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SCHEDULE OF THE MODULE

Introduction: the importance of Ambient Seismic Noise and its
properties (1h)

Single Station Method: HVSR technique (1h 30’)
Array Based Methods (2h)

Practicing with Geopsy (1h 30°)



For what scientific reasons are we interested in ambient

vibration?
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Key ingredients controling ground motion |
(de)amplification:

Geometry (1D,2D,3D) ; .
mechanical and (an-)elastic properties (Vs,
attenuation)

Fundamental frequency(ies) of a soil

Amplification factor
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Lanzo and Silvestri, 1999




For what scientific reasons are we interested in ambient

: . DITIN=ERIS
? e : @
vibration: Proxy for building code site 30 |
amplification : Vs30 Voo™ 20
Design earthquake Z =1 V__c,I

Sk ‘(m/sz)

Fo'az B

S Catecoy |

A Vs >800 m/s
B 360 m/s < Vs < 800
m/s
1—1]] C 180 m/s < Vs <360
TB
m/s
D 100 m/s<Vs <180
S :ISS . ST Soil coefficient m/s
E Vs similar to C-D but

shallower bedrock




For what scientific reasons are we interested in ambient

vibration? BITINZRIS

Proxy for landslide
monitoring: dv/V

Valocity {em/d)

Morth GPS displacamant {em)

dViv (%)

Bontemps et al., 2020, Nat. Comm.



For what scientific reasons are we interested in ambient

vibration?
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Proxy for civil engineering

structures and cultural heritage

health monitoring: Vs

Upgoing wave velocities
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For what economic reasons are we interested in ambient

vibration?
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What is the Ambient Seismic Noise @ ITINZRIS

Small ground vibrations (displacements of the order of 10* 103 cm)
everywere recorded on the Earth

"w”“i""'M"”"‘"W”“”“’“’"“"’”‘“““N“i M“Mﬁw ' ‘I .f‘ 'f.'.ll‘n,r""il'i-u'lutl""".fr“"u""'.a""'u"f’\“‘"”’I“u“"m""J‘%«“»‘-"u""-'r"-‘%'f‘f"*‘ﬂ"ﬂ"
Seismic ambient noise L l ’ Surface waves 20 sec.

Body waves

“Noise is the part of the data that we choose not to explain” (Scales in
Snieder, 1998)

e Long Period Noise (T > 1 NATURAL SOURCES
(sea waves, big atmospheric perturbations)

M iC ro S e i S m S S; FrequenCy < 1 HZ) Far sources: surface waves contribution

(Rayleigh waves) in their fundamental mode

ANTHROPIC SOURCES
. P ShOI’t Period Noise (T <1 (Vehicle trafic, industrial activities, local
M IC rOt re m O rS wind) Local Sources: both body and
S, FrequenCy >1 HZ) surface waves. As to the latter, both

fundamental and higher modes




What is the Ambient Seismic Noise composed of?

Incident wave

>
»

On e 00 ___ Coast Large wavelength sea waves generate

Shore e line ambient vibrations due to the beating
- —— generated by the interference of ocean

L waves reflected from the coastline. This
Incident wave standing wave acts as a striker on the
seafloor generating wave trains that

/\/\/\/ Reflected wave propagate within the crust.

-—s Standing wave
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A

Other sources of natural origin include
streams, tremors from volcanic activity,
and subsurface fluid circulation.

" Time (s)



Ambient noise in late 20th century DITIN=ERIS

Timoteo Bertelli (1826— 1905)

The father of «microseismsy

“The miicroseismic movements of an isolated pendulum often occur contemporaneously with
distant earthquakes; others occur during continued barometric depressions; and the movements

have a maximum in winter and a minimum in summer.”’
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Stutzmann et al., 2000

Noise Seasonal Variations
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PSE (10 * log (m**2/s**4) / Hz) db
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Period (sec)

q1: January - March; q2: April —June; q3: July - September; q4: October - December.



