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Motivation

http //Imgk/d com/sed/mentary-rock-
ers.shtml

How does the seismic wave beﬁave in the

presence of thin (compared to wavelength)

layering and/or fractures?
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Elastic moduli of layered anisotropic
media

Schoenberg and Muir, 1989:
\\\\\\\ Assumptions:

7/ 1. Thickness of individual layer
1 IS smaller then a wavelength

h; << A

T
g

< 2. Stationarity
> e h; = const in V{ < A

IO OO’ \\\\\

(Schoenberg and Muir, 1989)
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Elastic moduli of layered anisotropic
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Valid for arbitrary anisotropy
Does not assume periodicity of the

layers

Effective media symmetry order is

Yurly lvanov the individual layers
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Effective anisotropic media: ORT-az + ORT

~AZ
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Effective anisotropic media: ORT-az + ORT

Can effective (averaged) orthorhombic stiffness matrix
be represented by some azimuthally rotated
orthorhombic stiffness matrix?

~ AZ
C
\\\\\\\\\\\\ ? A

~ ORT

C
Monoclini Orthorhombic +
C azimuth
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Effective anisotropic media: ORT-az + ORT
Approach |

Can effective (averaged) orthorhombic stiffness matrix
be represented by some azimuthally rotated

orthorhombic stiffn?gfs matriX(?)R
~ ~ ORT
C =MC |M!

M- 1M a1 = ¢
cos? ¢ sin?¢* 0 0 0 —sin 2&5*\
JOH C’12 C’m O qif? Qﬁlﬁ(,\)% o* PC1 012 Ci1300 @inQ@*\
Cy Gy = 0 C2 |0 1C12 02 C300 0 (00
e ML) = W Cs | 0_ |0Cwobes Caind* 0 00
0

U 0 0 Cl C@ 0 0 Lsifp* Goslgn 0 00

0 () C’4 @20 sin 2¢* UO UO 0 OU CCF& %%*
\016 Cos Css 0 0 OGG/ i \O 0 0 0 0 66))

C16, C26, C36, Cas — 0
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Effective anisotropic media: ORT-az + ORT

Che, Cog, C36, Ca5 — 0

Cis, Cas, C36, Cas = F(cbo, ¢*)
@'effective azimuth

2 [CR(67) + Ca(8) + CBu(67) + Cl(69)] = £(6)

02
. f(¢*) = min_f()

¢€(0;7/2]

Vo | Vso | o | €® | 60 [ 4D | €@ |50 | 4@ | 68 | g | 5@ | 5®
3.5 |16 [ 1.0]0.25 ] 0.15 | 0.1 | 0.15 | 0.1 | 0.05 | 0.05 | 0.08 | 0.04 | 0.02
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Effective anisotropic media: ORT-az + ORT

Veo ‘ Vsg | P | el | S |1,-(1) ‘ €l2) ‘5(2) ‘ 1,-(?-) | 53) | ntlj | n(?-) | n(3)
3.5 ‘ 1.6 | 1.0 | 0.25 | 0.15 | 0.1 ‘ 0.15 \ 0.1 \ 0.05 | 0.05 | 0.08 | 0.04 | 0.02
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Effective anisotropic media: ORT-az + ORT

Veo ‘ Vsg | P | el | S |1,-(1) ‘ €l2) ‘5(2) ‘ 1,-(?-) | 53) | ntl) | n(?-) | n(SJ
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Effective anisotropic media: ORT-az + ORT

Vm‘1@0|p | W | u)|ﬂ | €@ | 5O | @)|(%| n® | 5@ | p®
3.5 |16 [ 1.0 0.25 ] 0.15 | 0.1 | 0.15 | 0.1 | 0.05 | 0.05 | 0.08 | 0.04 | 0.02
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Effective anisotropic media: ORT-az + ORT
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Effective anisotropic media: ORT-az + ORT

po | Vao | p | €® | 6 |ﬂ €@ | 5@ | 4@ | 50 | p@® | p@ | p®
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Effective anisotropic media: ORT-az + ORT
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Effective anisotropic media: ORT-az + ORT

Layer || Vo | Vs ‘ 0 ‘ el ‘ gt |T(1) | (2 | 52) ‘7(2) ‘ 53) ‘ n(t) ‘ nt? | nt)

0
I 3516 [1.0]025]015] 0.1 |0.15] 0.1 [0.05]0.05|0.08 | 0.04 | 0.02
11 401201]10]015|-01]005] 0.2 |-0.15| 0.1 | -0.2 [ 0.31| 0.5 | 027
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Effective anisotropic media: ORT-az + ORT

Layer || Voo | Vao | p | € | 60 | 40 | €@ | 6@ | 4@ | 5@ | 5O | 4@ | y@®
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Effective anisotropic media: ORT-az + ORT
Approach Il

Cowin S.C., Mehrabadi M.M., 1987:
On the identification of material symmetry for anisotropic
elastic materials.
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Effective anisotropic media: ORT-az + ORT

