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Preparation: Phase Velocity & Group Velocity

f(x+4x,t)
f(x,t)
Propagation of Energy: Group Velocity v. Veoca av (O
Propagation of Information: Phase Velocity c. 7 dk “c

Dependency of Phase Velocity on the Frequency f (or Wave Number k): Dispersion.
c is different from v in Dispersive Media.

Preparation: Phase Velocity Determination

Definition of Cross-correlation ~ C,(t)= jx(z')y(t +7lc

Product & Integration =) Cross-correlation




Preparation: Phase Velocity Determination by Cross-Correlation

Cosine Function with the angular frequency @ (one cycle only)

f(0,7)= f,cos(wr) * """

______________________________________________________________________

Time lag t gives coincidence. If distance is r, the phase velocity c is given by r/t.

Cc(0,r,t)= fozjcos(wr)cos(a)r +ot—kr)dz
_ foz[[cosz(a)r)d r cos(at —kr)— [ cos(ez )sin(wr)dz sin(et - kr)]

oc fZcos(wt—kr)  The maximum value of Cc corresponds to this time lag.
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In the frequency domain:

Cc(0,r,0)=F(0,0)-F(r,w)=|F(0,0):|F(r, ) exp(iag(e))

Phase lag due to wave propagation is

A@ = or because exp{i a)(t + Lj} = exp{i(a)t + a)_r)}
C C C

Therefore,
Cc(0,r,m)= \F(O,QX-\F(r,w]-exp(i%rj
Coherence

el Sl {2 ol

Here, c is the phase velocity measured along the measurement line.

Auto-Correlation

Ac(0,)=Cc(0,0,0) =|F (0, ), Ac(r, )= Cc(r,r, @) = |F(r, )}




What’s CCA ?

Zero and 1st order Fourier transforms of the wave field along
the circle over the azimuth.

e R -

Zero Order 1st Order

CCA (Cho et al., 2006, Tada et al., 2007)

PSD<j_’; Z(t,r,0)

You 110} PSD< [ z(t.r,0)exp(- ie)d9> i

T
T

PSD<> denotes the power spectral density

SPAC (AKki, 1957;1965; Okada et al. 1987; Okada, 2003)

_ 1% Reflc,(no)ll
plr,o)= - g\/E_CC,C(w)_E_Cm,m(a))_ d6 = J,(kr)

CCA (Cho et al., 2006, Tada et al., 2007)

PSD< j Z(t,r,6)d 0> I2(rajc)

o110} PSD<£;Z(t,r,H)exp(—i@)d6?> I (rw/c)

Jo(kr): SPAC coefficient [Jo(kr)/J1(kr)]"2: CCA coefficient
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Analysis in the frequency domain

G,oz,(I T, ) = PSD<j Z(tr, 9)d0>

~ PSD<{?\A—”§:Z(@ ro, )H?VI—” iZ(a), r em.)*}> = T\;Zzz i i E[C,(r,0)]

m=1

G, (r 1 o)= PSD<I” Z(t,r,6)exp(— i¢9)d6?>

-

Sl E[cm,m.<r,w>]exp{— (0~ 0)

2
M m=1 m'=1

PSD: Power Spectral Density, C ,...(r,@) : Cross correlation °

Analysis in the frequency domain
CCA coefficient

e B e
o N J(ra/c)

> M EC, . (r 0)expl-i(6, - 6,)} **

m=1 m'=1
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Analysis in the frequency domain

Gon(r, 1 @) = CSD<_[ Z(t,r,0)d0, | Z(t, r,e)exp(—ie)d9>

) E[ f\ﬂ_ﬂzl\.ﬂ_:Z(w, rﬁm-)}{iﬂ—ﬂiz(”’ r, 0. )exp(- iem)ﬂ

m=1

M

> E[C, . (1, 0)expl(- 16,)

m=1 m'=1

Incoming azimuth

Pr = Arg[Gzou(r’ r 0))]_ Y

CSD: Density of Cross Spectra 11

G,07,(0,1, @) = CSD<j (t00d9j (tr, .9)d.9>

= 27F z(w,o,o){[ " Z(o, r,@)d@ﬂ - an[ [ 2(000)2(w, r,H)*dH}

- -

2
Are Y

= 27E :jﬁﬂ Co,e (r, a))d (9:| ~ om (r’ a))]

G,07,(0,0, a)):CSD<j (tOO d@j too)d9>

:47r2E[Z(a),O,O)Z(a),O,O ]=47r E[Cy,(r, @)

SPAC coefficient
B 1 I_”E_Co,a(r1w)}j0 GZOZO(O,I’,a))

M ElCo,o(Q a))J 12




Correction for incoherent noise (Cho et al. 2006)
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System Correction for CCA in the frequency domain.