Satoh et al. (2001)

Sendai city
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Latitude
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RMS amplitude ch?gge (%)
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Origin of the Seismic Noise @TINZRIS

oceanic and large scale wind effects and local human
meteorological meteorological conditions P
.. 81 8l activities
conditions

Microseisms ’ -




SUMMARY @I TINSRIS

@ MICROTREMORS _

* Far Sources * Local Sources

* Surface waves * Surface and body waves

* Rayleigh waves * Rayleigh and Love waves

» Fundamental mode * Fundamental and higher

modes



ABOUT SURFACE WAVES

X

Particle Particle
MMotion Motion

_|—F
D
Laver 1

Laver 2

Depth Depth

DISPERSIVE BEHAVIOR
OF SURFACE WAVES

=
o - e
it o
e Vi i
e e A ot T g
Y o
iy =,
2

=
i
=2

-
~

(a)

ELLIPTICITY OF RAYLEIGH
WAVES

BITIN=RIS



Time (s)

ABOUT SURFACE WAVES

Distance (m)
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Raw data ‘normalized’ trace-by-trace

@) Direct and refracted waves

) Surface waves



On the dispersive behavior @ ITINZRIS
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Rayleigh Phase Velocity (m/ sec)
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MULTIMODAL PROPAGATION
PHENOMENON
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How Ambient Noise can help us in deriving @ ITINZRIS
information on site conditions? |

Single station
l H/V method

i'\"'j\,./- Output: site resonance frequency

Cepth [m)

+
+
FH4++
+
+

Misfit



Single Station measurement: H/V technique
(HVSR)
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Alluvial sites

Spectral ratio H/V

Frequency (Hz) Frequency (Hz)



Single Station measurement: H/V technigue P
(HVSR)

Correlation between H/V peak frequencies and sediment thickness

W. Lower Rhein (ibs-von Seht & Wohlenberg, 1969)

1000 . SQUIS tiver (Delgado et al., 20008)
3 Cologne (Parolai et al, 2002)
E. Lower Rhein (Hinzen et al., 2004)
Zatarrays (Garcia-Jerez et al., 2006)
Bam (Motamed et al., 2007)
Florence (D'Amico et al., 2008)
——————————— Ljubljana Moor (this study)
100 o
E *
@
Y
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104
GosarA. et al., 2010,
Bull. Earth. Eng.
1

Frequency (H2)



Single Station measurement: H/V technique
(HVSR)
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N’G’E 30°12E

Correlatlon between H/V peak frequenues and sediment thlckness

Quaternary Alluvium
| Eocene Sandstone/Shale

40°48'N

Investigation of 3-D basin structures in the
lzmit Bay area by single-station microtremor
and gravimetric methods

Ozalaybey et al., 2011, Geophys. J. Int.



Single Station measurement: H/V technique
(HVSR)

@ITIN=RIS

Correlation between H/V peak frequencies and sediment thickness

0.5 1 2 5
Fundamental Frequency (Hz)

H/V peak frequencies

10 20

Ozalaybey et al., 2011, Geophys. J. Int.



Single Station measurement: H/V technique

(HVSR)
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Correlation between H/V peak frequencies and damage distribution

<

41.1

Latitude [deg]

41

T T T T T T
286 28.7 288 289 29 291
Longitude [deq.]

Picozzi et al., 2009, Soil Dynamics and Earth Eng.

Site characterization by
seismic noise in Istanbul,
Turkey



Single Station measurement: H/V technique P
(HVSR) - Correlation of directional HVSR with landslide DITINERIS

movement
Calamita et al., 2023, Engineering Geology
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Single Station measurement: H/V technique -
(HVSR) — Nakamura (1984) @ITIN=RIS

Hypothesis 1: H/V = Hyo40/Viody

Short Wavelength
Random distribution of sources I‘—’I
with independent activation times
. High Frequency
] ] -' a ® = - L
s o° - "0
. e® .
. . d'- - . High sensitivity to ground irregularities:
¢ e M. Reflection/refraction/scattering
g * O " . .
. . .
® .8 e I
L ] = - .®
. * .
* . « * . RANDOMIZATION OF THE ANGLES OF EMERGENCE, OF THE
¢« ° . . ., : AMPLITUDE OF THE DIFFERENT PHASES THAT, AVERAGED
*, ® S W% . OVER TIME, MAKE THE RATIO OF VERTICAL AND HORIZONTAL
* e 2 . AMPLITUDES TEND TOWARD UNITY.



