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Introduction

The last decade witnessed the specular advent of ambient seismic
vibrations as a powerful tool for imaging Earth structure at many
different scales.

All this lead to improvements of methods that utilize ambient noise.
They are now applied to more data sets with better theoretical
understanding and are useful for a wide range of applications in
Seismology including time-dependent imaging for sundry physical
processes like underwater acoustics, helioseismology, and structural
health monitoring, to cite a few.

These advances powered many applications in Earthquake Engineering
as well. In addition to improved performance of noise-based imaging,
innovative applications emerged to establish both the dominant period
and the velocity structure in order to compute seismic response.
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Full-surface fire in an oll refinery’'s naphtha tank in Tomakomal after the 2003

Tokachi-oki earthguake

2003 TOKACHI-OKI
EARTHQUAKE Mw 8.3

Significant long-period ground
motions of very long duration
were recorded in the Yufutsu
basin. Oil storage tanks suffered
great damage at Tomakomai
because of sloshing associated
with ground motions.

The deep extent of the sedimentary
basin generated long-period ground
motions with a duration of several
hundred seconds.
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Radiative Transfer Theory

Originated in astrophysics by Chandrasheckar & others (40°s & 50’s).
Introduced to sesmology by R.S. Wu (1985) and developend by K.
Aki and Y. Zeng, H. Sato, K. Mayeda, M. Campillo, L. Margerin, A.
Gusev and others.

ml Sato H. & M. Fehler (1998). Wave propagation and scattering in the
heterogeneous Earth, Academic Press, Cambridge, Mass. 2nd Edition..!

7] Dmowska R., H. Sato & M. Fehler (2008) (Eds) Vol. 50 of Advances in
Geophysics, Academic Press, Cambridge, Mass.

Es o . Es 203 Predictions for
B, g 12D o=z 3D Elastic Diffuse
. F Fields

Multiple Scattering - Energy Equipartition



<ul. (X,, cu)uj. (Xg, a))> = 27 E k™ Im[Gl.j (X,,Xg, a))]

’P2a3 — S%/ﬁB — S%_]ﬁ‘?
Es/Ep — 2&3/ﬁ3

Sanchez-Sesma and Campillo (2006) BSSA
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Energy Equipartition Principle
Infinite Space, Volume modes

Assume stationary P waves inside a finite region (e.g. A cube of v v
side L >> the wave lenght) and Dirichlet boundary conditions:

82<I>+82<I>+82<I>_ 1 0% b — 0
0r2 = Oy?2 022 a2 Ot2 B 1
Then we can admit a modal solution of the form, g of n’s > 0

¢ = Asin (nazm) sin (ny;jy) sin (nzgrz) sin(wt)

Lwl? Modal
— Sphere

i 2 2 2
with n. +n;. +n. =
* J ¥ [7704

According to the Principle of Equipartition of Energy, the
energy associated to every state is proportional to the density
of modes at a given frequency.




3
np = 1x4”(Lw) =ﬂ(ni +n +n§)3/2
8 3 \mx 6
dn, =(1/ 27w’ o Vdw dn, =21/ 27w’ B Vdw,

In a diffuse field the energy associated to elastic waves in a
volume is arranged according to the Principle of Equipartition.

The energy of each state is proportional to the density of modes
In a given frequency band.

The ratio of the S and P wave energy is:

E;  gxdng

=20’/ =2R’
E, gxdn, Weaver (1982)
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3
nP=1x4” Lo =ﬂ(n§+n§+n§)3/2
8 3 \ma) 6

= (1/231'2)5()20('3de dnS = 2(1/271’2)602/))_31/62’60,

In a diffuse field the energy associated to elastic waves in a
volume is arranged according to the Principle of Equipartition.

The energy of each state is proportional to the density of modes
In a given frequency band.

The ratio of the S 2nd P wave energy is:

Proportionality ES _gxdng _ 20°/6° = 2R
constant E, gxdn, Weaver (1982)

\ 7 .
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Half-Space, Rayleigh’s Modes

Assume now stationary Rayleigh waves associated to the free-
surface (for instance, a square with side L >> wave length).

