. Normalized Poisson’s

ratio (ATO) and Lamé parameters (AT)\’ %) can then be computed from the estimated

velocity and density changes.

AVERAGE Vp/Vs VALUE OF MULTIPLE LAYERS

Often in seismic analysis we extract a low-resolution or macroscopic parameter,
such as average velocity, which is dependent on higher resolution values such as
interval velocities. We may thus be interested in understanding how the micro-values
effect the macro-parameters. In this case, how do interval P- and S- velocity ratios
affect the average velocity ratio. Thisisinteresting for several reasons. One iswhen
picking events and isochrons on P and S sections, we often take several cycles between
picked events (Miller et al., 1995). This means that a series of layers are entering into
the isochrons, isochron ratios and thus overal Vp/Vs calculation. The question is how
doesthe overal or average Vp/Vsvalue relate to the interval Vp/Vs values?

Average Vp/Vs calculation

Suppose that we have alayered medium (with layersi=1, N) having P-wave and S-
waveinterva velocities (a,3i). Each layer has thickness zj and a set of transit times:
tP for one-way Pwavesand t® for one-way S waves (Figure 1).

What isthe average velocity ratio for the whole section? Let’sfirst define an average
Vp/Vs value as trhe ratio of average velocities (after Sheriff, 1984)..
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where Z isthe total depth travelled, Tp is the one-way P-wave travel time to depth Z,
and Tsisthe one-way Straveltime from Z to the surface, and then
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Fig. 1. Plane-layer elastic medium with N layers.

Thus, the average Vp/Vs value is the transit-time weighted sum of the interval
velocity ratios. Furthermore, y will be bounded by the minimum and maximum

interval ratios (y; ) as shown below:
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Thus, min(y) <y<max(y) .

Examples

We can take several examples to show the effect of a variable velocity layer on
the average Vp/Vsvalue. The medium’svelocities are given in Table 1, and Figure 2
shows the results. We see that for an isochron ratio or average Vp/Vs determination
across athick stack of layers, say 130 m, with only a 10 m target interval, thereislittle
impact of that layer. On the other hand, a 100 m target layer has a large influence on
thefinal Vp/Vsvaue.

Table 1. Five layer elastic model to compute the average Vp/Vs value.

Layer |Thickness (m)| Vp (m/s) | Vs (m/s) Vp/Vs
1 30 2300 1100 1.77
2 30 3000 1800 1.67
3 10 - 100 3500 1000 - 3000 | 1.20 - 3.50
4 30 4500 2500 1.80
5 30 3750 2200 1.70

Two more examples, directly related to current field cases are shown. We observe
the effects of atering the reservoir thicknesses and Vp/Vs values for the Lousana Nisku
case and Blackfoot sand channel example.

Table 2. Average Vp/Vs values for Lousana Nisku case

L ayer Thickness (m)| Vp (m/s) | Vs (m/s) Vp/Vs
Wabamun salt 25 4600 2300 2.00
Calmar shale 10 4300 2050 2.10
Nisku anhydrite 15 6100 3050 2.00
Nisku porous dolomite 5-40 4700 - 7000 | 3050-3950 | 1.55- 1.77
Nisku tight dolomite 10 7000 3950 1.77

A thick porous dolomite influences the average Vp/Vs value significantly (Figure
3). A thin porous region will have an effect that is probably lost in the noise of real

data.
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Table 3. Average Vp/Vs values for Blackfoot sand channel

L ayer Thickness (m)| Vp (m/s) | Vs (ml/s) Vp/Vs
Mannville 20 4200 2330 1.80
Glauconitic channel 5-45 3700 - 4500 | 2300 - 2500 | 1.60 - 1.80
Basa quartz 10 4500 2500 1.80

Results from the model of Table 3 are shown in Figure 4. If we assume that we can
pick real variations in Vp/Vs down to about 0.05, then a Glauconitic sand with
thickness above about 10 m should produce an anomalous Vp/Vs value.
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FIG. 2. Variation of the average Vp/Vs value over the 5 layer model (Table 1) with changes in
the third layer Vp/Vs value.
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FIG. 3. Variation of the average Vp/Vs value from the Lousana Nisku model (Table 2).
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FIG. 4 Variation of the average Vp/Vs value across the Blackfoot sand channel model (Table
3).
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AN APPROXIMATE RELATIONSHIP BETWEEN RPSAND RSS

We may have a converted-wave reflectivity section or a pure shear section,
depending on what survey was conducted. Because both surveys relate to shear-wave
properties it is natural to ask several questons: Which is better? Cheaper? How do
they relate to each other? Thefirst question isthe subject of much current interest and
study. More on it soon. The second question has an answer and it generally will be
the P-S survey, asit is basically a standard P-P survey with just a different geophone.
What the relationship is between RPS and RSS can be shown as below. The equations
from Aki and Richards (1980) that approximate the converted-wave reflectivity Res and
pure-S reflectivity RSS are given as.