Single Station measurement: H/V technique _J
(HVSR) — Nakamura (1984) @ITIN=RIS

. |
Hypothesis 1: H/V = Hyoq/Viody fy = S RESONANGE FREQUENCY
4H (FUNDAMENTAL MODE)
Thickness Vp Vs Density
Simple Layer halfspace model
t" ” l l ﬁ .l =Ty ) (m) (m/s) | (m/s) | (kg/m3) [ Qp | Qs
m \'/ M
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Resonance phenomena occur for g
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¢ 2 4 6 8 10 12 9 2 4 6 8 10 12
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Single Station measurement: H/V technique
HVSR) — Nakamura (1984

HypOtheSiS 2: H/V - Hsurface/Vsurface

Random distribution of sources

with independent activation times Different spatial scales with respect to body waves:

NI The equivalent average source reasonably provides
¢ . L the same contribution to horizontal and vertical
. component of motion
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Single Station measurement: H/V technique
(HVSR) — Nakamura (1984)

Hypothesis 2R: H/V - HRaerigh/VRaerigh

@ITIN=RIS

0
, Impedance contrast . |
10 For strong velocity contrast,
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Single Station measurement: H/V technique
(HVSR) — Nakamura (1984)

Hypothesis 2R: H/V - HRaerigh/VRaerigh

From Tuan et al., 20717, Geopys. J. Int.
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Single Station measurement: H/V technique
(HVSR) — Nakamura (1984)

Hypothesis 2,: H/V = H ..

@ITIN=RIS

Phase (—) and group (= = ) velocity of

e ~ the fundamental mode of Rayleigh waves

~ Phase (——) and group (- ~ ) velocity of
. the fundamental mode of Love waves
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Single Station measurement: H/V technique
(HVSR) — Nakamura (1984)

Hypothesis 2: H/V = Hsurface/Vsurface

@ITIN=RIS

From Konno and Omachi., 2008, BSSA
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Single Station measurement: H/V technique

@ITIN=RIS
(HVSR) — Nakamura (1984) _
Hypothesis 2: H/V = Hyyrace/Vsurface
High Contrast Low Contrast
e —————————ll
Type 3 Type 2 Type 1
| 1
7T
) 2.0 ! ’ | | ] P T
ﬁ 1 5 Foy of Rayleigh Waves g
- | T '._ e
o i
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B e
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From Konno and Omachi, 2008, BSSA

S-wave Velocity of Surface Layer (m/s)



Single Station measurement: H/V technique S
(HVSR) — Nakamura (1984) DITINERIS

From Molnar et al, 2018, Surveys in Geophys.

LOVE - SH YES DECREASING LOVE-SH NO
RAYLEIGH  YES l > RAYLEIGH NO
8 (a) : : EFRI (b) ‘: BRI (C)

10'

frequency [Hz]

ASD [mm/s]

frequency [Hz]

frequency [Hz] frequency [Hz]



Single Station measurement: H/V technique |
(HVSR) — Nakamura (1984) @ITIN=RIS

Take home message

H — s body Love+— H Rayleigh
V Vbo VR lei

Bodyv waves Surface waves

The peak frequency of H/V curve provides a

reasonable estimation of fwhatever the origin of th
H/V peak



Single Station measurement: H/V technique
(HVSR) — Nakamura (1984)
summary

@ITIN=RIS

- Resonance frequency (f,=Vs/4H) |

Rayleigh waves - Fellis close to f,( especially for g
large impedence contrasts)
- Frequency dependent ellipticity
is related to Vs structure and
poisson ratio

Love Waves - F,i,yiscloseto f,
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GUIDELINES FOR THE IMPLEMENTATION
OF THE H/V SPECTRAL RATIO
TECHNIQUE ON AMBIENT VIBRATIONS

MEASUREMENTS, PROCESSING AND
INTERPRETATION

SESAME European research project
WP12 - Deliverable D23.12

Single Station measurement: H/V technique
Nakamura (1984)

SESAME Project (Site Effects

@ITIN=RIS

aSsessment using AMbient Excitations)

Recommandations for

- H/V measurements (duratlon soil sensor coupling ...)

