~ Seislmager/SW-3C

Three-component spatial autocorrelation
processing using Seislmager modules

* Processing ambient noise data obtained by Atom 3C and/or MT-Neo.

» Seislmager/SW3C license is required.

* Download the latest installer from :
http://seisimager.com/download/SeisImager.zip
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3C SPAC processing using Seislmager
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Outline of three-component (3C)
measurement and processing

3C measurement 3C ambient noise data 3C spatial autocorrelation Rayleigh and Love wave S-wave velocity
dispersion curves model
X(EW)
Z(UD) .
Love
Y(NS) Y(NS)
2(UD) I )
X(EW) /\/\/\/\/\/\ - Vertical ' Rayleigh
- Vertical component provides Vertical component SPAC '
3C measurement provides . provides a Rayleigh dispersion  Joint inversion of
3C ambient noise data. vertical component SPAC.

curve. Horizontal components  Rayleigh and Love
(radial and transverse) provide a  dispersion curves
Love dispersion curve using provide an S-wave

Rayleigh dispersion curve. velocity model.
3C SPAC processing using Seislmager 2

Horizontal components (X
and Y) provide radial and
transverse component SPACs.



3C ambient noise measurements for SPAC

L-shaped array (L3)

Triangular array (T4)

Arrange the orientation of all sensors to be the same direction

3C SPAC processing using Seislmager 3



Spatial autocorrelation for 3C ambient noise

Direction of horizontal components must be Radial and transverse components

consistent throughout all sensors and kept track. are defined for each receiver pair. .\
Transverse s
: component
Rotate horizontal components
Y(NS) .
(X and Y) to radial and
component

transpose components
Radial

Transverse
Y(NS) component component
component
P X(EW)
component Radial
component
X(EW)
component A function calculating transpose and radial

components of SPAC from 3C ambient noise data
was implemented in SPACPlus and dPickwin.
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SW3C option in Seisimager

“SW3C option” should be checked in SeisimagerRegistarioan to use 3C processing functions
or joint inversion of Rayleigh and Love waves.

& Seislmager Registration

s
Send the keyword to your sales agent and get a password. N
N_7F [ ]
Your keyword is N Exit
Enter the password
Pickwin Plotrefa WaveEq GeoPlot GeoPlotiD PSLog SPACPlus
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s s
- | 2D :Pro
-
MCcSEIS MT-Neo can be used. T | SW : Pro3D
Geode can be used. v
Kyoto University functions are available. | 5= e
User information
[+ Send user information to Seislmager.com
Last (family) Hayashi First (given) Koichi
E-Mail address | khayashi@ geometrics.com
Server URL | http://seisimager.com/Seislmager
Advanced options

=

S|
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Example of three component data

W

Select a CTB including 3C ambient noise data

C\Koichi\SanJoseMAM\Sites\001_Geometrics\3C\Data(2019.05.10)

Time(min)

0.00 10 20 30 40 50 60 70 80 90 100 110 120 130 140
2019/0/010 21:04:20 ; 1 2 3 100025

10— # !

l
L 110036
0
. 110037
300009
10—
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Data example (3C measurements using 14 sensors)

500

400 . Easting [m] Northing [m]
0 0

300 . 217.34 302.07
386.02 14.16

200 -257.41 -166.41

. -362.36 182.01

< 100 ’ -77.33 408.01
i, | : . 120.86 -76.71
129.83 31.65

oo | . -96.66 -105.19

. 38.67 132.35

200 ’ -83.89 112.35

256.12 -315.96

300 . -91.77 -381.87

I 25.57 -134.09

-400
-400 -300 -200 -100 0 100 200 300 400

W-E (m)
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3C SPAC processing flow
using SPACPlus, Pickwin and Wavekq

ONT W
% |
Pickwin  WaveE
SPAC (vertical) )—V SEG2 file (.coh)
Rayleigh phase Rayleigh
velocity image dispersion curve
3CCTB H 3C SPAC
F’ Love phase Love dispersion

velocity image curve

SPAC (transverse) )—b SEG2 file (.coh)
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CTB including 3C ambient noise data

CTB Index =0

14 sensors
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Calculate SPAC for each component

Click % to calculate SPAC

Select a component to be calculated

(selecting vertical component)

Select component

(" Horizontal (MN-5)

oK

(" Horizontal (E-W)
(@ Vertical (U-D)
(" Horizontal (radial)

(" Horizontal (transverse)

SP+

Cancel

Select array geometry. Click “Open array
file” if manual array file will be used.

