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Forward problem

Porosity, fluid and solid parameters.... Effective porous parameters
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« Simple » upscaling (Biot-Gassmann)
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« Complex » upscaling: patchy
saturation
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Poroelastodynamic equations

V.= — wg ( 17, u —+ Pf ?_E’) Equations of motion

r=[Ky Vii + C Vi I+ G [Vi+ (Vi) —2/3 V.l

—_P=CV.u + M Y .0 Mechanical behaviour laws

—VP = — w? ( Pf U+ p W ) Equations of motion

Elastic fields
Poroelastic fields

8 unknowns in 2D :
- Solid u, and u, and relative fluid/solid w, and w, displacements
- Stresses T T, T, and fluid pressure P

[/ parameters
- Inertial terms: p, p; and p
- Mechanical moduli: K, G, C and M




Poroelastodynamic equations

(Vo= W2 (p U+ py W)
T=|[Ky Vi+ CVW] I+G[Vu+ (Vi)' —2/3 V.l
—P=CV.au+ M V.

—VP =—w? (ps i ""-F
\ (1 f )‘\ Simple upscaling

Frequency dependence: w
— Simple upscaling: p (w) =» flow resistance term
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Poroelastodynamic equations

(Vo =— W (p U+ py W)
T = [_mv 7 +iCV ] T +G (Vi + (Vi)' —2/3 V.l
_p (_ T U + 1‘[ T '” e,

.......... Complex upscalings

_Tp—_--' ) u
\ “ (f f )\ Simple upscaling

Frequency dependence: w
— Simple upscaling: p (w) =» flow resistance term
— Complex upscalings: p (w)
Ky (w), G (w), C (w)and M (w) =» mechanic moduli
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Partial saturation: effective attributes
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Partial saturation: effective attributes
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Inverse problem

Porosity, fluid and solid parameters....
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Two-steps inversion
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Skeleton and saturation parameters downscaling
(unsaturated medium)
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3D three layers model
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Amplitude
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AVO curves for PP and PS events
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AVO curves for PP and PS events

200 400 Offsg’?(m) 800 1000
PP event
Vertical displacement u,
Source: 40 Hz
High water saturation: 90 and 80 %
Low water saturation: 10 and 20 %

1.4r

200 400 600 800 1000
Offset (m)

PS event
Horizontal displacement u,
Low water saturation: 20 %
Several source frequencies:
10, 20, , 40,50 and 60 Hz

20



16 Intercept

—10 Hz|
20 Hz,
30 Hz
—40 Hz
K —50 Hz|
—60 Hz,

Patchy saturation
not valid

Amplitude

I U RN B Frequency (Hz) s
k 04 0. 0.8 1 Gas saturation

Gas saturation

Frequency (Hz) Gas saturation

%107 Gradient
. o
Gradient G —ire
L Z|
1.5 30 Hz
—40Hz
T ——50 Hz el
—60 Hz
0.5 i
[}
8 S
§ o— Patchy saturation ——
< l<coer) not valid
Frequency (Hz)
Gas saturation

e Frequency (Hz)

Gas saturation

15 Curvature

— 10 Hz
sl 20 Hz
Curvature K 1 e

Patchy saturation
not valid

Amplitude

3

Frequency (Hz) — D ;
Gas saturation Frequency (Hz)

Gas saturation

Low gas saturation High gas saturation

PP event, vertical displacement u, _




Frequency (Hz) Gas saturation

Gradient G

Gas saturation t Frequency (Hz)

Curvature K

£

Gas saturation B Frequency (Hz)

Low gas saturation

= [
&) N o

Amplitude

0.5r

Amplitude

Amplitude

Intercept

—10Hz

Patchy saturation
not valid

0.4 0.6
Gas saturation

Gradient

—10 Hz|

20 Hz
—30 Hz|
——40 Hz
—50 Hz|
——60Hz

Patchy saturation
not valid

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0.4 0.6
Gas saturation

Curvature

—10Hz

20 Hz
——30 Hz
—40 Hz
—50 Hz
—0 k2

Patchy saturation
not valid

0.4 .6
Gas saturation

Gas saturation

Frequency (Hz)