- H/V computation

- Interpretation of H/V measurements



Single Station measurement: H/V technique |
(HVSR) — Nakamura (1984) DITINERIS

Low frequency effects Transients such as cars, trains, pedestrians, may influence
the results

Recording on grass during windy periods is not
recommended
(low frequencies sites)



Single Station measurement: H/V technique
(HVSR) — Nakamura (1984)

H/V measurement and processing Z'.':ZI:‘E

@ITIN=RIS

R
1
i

Seismic noise recording (20 minutes)

Time windowing

Fourier ampMude specira

Time series windowing ( demean, detrend, e
tapering, FFT, smoothing) ez
Konno - Ohmachi smoothing

function
Squared or geometric average of the

5m{{logm(?fc)w] spectral amplitude horizontal components
4

f 2) H/V computation
log“‘(E)




Single Station measurement: H/V technique

: : : @ITIN=RIS
(HVSR) — Time windowing effect |
=
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Single Station measurement: H/V technique

: : @ITIN=RIS
(HVSR) — smoothing influence |
8-
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:‘_ N § 50 s window
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Single Station measurement: H/V technique
(HVSR) — 1D interpretation

Frequency Amplitude

" - From Haghshenas et al., 2008.
]
o
S 10 , £ 8 Bull. Earth. Eng
o
g e S
. : +l ;(f- %
g ~ } 2 a7 Q 6 " A
© - £ L [ex
q‘ A =+ @ 5
£ #y * 0
ﬁ. 1 ) - _—
o 1 =l i 2 4
7] i
3 o 2
c * I
X 2
> T 5
WK
I o 1
£ s
S ¢ £ "
- 0 1 10 E. 0 1 2 3 4 5 6 7 8
o - -
L Fo from SSR (earthquake) <  Amplification from SSR (earthquakes)
& ANNECY W BENEVENTO & CATANIA
& ANNECY B BENEVENTO & CATANIA B CITTACASTELLO B CITTAdICASTELLO * COLFIORITO ® CORINTHE
x EBRON + EUROQSEISTEST = FABRIANOG
¥ COLFIORITO ® CORINTHE » EBRON + EUROSEISTEST % GRENOBLE GUADELOUPE 2 LOURDES
- FABRIANO ® GRENOBLE GUADELOUPE M LOURDES + NICE 4 EREDAPEIO # ROVETTA
+ NICE & PREDAPFIO # ROVETTA m TEHRAN B TEHRAN & VERCHIANO & VOL VI
£ VERCHIANG & VOLVIS4 ¥ . VOLWST x vVoLvis7




Criteria for a reliable H/V curve
i) fo>10/1y

and
ii) n¢ (fo) > 200

and

iii) oa(f)<2 for 0.5f,<f<2f, if f0>0.5Hz
or oa(f)<3 for 0.5f,<f<2f, if f0<0.5Hz

Criteria for a clear H/V peak
(at least 5 out of 6 criteria fulfilled)

i) 3f e [fo/d, fo] | Annv(f) < Ao/2
ii) 3f e [fo, 4fo] | Aunv(f’) < Ag/2
lii) Ag>2

iIV) foeak[Aun(f) £ ca(f)] = fo £5%
V) of < E(fn)

vi) oa(fo) <0 (fo)

e |, = window length

e n,, = number of windows selected for the average H/V curve

e n.= |, . n,. fs = number of significant cycles

o f = current frequency

® feensor = S€NSOr cut-off frequency

o fo = H/V peak frequency

¢ o; = standard deviation of H/V peak frequency (f; £ o;)

e ¢ (fp) = threshold value for the stability condition of < g(fo)

e Ay = H/V peak amplitude at frequency f

e Ay (f) = H/V curve amplitude at frequency f

o f = frequency between fy/4 and f, for which Aqn(f) < Ao/2

o f" = frequency between f, and 4f, for which Aun(f) < Ag/2

e o5 (f) = "standard deviation" of Ay (f), oa (f) is the factor by
which the mean A, (f) curve should be multiplied or divided