2 2 2
8w+8w=18w / /L

ox>  dy> ¢, ot’ L

Consider also Dirichlet boundary conditions (w=0 en |x|=|y|=0,L )

2

n.Jrx nJy _La)] Modal

w=sen > —xsen > - xsenwt 2 2 _ .
L I > n, +n, Circle

2 2
T, JZ’(LC{)) 1 wA
X X 4

n,=—(n.+n.)= =
g T Cp 4 c;
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21 ¢

E=E,+E,=(1+2R)E, qg=& x2:t2a3 :
P

;X
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= £
14+2R° Weaver (1985)

‘. 2R’ e Perton et al. (2009)
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w A
Es=2aEp=2R3Ep E,=qgxdn, = 7 , dw
B 21 C
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This result shows two ways
the equipartition can occur:
(1) a Ia Maxwell or (2) a la Weaver
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The Principle of Equipartition of
Energy in Elastodynamics

Experimental Verification
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Evento 11 Experimental Verification
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Theory Theory
Energy Data Theory Theory Rayleigh only Bulk only
ratio z = Z = =% = =
S/pP 7.30 = 0.72 7.19 10.39 6.460 0.76
K/(S + P) 0.65 = 0.08 0.534 1 0.268 1.19
1/(S + P) —0.62 = 0.03 —0.167 0 —1.464 —0.336
H?*/V? 2.56 = 0.36 1.774 2 0.464 4.49
X2/y? 0.60 = 0.20 1 1 1 1

Hennino et al. (2001)
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Correlation type Representation Theorem

21 Im[Gij (r,,r )] = _f{Gz’l (r,, I')T; (r,ry)

= G;I (ry,r)7,(r,r, )}dS

Weaver & Lobkis (2004), Wapenaar (2004),
Van Manen, Curtis & Robertson (2006)

i Equipartition !

<ul. (X4, a))u; (Xg, a))> = -2 ESk'3Im[ (X4, X, a))]
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SURFACE WAVE TOMOGRAPHY

Mexico Valley

« 70 stations e
Traces —

HJ72
XP06

JAA3 - oPDAY
: £053,CC585160
3 PE10
AU46 VM290AP6S
53
coar 5153 G166
) ASP51
AO24 3

® 163 epicenters
(~280 km between Mexico City
and the Pacific coast)
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3 WAYS FOR RETRIEVING THE GREEN’S FUNCTION

By definition: Impulsive Response

Fz

Half-space

Plane waves: An
equipartitioned cocktail of Independent distant seismic sources and

P,SV and Rayleigh waves lots of randomly placed difractors

Rayleigh BR =1000 m/s
waves vR=0.25

Uniform
illumination
of SV plane
waves

Uniform
illumination
VE =0.25 of P plane waves vE =0.25

Independent
distant seismic
sources
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GREEN’S FUNCTION G, (SH CASE)
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GREEN’S FUNCTION G;; (P-SV CASE)
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LOVE WAVES DISPERSION CURVES

- Analytical curves: layer over half-space
Experimental curves: filtering cross-correlation
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RAYLEIGH WAVES DISPERSION CURVES

- Analytical curves: layer over half-space
Experimental curves: filtering cross-correlation
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Green’s function from the average
of correlations

U (X O (g ) = =27 Eh™Tm|G, (X, Xy 0),

3D

e (X0 (%, 0)

Im[Gy (XA9 Xp, CU):I= — 2”10/3 3S2




GREEN’S FUNCTION G;; (LAMB, 1904; CHAO 1960)

1

Ep = g,
i 1+ 2R’ Rayleigh
R3
= 1+2R’ 3
R3
— . x
S 1+2R3§ y
\
S_nﬂ/a’zﬁg SH o\
* wlc, ) 1+2R° SV vz
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GREEN’S FUNCTION G;; (LAmB, 1904; CHAO 1960)

ImGi1 Half-spac ImG2H lf-spac ImGSH If-spac
T T - T T 8 T 8 T

L /\_ |
--------------------------- [\
\.‘
N/
G soxl-- *
(G (% %)== ) o (X, 0 (X, 0)