Gas saturation

High gas saturation

PP event, horizontal displacement u, _



-16 Coefficient B

8{10
Ss —10Hz
. 20H
T . EE
——40 Hz
6~ —50 Hz
Tl ——60Hz ——
ol - -
| N et s I
3 Aialalaleleled
é*& Patchy saturation
<.l not valid
* o -] ——
1k
Frequency (Hz) R . Gas saturation O o2 04 06 ¢ Y] Frequency (Hz) T Gas saturation
Gas saturation
x107"° Coefficient C
! —10HZ
20 Hz
O ——30 Hz I
— 40 Hz
——50 Hz
1 —60 Hz I
g EELELS
% -2 - Patchy saturation —_—
£ not valid
Gas saturation t Frequency (Hz) g o2 04 06 0.8 1 Gas saturation ” Frequency (Hz)
! Gas saturation
Gradient C
Low gas saturation High gas saturation

PS event, vertical displacement u, _

23



Coefficient B

6% 10
~. —10Hz
A 20 Hz
5 \\ ——30 Hz|
h —40 Hz
—50 Hz
PN —60 Hz
A ===
° -
B | N e .
S3.- Patchy saturation ~ ——
g v -
< not valid —
ol
s T
" . [ —— — .
Frequency (Hz) v Gas saturation % 02 04 06 08 Frequency (Hz) o Gas saturation
Gas saturation
X107 Coefficient C
O _—_—
—10 Hz,
20 Hz|
—Ar ——30 Hz|
— —40Hz
——50 Hz
ol —60 Hz
_——
g __K_ _______
g e R e I
g8/ .- Patchy saturation
E |-~ N
< not valid
—4F
-5 f.--7
. e A
Gas saturation v Frequency (Hz) 0 02 0.4 06 038 1

Gas saturation

Gas saturation Frequency (Hz)

Gradient C

Low gas saturation High gas saturation

PS event, horizontal displacement u,,

24



Conclusions

e Strong frequency dependence of AVO attributes, especially at high
frequency

e For high and low fluid saturation scenarios, the effect of saturation
on the attributes is minor (except at high frequency)

* Different behaviors between horizontal u, and vertical u, results

» Strong differences between patchy saturation and averages results,
mainly for PP results.

=» The AVO analysis can give us some extra-information on wave
amplitudes

* Road ahead:
— Real data examples
— Inversion approach using AVO attributes
— 4D applications
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Models: gas-water systems
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Extraction of AVO information

Method:

1.

Computation of full waveform seismograms in 3D stratified three
layers medium,

Extraction of maximum amplitude for each event (PP and PS)
using a time windowing,

Computation of AVA curves (amplitude A with respect to the
incidence angle 0),

Least-square fitting of these curves with polynoms to compute the
attributes as

Ao (B) = Ry + G sin?(B) + K sin*(0)

Ay (8) = B sin(B) + C sin3(0)
where R, and B are the intercept, G and C are the gradient and K
is the curvature.

Plot of each attributes with respect to the frequency and the
saturation



Seismic imaging: poroelastlc FWI
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. ATTRIBUTES
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Downscaling

. MODELS . Skc?leton parameter.s: ¢ and K, Gy
E « Fluid phase properties: K;, psand n
ﬁ * Unsaturated medium : ¢, Ky and V,

7 — g(m) Non linear inverse problem
VP = g (d)IKDlswl'“)

Discrepancy between model and data: L, norm
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Semi-global optimization

Fast and analytic forward
problem

d

Neighbourhood algorithm (NA,

):
— Only 2 control parameters

— Model space guided
exploration

— Fit quality and uncertainty

Number of generated models:
a) 10

b) 100

c) 1000

d) Fit map




Skeleton parameters sensitivity (saturated medium)

A priori known parameters: > True model
* Fluid phase: K;, p;, n
* Solid phase: K,, G,, p, Data: V;p

Fit between true model — estimated model = 50 %
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Downscaling after injection
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