Open array file

Select “Manual array” if manual array will be used.

(@ Manual array

Click “OK” to calculate SPAC.

3C SPAC processing using Seislmager
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Individual SPAC for each receiver spacing
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Calculate dispersion curve for each component

Click to calculate dispersion curve Vertical component

Frequency (Hz) Frequency (Hz)
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 1000 20 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
109 !ﬁ %g JO et Tk, I
i :
209 | 800
1
309 fi
R .
8 1 600
z ! 2
2409 g S
o U s
Ed
. o]
! ©
(| c
500 [ i I—— V— o
B _h% 5 RANNA0A_NNT \7
! 8 4586349-002 V
ooo  PBh] P e Y ety W P e e
Y A e = T & iFanara nonyl
ub g W S . 3 475435¢-001 V
709 Jm 4.762537e-001 V 200
uD
LS frore o]
UD o A e T L
. -
N N e e e e R T £ SV
1.469741e-001 V

| | 0 |
r Dispersion curve from vertical component corresponds to

Rayleigh wave dispersion curve.
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Save coherencies of each component to a SEG2 file

Select “File”, “Save SPAC data as SEG2 file” to coherencies to a SEG2 file.

.. SPACPIus - [SPACPIus2:4]

B || File | View Phase velocty Surface wav

__'; Save SPAC data as SEG?2 file

Use extension “.coh” to save coherencies.

i LR RIL IRALE BN

File name: |Vertical.coh w

Save as type: SEGZ2 coherence (SPAC) file (*.coh) o

SP+ 3C SPAC processing using Seislmager



Repeat SPAC calculation for all components

Radial component

Select component

(" Horizontal (N-5)

(" Horizontal (E-W)

i® Horizontal (radial)

(" Horizontal (transverse)

Transpose component

X
Cancel

Select component

(" Horizontal (N-5)
" Horizontal (E-W)

(" Vertical (U-D)

(& Horizontal (transverse)

Cancel

=

Frequency (Hz)
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Phase velocity

Phase velocity

Frequency (Hz!

1000 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

800

@
Q
S

.
=}
S

200

Note that dispersion curves

from transverse and radial
components do not

correspond to Love wave

E‘ dispersion curve.
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B
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S

200
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Switch Pickwin to the complete menu

Use the “Complete menu” to process 3C SPAC data.

e Pickwin -
File (F) Edit(E) View (V) Pick first arrivals (P) Group (File list) (G) Module Downhole seismic analysis (D) Surface wave analysis (S) Option (O) Help(H)
O [ | | 5 [ [ [ e[| [ (O [ | o | B[] [ FO |0 | @ | & | S| |= i 6 S| 2 ] 3 [F (2]l 3]
No waveform data
Maximum number of traces = 1024 Maximum number of samples = 65536
Select [Option][Dimension size] to change maximum trace and sample numbers
Select “Option”, “Menu type”, “Simple” to the menu type from “Simple” to “Complete”.
a Pickwin -
File Edit/Display View Pickfirst arrivals Downhole seismic analysis Surface wave analysis Processing (A) Option Help
|l | ] 5 O IO Av|v| 55 [ ] | & [ | =5 O[foin]:  Dimensionsize
No waveform data Atom ’
Maximum number of traces = 1024 Maximum number of samples = 65536 meters and m/sec
Select [Option][Dimension size] to change maximum trace and sample numbers feet and ft/sec
Language >
Menu type > & Simple

Y

PW 3C SPAC processing using Seislmager
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Import three SPAC files to Pickwin

Select “File”, “Option”, “Append files” to import
multi files at once.

Select three coherency files (vertical, radial and transverse)
and click “Open”.