(K =v))e " +2yve”
2wa (k> =v*) +2yvk’

k°J,(kr)dk vLams (1904)



GREEN’S FUNCTION G,, (2D, STRATIFIED MEDIUM
22

A B

Layer over half-space
Antiplane (or SH)case

See poster by Perton and Sanchez-Sesma U

The density of SH states per unit area around a

frecuency band centered in w can be written as @nlS=1/2n w/FT12 dw
Thus, energy density per unit areais {(=gdnlS=qgl /27 w/FT2 dw.
Then the proporcionality constantis ¢g=Q227672 /w1 /dw .
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For stratified médium the number of o o
states of Love waves in mode m per

unit lenght is
ndldm =1/mw/Cim =1/ kim \\/

The density of states in a frequency band dw around w is
andlim =1/m dkim /0w dw=1/m1/Uim dw,
where {/Jdm = group velocity of mode m. Then, the energy density per unit

length of mode m is given by

JLdm =gdnllim =gl /1l /Uim do=({27nFT2 /w1l /dw )1/
1/Udm dw=24T2 /wlim ¢
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E(X) = pa’ u,, (X)u, (x)| = ~4muEgk™ xIm[G,,, (x,%)]

Directional Energy Density (DED). It is the
@ Imaginary part of Green’s function at source

Re[G,, (x,%; ) xiwe™ | = wIm[ G, (x, % o)

8

Proportional to the power transmited to
the medium by the unit harmonic force
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N
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/ /
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~

Stokes (1849) /

From the Representation
Theorem

Sanchez-Sesma et al. (2008)
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AS A CONSEQUENCE OF THE IDENTITY
Energy Green’s Function

E+E,+E, =AxIm|G,, (X,X)]=E, + E|
Ly = pa)2<u12> < Im[G;, (x,x)]
E, = po’ u; o Im[G,,(x,%)]
E, = po’ 1 o« Im[Gyy(x,X)]
Directional Energy Densities (DEDs)

Perton et al.
(2009)
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Deterministic Partition of Energy

Rayleigh

Vertical force l Lamb(1904)

Miller & Pursey
(1955)

Weaver (1985)
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Deterministic Partition of Energy

Horizontal force

Rayleigh
el Chao(1960)

\J \J
w Cherry (1962)

Weaver (1985)

SH=60%

R=18% SV=16% P=6%

Sanchez-Sesma et al (2011) BSSA
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RAYLEGH

Sanchez-Sesma et al. (2011) BSSA
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A Theory for H/V

With Directional Energy Densities one can compute
the H/V ratio as:

[H/V](x;0) =J

E (x;0)+ E,(x;w)
EL(x; w)

measurements <-> system properties

Im[G,, (X, X; @)+ Im[ G, (X, X; @) ]
Im[Gy;(x, X; )]

[H/V](x; w) =J

Sanchez-Sesma et al. (2011) Kawase et al. (2011)
3D problem (BW & SW) 1D problem (BW)




Q2
G = E K" exp(=iK r)cos "% cos
iHoc” c C

| Q2 9
G=- : EHéz)(Kmr) cos 50 g TomE
i2Hpc c C

m=

m=0

K =c" a)—Qz O =(2m+1)7rc

m m 2 m 2H » = X= xO

I GO0 =, 32 ap
2HIOC m=0 CU - Q2

m

Im[G(O,O;a))]=2H EH(a) Q ), 3D

m
m=0



Acoustic Layer. Two and Three Dimensions
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Computation of ImG,; and ImG,; by an integral on the radial wavenumber

Im[Gl (7,0,0:0; n))] =Im J% [f oy (BT, (k) + T, (kr) ke + J% [f (T, (kr) = T, (kr)|dke
7T }J 7T }J
i SH \ PSV :
Im|G.,,(7,0.0;0; )] = Tm L j‘f;;r,(/().]ﬂ(kl')dk
33 2w 4 7F :

. (GN — LH ] [RM — SK] J: )=\t ),
f,ig,(k) == ) ffgr(k): , Jsg(k)= ( L)l' ( L)*“
[NK —LM] [NK —LM] () =),

Harkrider (1964)



Layer over Half-space

Im[G,,(0,0, w)], Im[G55(0,0, w)]

3D Solution

0.45

0.4+

0.35-

Im[Green functions]

0.3-

0.25}

Im[G,,] =Im[G,,]
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AMPLITUDE

Im[Green functions]
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| Sanchez-Sesma et al. (2011)

3D Effect !