* oioghv (f) = standard deviation of the logAuxn(f) curve, GiogHw (f)
is an absolute value which should be added to or subtracted
from the mean logAq(f) curve

e 0 (fg) = threshold value for the stability condition ca(f) < 6(fo)

¢ Vs, = average S-wave velocity of the total deposits

* Vs ourr = S-wave velocity of the surface layer

¢ h = depth to bedrock

¢ h,,in = lower-bound estimate of h

®ITIN=RIS

Sesame
recommandations



Single Station measurement: H/V technique

. DITIN=RIS
(HVSR) — Interpretation of curves: summary ® .
Easy case \ Difficult case

Anplification
o

?X

TV [ReA] ‘_/‘ q\i ﬁ IS

Frequency {Hz)

L 1
Frequency (Hz} Frequency (Hz)

e Not recommanded to extract

e quantitative information quantitative information
¢ \/s,average e Check the geology (stiff sediments,
* Hmin low contrast,basin-edge, ...)

e Use earthquakes recordings



How Ambient Noise can help us in deriving @I TINZRIS
information on site conditions? |

S S T N T——

v

Array of stations (with synchroneous records)

i Study wave propagation between
++i++ motion sensors
1 ]

Depth {m)|

20—

Output: shear wave velocity vs. depth ‘ .

s
01 b2 o3 o4 05
IMisfit

1000 2000
Vs (mis)
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SEISMIC ARRAYS BASED METHODS
| .

U-D!

o
*

e

EwW
What is a «seismic array»?

SEISMIC NETWORK { Set of seismograph stations with common base time

AND -

Sensors located closely enough in space so that arriving seismic signal
waveforms can be correlated between adjacent sensors

—



NETWORKS OR ARRAYS? R

Example for NETWORK operations

Local earthquake recorded at seven 3C seismic stations belonging to
The German Regional Seismic Network |

19-HAY-2000_13:24:15,331 »2.18¢  Filter: SHM_HF,0.7HZ 4 L=g t » Bilter Ca

2y THS Z X " WY “'Mud
T

13; THS E

)
o mmmmammm o

“mwmw i
15; HOH E .lw M M _

‘ - (ke i
158 OLL 7 F -‘".HWNW W' W‘IW

14 CLL N _
12: CLL E i "“L“M*MMM *M
12: RUE 2 gy Wﬁw _
‘ mew
113 RUE N Aot . _
101 RUE E iy HHHFIHI“ " _ _

t RGN 72—

| *mm\'wN

3 FGN N IR
: RGN E N ) i I
'hh"l

3
]

7 ' , "

By [LZ 2 e st :

o mmwa _
4 . ——

3

2

1

i)

AT PP
Lol il gL

' I I I I
19:23410,003 13;23: 3,003 19:24 100,003 19524529, 003 13124450,003




NETWORKS OR ARRAYS? ®ITINSRIS

Example for Array operations

Teleseismic earthquake occurred in Southern Sumatra Region

4-JUN-2000_16:41:42,628 >1,89C  Filter: Hone
17: BEAM Z -

16: BUG 2

15: IBEN Z WWW -
14: B0 Z W_/m _

12: STU Z
s B 2 WW“W -
103 CLZ 2 _

|P
s | M'/MNWMW :

