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Figure 1: Sketch of a guided wave propagation. Vertical scale exaggerated.
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Normal modes!

Figure 2: Typical marine common-shot gather (Wang et al., 2016).
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Figure 3: Sketch of a guided wave propagation. Vertical scale exaggerated.
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Normal modes

Figure 4: Estimated phase velocity dispersion curves (Hatchell and Mehta, 2010).
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Normal modes
Period equation: group velocity

Group (envelope or modulation) velocity:

U =
dω

dk
, (2)

Solving the period equation (5),

U = U(ω).
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Normal modes

Figure 5: Frequency analysis: group and phase velocity dispersion (Landrø and Hatchell, 2012).
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I Shallow marine sediments characterization,

I Better denoising.
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Orthorhombic media!

Figure 6: Fractured sandstone: orthorhombic symmetry.
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Hooke’s law

σ = cε, (3)

stress tensor strain tensor stiffness tensor
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Orthorhombic media
Stiffness tensor

C =



c11 c12 c13

c22 c23

c33

SYM c44

c55

c66

 . (4)
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Normal modes in
orthorhombic media
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Motivation

I A classical problem with a practical potential:

I VTI is a feasible model2,

I Sub-vertical fractures in gas-hydrate bearing sediments3,

I Intersecting fracture systems4,

I 15% azimuthal anisotropy5.

2Landrø and Hatchell (2012); Skopintseva et al. (2013)
3Lee and Collett (2009); Cook et al. (2010)
4Sriram et al. (2013)
5Kumar et al. (2006)

18 of 40



Normal modes Orthorhombic media Normal modes in ORT Numerical example Discussion and conclusion

Motivation

I A classical problem with a practical potential:

I VTI is a feasible model2,

I Sub-vertical fractures in gas-hydrate bearing sediments3,

I Intersecting fracture systems4,

I 15% azimuthal anisotropy5.

2Landrø and Hatchell (2012); Skopintseva et al. (2013)

3Lee and Collett (2009); Cook et al. (2010)
4Sriram et al. (2013)
5Kumar et al. (2006)

18 of 40



Normal modes Orthorhombic media Normal modes in ORT Numerical example Discussion and conclusion

Motivation

I A classical problem with a practical potential:

I VTI is a feasible model2,

I Sub-vertical fractures in gas-hydrate bearing sediments3,

I Intersecting fracture systems4,

I 15% azimuthal anisotropy5.

2Landrø and Hatchell (2012); Skopintseva et al. (2013)
3Lee and Collett (2009); Cook et al. (2010)

4Sriram et al. (2013)
5Kumar et al. (2006)

18 of 40



Normal modes Orthorhombic media Normal modes in ORT Numerical example Discussion and conclusion

Motivation

I A classical problem with a practical potential:

I VTI is a feasible model2,

I Sub-vertical fractures in gas-hydrate bearing sediments3,

I Intersecting fracture systems4,

I 15% azimuthal anisotropy5.

2Landrø and Hatchell (2012); Skopintseva et al. (2013)
3Lee and Collett (2009); Cook et al. (2010)
4Sriram et al. (2013)

5Kumar et al. (2006)

18 of 40



Normal modes Orthorhombic media Normal modes in ORT Numerical example Discussion and conclusion

Motivation

I A classical problem with a practical potential:

I VTI is a feasible model2,

I Sub-vertical fractures in gas-hydrate bearing sediments3,

I Intersecting fracture systems4,

I 15% azimuthal anisotropy5.

2Landrø and Hatchell (2012); Skopintseva et al. (2013)
3Lee and Collett (2009); Cook et al. (2010)
4Sriram et al. (2013)
5Kumar et al. (2006)

18 of 40



Normal modes Orthorhombic media Normal modes in ORT Numerical example Discussion and conclusion

Normal modes
Acoustic case

xr
Water surface

x2

x1

x3

α

Water bottom

x3 = 0

x3 = H

?

ρw ,Vw

ρ,Vb

Figure 7: Sketch of a guided wave propagation. Vertical scale exaggerated.
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Figure 8: Sketch of a guided wave propagation. Vertical scale exaggerated.
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Period equation
Elastic orthorhombic media: phase velocity

Ivanov and Stovas (2017):
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Numerical example
Model

C =



9 2.25 3.6
5.94 2.4

9.84 0
SYM 2

2.182
1.6

 . (6)

ρ/ρw = 1.56, Vw = 1.485 km s−1, H = 0.075 km.
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Period equation
Elastic orthorhombic media: group velocity

Group velocity vector:

U =
dω

dk

= {Ur ,Uα} ,

(7)

Steering angle:

β = tan−1 Uα
Ur
, (8)

Group azimuth:
φ = α + β. (9)
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Figure 10: Schematic of the phase and group velocity vectors relation (horizontal plane).
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Orthorhombic media
Stiffness tensor

C =



c11 c12 c13

c22 c23

c33

SYM c44

c55

c66

 . (10)
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Ellipsoidal orthorhombic media
Stiffness tensor

C = ρ



V 2
1 V1V2 V1V3

V 2
2 V1V2

V 2
3

SYM 0
0

0

 . (11)
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Ellipsoidal orthorhombic media
Period equation

tan krH

√
c2

V 2
w

− 1 = − ρ

ρw

√
c2

V 2
w

− 1√
V 2

2 sin2 α + V 2
1 cos2 α

V 2
3

− c2

V 2
3

. (12)
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Acoustic media
Period equation

tan kH

√
c2

V 2
w

− 1 = − ρ

ρw

√
c2

V 2
w

− 1√
1− c2

V 2
b

. (13)
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Ellipsoidal orthorhombic media
Group-velocity limits

{Ur ,Uα}|ω→∞ = {Vw , 0} ,

{Ur ,Uα}|ω→ωcut-off
=


√

V 2
2 sin2 α + V 2

1 cos2 α,

(
V 2

1 − V 2
2

)
sinα cosα√

V 2
2 sin2 α + V 2

1 cos2 α

 ,

(14)
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