Obstacle: Difference of System Characteristics Yokoi (2012)
& Very Local Amplification

-th geophone as*()=d G H

I-
G
ﬂLM
,

a
‘ Signal: Propagating Rayleigh Waves >

Record of i-th channnel / Ground motion of propagating waves
diObS(f ): di(f )'Gi(f ) Hi(f)
S

System Characteristics Very Local Effect

G/(f)=[G/(fJexpi-ip;  H(f)=|H(F)expl-js} .,




Cross spectra between i-th and k-th channnels’ records
Ci ()= d™(1)-d* ()
= Cik(f )‘Gi(f )'Gk(f)* ‘ Hi(f ) Hk(f)*

\ Cross spectra between i-th and

k-th channnels’ ground motion

CCA coefficient is defined using cross spectra of ground motion
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Phase difference among the system characteristics

2 *
Gi(a))-Gk(a))* _[d"* (@) G,(e) G, ()
‘G )HG" (a)){ ‘d e (w)ﬁGi (w)ﬂGk (a))(

d e (@)(2 Gi(@)-G, (o)

\/‘d huddle ‘d huddle )ﬁGk (a))(Z
ch huddle ( a))
\/C huddle C huddle (a))

Correction factor for phase difference among the system characteristics

\/C huddle C huddle ( a))
C huddle (CO)

exp{— J( — @ )}

CoRp* (o) =explilp

16




For a stable processing, average over time blocks is applied

huddle huddle
st el BT

Corrected cross spectra

Ci" (@) = Ci* (@)- Cor™™ (@)
=Ci(2)Gi()|G\ (@)H; (@)H, (o)
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Complex coherence between i-th and k-th channels’ corrected records
cor
COhlior( E [C ] E[Clk ( )]

\/El o ( ]El o )J \/E (w)E[c, ()] -expi- (4 - 4}

An interim quantity R, (o)

_ cor . cor _ cor . [le(or( )]
le(a)) C00 (a)) COhIk (a)) C00 (0)) \/El cor ]El cor J
Obs [Cobs COI’,EUddIe( )
\/ E [C obs huddle [C I?l?s k 0 rkrlluddle
B ngs E[Cobs -Corllrguddle( )
B \/ ElC obs ]E lcobs J :Description using observed records

On the other hand

R 0)=CE o) wa [g] ool i -4
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Assumptions:
1) Phase difference due to very local effect is negligible @ — @, =0

2) Power spectra of ground motion is same for all channels

P(a)) = E[Cii (a))] = E[Ckk (a))]

R, <a>>~[%§>je[cm<w>]

Contents of () is common for all channel pairs, then

ii E[Cik ii Ric (a))

i=1 k=1 ~ i=1 k=1
SCCA(G)) MM ~

> > E[Cy(@)]expi- ii R, (w)exp{- j(6, - 6,)}

i=1 k=1 i=1 k=1

k=
Complete definition of CCA coefficient is obtained by using R, (w) in place

b
of C,%S() g

SPAC coefficient (Aki 1957, Okada 2003)

ZE[ Omra)]

p(r a)) o E[CO,O(O,a))J Jo(ra)/C)

obs obs huddle
Use Ry, (@) in place of E[C, ()] R, ()= Co (@ )E[Clk (@)[Cor (@)
JElc®(w)Elc (w)]
Neglect phase difference of system characteristic

Cory" " (w) = exp{JE[p; - ¢, ]} = 1
Or perform system correction

Ecl?(bs k:or”tluddle :E[Clcly(bs( )]

Okada et al. (1987)’'s formula is derived by two assumptions in the
previous slide

1 ZE[Co,m(r’w)] iRo,m(w) 1 M [Cobs ]

1
M Elco,o(O’ CO)J M Ro \/E|_C°bs ECObs )J
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2
Seea(l, @) = GaozolI. 1, @) _ Jg(re/c)
00 G lre) ()
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CCA Analysis
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A real example of CCA Analysis
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(BRI, Tsukuba, Japan)

Power Spectra

CCA

Example using 2Hz
seismometers
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System Correction

Phase velocity

Effect of System Correction
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S(r C()) _ \]g(ra)/C)
! o 2
I (re/c)
Long wavelength apploximation
(Small value of kr) (Cho et al,2006)
o s(r,omg)
c(w) = —/s(r, )+ 2
2 1.00E+04
Comparison of Long Wavelength Approx. Cl — Gz0z0/GZ1Z1
GS-1, Gain x16, Huddle Test Cor., Coh. « 1.00E+03 == —s(c1(h),f) ]
o — Gonventionat g | £ 1008402 | - =20
> © 100E+00 |
) 1.00E-01 .
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Improved approximation:
Yokoi(2012) c2
Js(rw)+0.97221
co( @)/rem = 1.0003( X2 +0.0015245) -0.0138 ,,

2.0003




Dispersion Curve

Vs Structure

Heuristic Search: VFSA-DHSM
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