a Pickwin -

- Open
1 1 1 T 1 T 1 1 B
File (F) Edit(E) View (V) Pickfirst arrivals (P} Group (File list) (G) Module Downhole s . . 4 « MIRANDOLADAT > MIR.C135.405 > SPAC3C 1O [ search spAC 3C
Open waveform file(O).. Ctrl+0 R 4|4 Iy | B2 52 | & |7 || | ©
) Organize ~ New folder == ~ [
Save waveform file(S) Ctrl+5 "
~ e
- - N Date modified Ty
Save waveform file as(A)... 23 Dropbox L] Name ate modifie ype
mum number of samples = 6553 -] Radial.coh 5/21/2019 11:41 A.. COH File
SEG2 file > . #& OneDrive : =
e maximum trace and sample nu <] Transverse.coh 5/21/2019 1145 A..  COH File
OYO McSEIS series ’ = This PC - Vertical.coh 5/21/2019 11:57 A..  COH File
Open pick file 3 3D Objects ¥ vihl_spectrum2d.dat 5/21/2019 237 PM  DAT File
| - Ei
Yo Allsg2 5/21/2019 11:35 A..  SG2 File
. . Deskt W /el
Save pick file fm Leskiop v . -
. w EW.sg2 5/21/2019 11:27 A..  SG2 File
|| Documents -
i i : i Y NSsg2 5/21/2019 11:26 A..  SG2 File
Option b Append files (select files = 50 files) s Downloads - g /21
Y UDsg2 5/21/2019 11:24 A..  SG2 File
B Music i
=l Geometry_radial.txt 5/24/2019 2:20 PM Text Document
= Pictures = Geometry_transverse.txt 5/24/2019 2:32 PM Text Document
B Videos =l Geometry_vertical.txt 5/24/2019 2201 PM  Text Document
L. 05(C) =l mam oeometrv.txt 5/24/2019 2:32 PM_ Text Document
<
File name: | "Vertical.coh” "Radial.coh” "Transverse.coh” V| All files(**)

3C SPAC processing using Seislmager
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Import three SPAC files to Pickwin

Click “Yes” to continue. Three component (vertical, radial and transverse) SPACs appear.

Frequency (Hz)
0 10 20 30 40 50 60 70 80 90 100

Pickwin

109 o b e s

£
t
E

[g/' Use receiver component in trace header ¢ 159 R e et M e et e e et her
209 MY ) - . : )

3
%
4
1
1
3
f

259

309
Yes Mo

359

409
459

509

Distance (m)

259

609

659 . ..!l_. N bk e - . N L PRI IR RTINS o W | ,L_I..I:LJ.JJ,I[-

709

759 sl

809

Vertical
Transverse
Radial
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Calculate Rayleigh and Love phase velocity images

Click or press “Ctrl+D”

to calculate phase velocity images. _
Set up transformation parameters as usual.

Min. and Max. frequency it
" ” Phase velocity-frequency transformation ped S Errere liﬂ' 3 - 0K
Click “Yes” to apply 3C SPAC analysis. _— ' S—
Phase velocity
- OK Maxitmum Frequency | 10 Hz
Start |0 f
Pickwin e Cancel _ . Advanced menu
Up _ [v Use median filter
Down| Advanced memu # of sample for median filter =| 3
'e Do you apply 3C analysis ¢ Setup min. and max. wavelength
_ Frequency [ Wavelength limitation
Start 0 Hz Maximum wavelength | 4 times
_Ue | N
Yes Mo End 10 Hz Down Minimum wavelength | 4 times
Setup min_ and max_ phase velocity
Minimum phase velocity = 200 e
Maximum phase velocity = 1000 m's

Y

PW 3C SPAC processing using Seislmager 18



Calculate Rayleigh and Love phase velocity images

Ryleigh wave phase velocity image appears at first. Click |B{| to switch Rayleigh/Love phase velocity images.
Phase velocity (m/s) Phase velocity (m/s)
0 200 400 600 800 1000 0 200 400 600 800 1000
| I
0 Rayleigh wave 0 Love wave
1 1
2 2
3 3
— 4 _ 4
¥ N
> 5 P 5
;
% 6 = G
i =
T 7
8 tS]
9 9
10

3C SPAC processing using Seislmager
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Show Rayleigh and Love dispersion curves by WaveEg

Click M or select “Surface wave analysis”, “Show phase
velocity curve (1D)” to show dispersion curves by WavekEq.

WaveEq launched and Rayleigh wave dispersion curve
appears at first. Frequency (Hz)

0.1 1 10 01 1 10

Click L| to show Love wave dispersion curve.

Frequency (Hz)

100 / 2000m 1000m / 500m / 200m 100m 1000 / 2000m 1000m / 500m / 200m 100m
900 900
300 / / / / 300 /A / / / /
700 / ! & / 700 /; i & / /
o 600 / / W / w 600 /ﬁ W / /
/) / /) /Y
E o // 50m E 0 7 50m
% 400 / % 400 //
. 300 o 200
200 \—# 500 - _\_654 N
m
100 o 100 o
0 0
Dispersion curve : Dispersion curve :
V y + Ray|e|gh
+ Love
PW WE 3C SPAC processing using Seislmager 20



Edit dispersion curve and prepare an initial model

Edit dispersion curves and prepare an initial model as usual.