Dilatational stiffness

tensor:
€11%C12%C13 €16%7C26%C35 ©157C25%C35
Cijkk T €15%C25%C36 Cl2t S oiEEk C14%C24%C 34
| 15%C25%C35 €14%C247C34 ©13%C237C33
Voight stiffness
tensor: - c 7
€11755%C6s C16%C257 %45 €15%C4s*C35
Cikkj = €16%C26%Css C22%C44%C65 C24%C34%C55
| 15%C46%C35 €24%C34% %55 €33%°44% %55 |
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Effective anisotropic media: ORT-az + ORT

?LL] QIA Ql

Voight stiffness tensor

Cijkk = Q2A,Q;"

Dilatational stiffness
tensor

Number of distinct
eigenvalues can be used to
deduce number of symmetry
planes

Q = {é1, €, €3} - transformation
matrix

Cijkl B Qﬁ,ij,Qkk,Qll,Ci’j;k.;l;

Q,=Qy (pure

orthorhombic)
Q, #Q, (monoclinic)
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Effective anisotropic media: ORT-az + ORT

zAA] QIA Ql

Voight stiffness tensor

Ciinr = Q2A2Q5"

Dilatational stiffness
tensor

Q

7 Q

1 singy 0
1 cosoy 0

(monoclinic)

0 1

dngs oy D (91,02

0
cos ¢; 0 Browayes et al.,
0 1 2004
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Effective anisotropic media: ORT-az + ORT

Layer | Voo | Vao | o | € | 80 | 40 | €@ | 6@ | 4@ | 5@ | p@) | 5@ | 5@
I [[35]16|1.0[025[015] 0.1 [0.15] 0.1 |0.05] 0.05 | 0.08 [ 0.04 | 0.02
M || 40|20 |1.0|015[-0.1]0.05| 02 |[-0.15] 0.1 |-0.2|0.31| 0.5 |0.27
-J”.'-
80 “t"
. o8
Cijkj—”ﬁ"\ o
Approach Il 4| e | Approach |
e /
a = 0.35
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Effective anisotropic media: VTl + ORT

(Cinn(1 =dn)  Cim(l—dy) Ciap(1 — b) 0 0 0\
Cizp(1 —=0n)  Cip — 0w Eﬁ Ciap (1 ~ow giﬁ:) U ! .
GORT" _ [ Cun(1-0x) Cuy (1 _ cifﬁ) Coap — ONgi® 0 0 0
B 0 0 0 Cuap 0 0
0 0 0 0 Can(l—6y) 0
\ 0 0 0 0 0 Cow(1 — 61) )
Cijo - background VTl medium parameters

on,Ov,0m - fracture weaknesses (Schoenberg and Helbig,
1997)
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Effective anisotropic media: VTl + ORT

(Cllb(l — (S_,r\;) Clgb(l — (SN), Cl:;b(l — (')‘_,f\,-') U U U \
(312,5(]_ e (SN) (:11,5 — (SN% 'Clgb (J. — ('j"_.'\.-'gi—ft) U U U
CORT* L (jl?b(l — (S_,f\,r) 'Clgb (]_ i (S_,f\-'%) (333,5 o (')‘_,i\,-' E:f:t U U U
B 0 0 0 Cuap 0 0
0 0 0 0  Cup(l —dy) 0
\ 0 0 0 0 0 Cow(1 — 61)
Cijo - background VTl medium parameters
on,Ov,0m - fracture weaknesses (Schoenberg and Helbig,
1997)
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Effective anisotropic media: VTl + ORT

Following Bakulin et al. (2000):

€b, 0b, Vo, ON, Oy, 0 K 1

_ 1
Veo = Vpo, — EVPOb(l —a)on (1 — 28)2,

i 1
II(IL)O i Vnmob - EVPO;,(I — OC)(SN(1 . 28)27

N 1
HI%I)O — Vanb — QVPOb(l — OC)(4g5V —|— (1 — 4g2)5]\]),

7l =g,— 8,
1 =g, — 8, +2g(1—a)(8y — gbv),
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Effective anisotropic media: VTl + ORT

Following the approach of Bakulin et al.

(2000), fracture parameters can be
estimated (not resolvable if ORT/VTI ratio in

the composite is unknown):
5@ — 6 4 p@ _ p0)

1l —« (SJ.-.-* =
o 29(1 - g)
1 1—2g - . (SN
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Effective anisotropic media: VTl + ORT

What if the logged interval is known to have

fractures?
/// &8

T
2 Rk
[T IV RTINS

(VPOJ VSU; €, 53 f}/) + (5Na 5H7 5V) : (VP*(]a Vg(]a 6(1)7 6(2): (5(1)1 5(2)3 5(3)3 7(1): 7(2))

Yuriy lvanov Trondheim, 30
2"01 5



Effective anisotropic media: VTl + ORT

X . X +
gzia courtesy - Statoil 150 m
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Effective anisotropic media: VTl + ORT

n(¢)

EE— R
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Bakulin et al. | = 225
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Conclusions

Averaged media behavior is studied for different
types of constituent media:

- ORT-az + ORT

- VTI + ORT (vertically fractured VTI)
Two approaches on approximation ORT-az + ORT
composite with an effective ORT-az medium is
shown
Linearized expressions for anisotropy parameters
for VTI + ORT composite are derived
Demonstrated how fractures can be included in
well-logging data
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