8: FUR £

7: MOX 2 W\‘/

6: RGN 7 —‘—_—WJ\[\/\WM_
5: CLL Z WWM'
41 MET Z WMW\W\/\W
31 RUE 2 -
21 GEC2 7

15 BRG 7 Mnmnnm_
T T T T T UI T T T | T T T T

T I T T | A‘u T T
16:41:32.174 18141:47{.1? 16:42:22.174 16:42:47,174




NETWORKS OR ARRAYS? @ ITINSERIS

Example for NETWORK operations Example for Array operations
Teleseismic earthquake occurred in Southern Sumatra Region

19-HAY-2000_19:24115,331 >2,18¢  Filter: SHH_HR,O0,7HZ 4 Lag t * Filter Ca

21: THS Z + MMM ‘ W [ 4-JUN-Z000_16:41:42.628 1.8 Filter: None
. m bAoA : z =
20; THS N :' bt ) mw Mh’" 17; BEAH Z A——uvf/\ f\/\/,\\/\/‘-\m

i: ;;: z fin M o m*r | m;mlml ~ 16: BUG 2 W ~ WW _
:1?; H N WWNWWW?‘WWM B 15 IBBN Z———wr/\\rww/ _
16 HOY E - Honsifl “m;mm*m - 141 BFO Z —ﬂﬂ/mm -

143 CLL N W
' .| I M M 124 5TU Z _
13: e Lll_“ '_'I k ‘LMIW‘M * - —""\/\./\//\fr/\/\/v\\m/\/\/\/‘/
113 BSEG 2 _
12 RUE 2 i 4 _
113 RUE N , w‘”*' WN _ 103 OLZ 2 _
’ o o tilihp ' ‘ p
102 RUE E o At i - - : GRFO Z -
- o HM . —'w/\\/“wwﬂvyw
2 BN 7 e sty . _ :

I ‘H'Inl\' |'N |
: BN N oy
: e i "“||Mm ‘ .1....: .

+ RGN E

3
]

7 y . "

By L7 Z ‘ Il o -
s [LZ N i '] 'W‘W'j

) .

3

z

1

1 LZ E > tevrl # i -
I i

=
: 1566 2 — TR T—" _
s TSED H — TR _

+ GEC2 Z -

u
16:41:32,174 18:41:4;.1?4 16:42:22,174 16:42:47,174

+ I5E0 E ¥ i e L -

UL — T T [ T T T T [ T T T T [ T T T T [ T
19223210, 003 19:2313R,003 19224 00,003 19324225, 003 19224250, 003

==
e
| |
= =] ) = o =] ~ ==} o
+ P +* o
F 2
(o] ~
‘:> %
| |

NOTE THE DIFFERENCE: WAVEFORM SIMILARITY » Function of array dimension and signal wavelength



SEISMIC ARRAYS BASED METHODS

@ITIN=RIS

4 N -Z //’at‘
S ) X7 W
';,\/”L\\:‘//\\\ ' \§_/
SUM 1tk YRR 24 Ly 9,
,,"'\‘.\\\\ ‘/,/,’l;s\

;
i L,

v .
‘\\\""///4 ’,




SEISMIC ARRAYS BASED METHODS

@ITIN=RIS

SOME INFORMATION CAN BE MISSED
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SEISMIC ARRAYS BASED METHODS

@ITIN=RIS

Each speaker a
different signal

-~
(‘®



Basic assumption for array processing:
the need for a wave propagation model

Seismograms
(active seismics)

Z ) R ———
| A P
Z ‘I"H.' ‘ l_._.\.,. St S
e — -
R e
AR ).
Z__{u ananh, 8 l-A. VTN
- e .. A V1 O O S O S —
| ee—
e —
Z -—4——,——.-_/\.‘-“‘ ‘fr P e e ————]
Z—-—-—+—-v—-4- rA Y S U S
Z,_H+-~>~\Al “‘ .\ B -
z _{, -d—-_.-._“““ ,“ A e e e
— e .A A o i e
% t_.. o “l‘ ““A—- e A s i o
A e l ‘k.AA-A_.--,‘,_\_
2 S R lLA ‘r AAA—,- peem——
Tl sy ‘k‘,‘A AAAA-_V__.—‘
sz———+-:-«- R JA—“- "“A‘A—A . s et et e e,
2 b ‘Ak l 9 A‘}AN\AW
0.0s 04s 0.8s 1.2s
Time

Noise records

RO01 Z

'MMMWMM i
mmmmmmw Wi
WWMUMWM
MMWMWMMW
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Basic assumption for array processing: g, rinzais
the need for a wave propagation model |

Simple model and therefore appealing:

D(z,t) = Aexp(i

(wt

kz))

PHASE

Harmonic plane wave representation

Particular solution to the homogeneous wave equation: .