WE

Depth (m})

50

100

150

200

250

300

350

400

450

500

S-wave velocity (m/s)

100 200 300 400 500 600 700 800 900 1000

S-wave velocity model : Mirandola 3C initial model-2 rst

Comparison of observed and theoretical
dispersion curves (fundamental mode).

RMSE =41.139123 m/sec

Fhase velocity (m/s)

1000

900

800

700

600

500

400

300

200

100

0.1

Frequency (Hz)

1 10

2000m 1000m / 500m / 200m 100m

'Y | AR

e WAV

JOANY

/LN /

50m

20m

10m

Dispersion curve : Mirandola 3C initial model-2.rst

Observed Theoretical

—@— Rayleigh
+

Love



Comparison of observed and theoretical dispersion
curves (Higher modes)

RMSE = 32.554294 m/sec

Rayleigh Love

Velocity Amplitude Velocity Amplitude

re
0.1 1 10
1000 — Observed + +
m m 100m

900 Averaged O Q

800 (effective)

700 Fundamental --------------
m 60 f—— /0 F o X B x N N N N e e+ — ¢
£ ,r | 1st
2 500 A i
% : . 50m 2 n d ——————————————
E 400 :
g 3rd W e e—

300

200 , o , At = — | —

; 1 20m
100 // i :-I ;r-' I,’;I’, ,’r ’;I :,J 10m Sth -------
0 ey : il il

V Dispersion curve : Mirandola 3C initial model-2.rst
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Joint inversion of Rayleigh and Love waves

Joint inversion of Rayleigh and Love waves using non-linear least squares method or

Genetic Algorithm (GA) were implemented in WavekEq.

Inversions are available in “Inversion (LSM)”, “GA (Vs only)” and “GA (Vs
and thickness)” in “MASW/MAM (1D)” of WavekEqg.

Wavekq -
File (F) Edit(E) View (V) H/V curves (H) Dispersion curves (D) Velocity model (M)  MASW/MAM (1D) (I) MASW/MAM (2D/3D) (T) Options{0) Help(H)
@ | | [ | N B = I O o P 7|93 X7 4| Initial ol 731t P Pp[ & [ D[ W] S
. i Inversion (LSM) I
Site name : nversion (LSM, with N)
RMSE = 19.247126 m/sec Advanced inversion > LSM (thickness only )
Comparison L5SM (VS and thickness)
1 _ GA (VS only) |
500 show velocity model GA (Vs and thickness) I
1000m 500m Velocity modeling (1D) ? _”__a-'rj rqw )1 ——
Waveform modeling > /\\ /
450 Ad ] L
vanced options > | \/ \ /
Vi - .-: r" \l'.
ST TRT NN N K

WE 3C SPAC processing using Seislmager
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Joint inversion of Rayleigh and Love waves

Numerical example using two layer model

True velocity model S-wave velocity (m's)
0 50 100 150 200 250 300 350 400
0 AV
. : : 5 : : : 150
L0 JS PO . S L ST K N—
SO S SRS S SRS S S - ——
SO S S S SRS S S E———
JORY S SRS S WS S S N ——
50 [ e
- ; z z z z 300
£ SR S A e AR SRS ISR S
L | | | | |
a . : : : :
] ! ! ! ! !
0 0 e oo P oo o e
0 [ e
IV T SO PR SR T R S—
100

S-wave velocity model - Model-1 rst

W
% Average Vs 30m = 225.0 m/sec

10.0

Fhase velocity (m/s)

400

350

300

250

200

150

100

a0

Theoretical velocity model for the true velocity model

Frequency (Hz)

10

100

/ 200m / 100m

50m / 208 / 10m / 5m

i ./

AT

ahd Love wave

nodes are ditfferent from
tal modes.

Dispersion curve :



Initial model

Depthim)

Joint inversion of Rayleigh and Love waves
only fundamental mode

]

20

30

40

50

60

70

80

90

100

S-wave velocity (mvs)

0] 50 100 150 200 250 300 350 400
190
¥
A2
a8
1.7
14.8
18.3
22.0
26.0
30.2
348
396
446
60.7
-------------- NSNS SUNSSI SS—— S———— . . |...........1300
S-wave velocity model : Model-1 initial model-1.rst
Average Vs 30m = 229 4 m/sec
RMSE = 13.252140 m/sec
Frequency (Hz)
1 0 100

Phase velocity (m/s)

400

350

300

250

200

150

100

50

/ 20m / 10m 5m

/ 200m / 100m /5;m
AN

Dispersion curve : Model-1 initial model-1.rst

Inversion using non-linear
least squares method.