- Layer over half-space
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gsiesl | [o/a a/h, N
Imv,<0 Rev,>0
Imv,<0 Rev,>0

O Possible pole

x Branch points

Branch cut
— Integration contour

See poster by Piha et al...!!!

1 o/ By

m[GZ" (0:0:0)] = m[GE (0:0:0)] =—~ 3 A 72 + 4— [ Rel 72, (k)|
. T

meRAYLEIGH 0

1 (*),B\

Im[G ¥ (0:0: )] = In[GSF (0:0: )] = —— Z Ay - [ Re[ £z ()]s

meLOVE T %

] @/ By
MGy, (0:0:0)] =—= Y A, +— [ Rel /a5y () o gk
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Fast computation of Im[G;;(0,0, )]
with Cauchy Residue Theorem
An oportunity to speed up inversion

Garcia-Jerez et al (2013)



Poles localization — Dispersion Curves (Pina et al. 2015)
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0
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Amplitude HV

Best-Fit Error

20

15

1

0

Inversion using Simulated Annealing (Pifa et al., 2015)
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Best-Fit (H/V)
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Global optimization using
simulated annealing

|

Foward Problem

Cost Function N\E

Metropolis criterion

Parameters
adjustment

adjustment
Parameter
control T
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ImG11
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Inversion using Simulated Annealing (Pifa et al., 2015)
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Theory for H/V(f, 2)

v

f(X,t
|y 9 R =
2" Vp1, Vs1, p1,h1 24 Vp1, Vs1, p1,h1
3 Vp2, Vs2, p2,h2 3 Vp2, Vs2, p2,h2
j = . .. j - f X t . - -. - . '
Vpi, Vsj, pj,hj g(X,,t) _L( at) Vpi, Vsj, pj,hj
j+1 LT
L .
VpN, Vsn, pN,hn VpN, Vsn, pn,hi
N+1 N+1
Vpe, Vs, Peo, Vpe, Vs, Poe,
4
Assumption: Diffuse wavefield
H(f 7) = Im[G11(x, x; f)] + Im[Go2(x, x; f)]
vV Im[G33(x, x; f)]

(Sanchez-Sesma et al., 2011)
o
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Normalized Energy
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Theory for H/V(F, z)
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Lontsi et al. (2015)
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Theory for H/V(f, z)

Lontsi et al. (2015)
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Figure: Synth. full H/V(f,z=0)
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Verification of 1D results with numerical modeling
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H/V with lateral irregularity
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Comments and Conclusions (1)

The Principle of Equipartition of Energy allows characterization
of diffuse fields. In seismology a key issue is Multiple Scattering.

We examined the Properties of the Equipartition in a full-space,
a half-space and we mentioned the experimental verification.

We reviewed retrieval of the Green’s function from the average
of correlations in a diffuse field (coda, noise) or for earthquakes
with dominance of body waves. Generalized diffuse field.

Deterministic G; with equipartitioned plane wave cocktails.



Comments and Conclusions (2)

Directional Energy Densities from autocorrelation averages.
* Deterministic partition of Energy
 H/V ratios for site charaterization = Site Effects

Noise (microtremors)—> fast calculation of H/V =
inversion

Incoming body waves (EQ) = fast calculation = inversion
Measurement at depth (MT)-> fast calculation 2>
inversion

H/V near lateral irregularities=> Dipping Layers

With appropriate data processing H/V may be used to
assess Site Effects in Strong Ground Motion.



Thanks are given to M Campillo, M Perton, J Pina,
M Baena, F Luzon, A Garcia-Jerez, S Matsushima,

H Kawase and A M Lontsi for their comments and
suggestions and

Thank you ©..!
For your Attention