RA(B) = pomeg (L —28%p + 282 C5 ¥ €056) 49 | -
_ (4B%p? —4p? COO(SUJ cos 8y AB]
and Re(6)= ~ 4 (1 -2 (s —487) ®
Suppose that Y, and thus 6 and p are small then
R~ _ (Ap AB) 9)
RPS~ [(1+ 28) B AB]
SR e e ey
P8R+ (1- ]
Now as B - 71 , the second term in the equation is very small. Thus
R™(0) ~ 4sin 6 RY(9) (10)

So the converted-wave reflectivity is approximately related to the pure-S reflectivity.
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COUPLED P-P AND P-S INVERSION

ABB from the Aki and Richards

(1980) equations. We could first expand the equations in powers of the ray parameter
p:

Suppose that we are trying to estimate AO(—O‘ and

RP ~ RY - pi(2p g - & 40 + 4p2 0D) ay
where Re=1(40 +0a) |
and R~ By (o r PP+ BAP (12)
Then RP +R%=C, +C,p+ C,p™+ C,p° +. . . .. , (13)
where C.=R" ,
c=-Sla+ PP+ FH

C.= B -G R e )

c= - Byle . B8

This could be analysed now by a polynomial line fit up to the third power of the
variation of RPP + RPSwith offset (p). Once we have estimates of C,,...Cs, then we
can pose the problem as amatrix inverse. Note that G; is directly related to C; and will
not constrain the problem. So:

A

110\ [ %
C, 22
C |=|AoB || 48 (14)
C
2 CDE || OB

B
C=GP (15)

where A, B, C, D, E are functions of a,f3,p.

We could estimate the scaled elastic changes by using a damped (with €) |east-
sguare solution, for example:
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P= (G'G)(G'G+¢?) 'G'C (16)
Once we have the normalized density and velocity changes from equation (16), we
may be interested in finding other elastic parameter changes such as Poisson’ sratio and
the Lamé parameters.
POISSON’S RATIO AND LAME PARAMETER VARIATION

Poisson’ s ratio o can be written as afunction of the P- and S-wave velocities as;

a2-2B° _ y?-2 (17)
O 2 =p? ~ 2(y-1)
where -a
V=3

How do variationsin a and 3 effect 0? Suppose that changes in the velocities Aa
and AP are small then:

Jo
Ao = 5—0{A +0—BAB (18)

Using equations (17) and (18), the relative variation of gis:

Ao 2a°3? Aa A
SR —C A (19)
o (a®-p*)(a*-2B%)" a B
A
Wenotethat if o = cB, where cisaconstant, then =y La _BB and changesin a and

B produce no change in Poisson’s ratio ( Y is constant). If, however o =cB+c,
where ¢ and d are constants, then:

]

and A@TO changes accordingly.

Werecall that a?=A+2u)/p, (21)

and B*=u/p (22)

where u and A are the Lamé parameters.

Now, it may be useful to isolate A for petrophysical analysis as A may depend
more directly on porefill.
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A =po?— 20[32 (23)
Expanding equation (23) for small velocity and density changes gives
o, A
B = (2 oA -2 + 4F (24)

Again, a A}\)‘ section might have less influence of lithology and highlight pore-fill

changes.

For completeness, we can also estimate the incompressibility (bulk modulus)
changes:

K=\ + S = pa - Zpp? (25)
and

B = (2 hE 4N + 29)

BZ
CONCLUSIONS

The average Vp/Vs value is a weighted sum of the interval velocity ratios. The
average value is a'so bounded by the maximum and minimum interval values. It will
change according to changes in the target layer. The thicker the layer, the greater its
influence on the average value.

The shear reflectivities (RPS and RSS) are approximately related by a simple sine
function. It should be possible to construct one section given the other.

A method is presented to calculate normalized velocity and density changes from P-P
and P-S reflectivity coefficients. Using these changes we can aso calculate changesin
Poisson’ s ratio, incompressibility, and the Lamé parameters.
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