Inverted result

Depth(m)

20

30

40

50

60

70

80

90

100

S-wave velocity (m's)

0 50 100 150 200 250 300 350 400

S-wave velocity model - Model-1 inverted_result_LSM10-2 rst

Average Vs 30m = 226.3 m/sec

RMSE = 3.357496 m/sec

Phase velocity (m/s)

Frequency (Hz)

1 0 100
400

]
/ 200m / 100m /50% / 20m / 10m 5m

350

300 / / /

250

200

150 N A S -

Inversion using non-lthear feast squaresimethod decreased the
error between obserVed and-theoreticat dispersion curves.

0

Dispersion curve : Model-1 inverted_result_LSM10-2.rst



Initial model -

Joint inversion of Rayleigh and Love waves
including higher modes

S-wave velocity (m/s)

10

20

30

40

50 100

150

200

250 300

350

50

60

Depth(m)

T0

30

Q0

100

S-wave velocity (m's)

o - 50 100 150 200 250 300 350 400
1]
.z Inverted result = 13
a2 52
28
T 100 p 117
14.8 14.8
183 18.3
22 0 20 s — 220
26 0 — 1260
30.2 30 b 30.2
348 34.8
396 40  [EEE—— 39.6
44.6 44.6
50 feeceieioos
299
5
60.7 = 60 60.7
=
@D
a1 0 T
300 B0 R -~~~ === 307
T8 T S S
100

S-wave velocity model

Average Vs 30m = 231.7 m/sec

RMSE = 14.838737 m/sec

Model-2_initial_model-1 rst

Frequency (Hz)
1 10 100
400 :
/200m /mom /50m /,fem /mm 5m
350
300 / / /
250 4 S
n
£
z 200
[&] o
3
[}
=
2 150 .
fuj
£~
o
f 50 i

Dispersion curve : Model-2_initial_model-1.rst

S-wave velocity model

Average Vs 30m = 220.4 m/sec

RMSE = 5.869226 m/sec

Inversion using Genetic

Algorithm (GA).

Inversion using GA decredsg:
theoretical (effective moﬂeW

Phase velocity (m/s)

400

- Model-2_iinverted_result_ GA50-50-3 rst

250

200

150

0

Frequency (Hz)

10 100

5m

o A/.,.;;.. APV NNr Ao

cUu L pTiwcecll OusScTveu dfl
Alcro NN LI\ lr;n)
CULVTS.

Dispersion curve : Maodel-2_iinverted_result_GAB0-50-3.rst



Joint inversion of Rayleigh and Love waves
including higher modes

Field data example

Initial model
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S-wave velocity model : 10_mam_R_and_L_layered_initial_model-3.rst

Average Vs 30m = 298 4 m/sec

RMSE = 28.689661 m/sec
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Dispersion curve : 10_mam_R_and_L_layered initial_model-3.rst

_Inversion using Genetic «
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Algorithm (GA).
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Theoretically, phase velocities of transverse component is close to that of Love waves. You may consider dispersion curve
of transverse component as that of Love waves. In active methods, dispersion curves obtained from SH measurements can
be considered as the dispersion curves of Love waves.

Rayleigh and Love wave S-wave velocity

3C spatial autocorrelation _ .
dispersion curves model

Transverse
(or SH measurement)

Love
‘ ‘ Love wave .rst file N

v

Vertical
(or P-Sv measurement) Rayleigh

‘ ‘ Rayleigh wave .rst file ’

3C SPAC processing using Seislmager



You have a chance to select Rayleigh or Love dispersion curve

when launching WaveEq from Pickwin.

Select surface wave mode
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3C SPAC processing using Seislmager
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It is possible to switch (or select) Rayleigh or Love dispersion curve.
Use “MASW/MAM (1D)”, “Advanced option”, “Surface wave mode”.
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Initial model
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Dispersion curve : sxsz0235.sg2
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Inversion (LSM, with N)
Advanced inversion
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3C SPAC processing using Seislmager
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Phase velocity (m/s)

1) Save Rayleigh and Love wave dispersion curves to individual files.

2) Open one (Rayleigh/Love) file.
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3) Open another (Love/ Rayleigh) file

and append it.

Append data

>

(" New data OK

® Append to presen@ Cancel

Wavekq

'Q_. Average same frequency?
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4) Select “Yes”.

3C SPAC processing using Seislmager
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5) Rayleigh and Love dispersion
curves are shown together.
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