Basic assumption for array processing:

b ITIN=RIS
the need for a wave propagation model o |

PHASE .
—)
D(f, t) — A exp(ikwt T kf)) Harmonic plane wave representation

At any instant of time t,, the value of D(x,y,z,t;) is the same at all points lying in a plane given by kxx+kyy+kzZ=CONs1'""'"

4053.3

© PR ATV

S007 —

S009—

S006

S010 '
S000—

S011—
S004

|IIII|IIII|IIII|IIII|IIII|
Os 1s 2s 3s 4s 5s

Time

E W (5]
@ O
1 I
40 20 O 20 40
X (m)




Basic assumption for array processing: g, rinzais
the need for a wave propagatlon model

Ly = AN

S007 —
S009—
S006
S010

S005—,

S011—
'20_: 5008 505 5004
8 8 Rl VAVAVAVAVAVAVAVAVAY
i AVAVAVAVAVAVAVAVAVA\
: - (I T T T T T T I A O B B B A
40 20 O 20 40 PUL O | | | | | |
X (m) 40 20 0 20 40 Os 1s Zs. 3s 4s 5s
X (m) Time

D( t) = Aexp(i kwt + k7))

q
k const Wavefront: the set (locus) of all points having the same phase.




Plane wave propagation model: @ITINSERIS
Observation of particular waveform s(t) at array |
Sensors

Plane wave description at a single sensor

S(t): ————-\/\lvu\/\/’\"\—’\lfv—v-—v*

Eﬁ . Relative time shift
iI?z(t) = S(t — 2 f + i . depend on
z - Station position (r;);

- Velocity (slowness)

x;(t) = S(t) + n(t)

‘ k ‘_1 1 SIGNAL  NOISE
@ l=l- 7w
u: slowness SIGNAL: the component of observations common to all

sensor outputs



Plane wave propagation model: @ ITINZRIS
Observation of particular waveform s(t) at array |
Sensors

S009—
5006




™~ =
= | ]

Y (m)

o
o

IIIEI:EIIIIIIL.IIi!i|IIII|III

N
o

Plane wave parameter determination |: g ,1\nza1s
Arrival picking at N stations |

Arrival time at the i-th sensor
S009— 2 f
S006 l
S010—
SOOOW For a plane wave model

S005—
tl _to Tz Tly
S011— " "

N AVAVAVAVAVAVAVAVAVA) tvoto ] Lrne T

Os 1s 2s 3s 4s s "N 7
Time t - u
— =—h o ]- .
‘ i ‘ 1 | u=R "t
—_— | = — U= = U: slowness
2w f v [l 0 — ata”(u:r/u'y)



Plane wave parameter determination ll: g+ \nzais
enhancing signals for specific parameters -

Real case Original observations
Is there a signal with parameters 6, and u,? JJ,'(ZL) - |S(t . 71; . ﬂ"o)‘ + nt(t)
s e ot B T S 5 s e

e SIGNAL .

Delayed observations
ﬂmmt zi(t,u) =s(t+7; - (4—1up)) +ni(t+7;-u)

Sum (beam)
1 N 1 N |
b(t, iiy) = N;Ii(t.ﬁo) = s(t) + N;:ﬁ(wﬁ ciip) > b(t,u) , Vi # ug
Sum is maximum for the right parameters (6, and u,); noise
""" TR, T TR AR L T N B IR TN L decreases by averaging over the N waveforms received by the
0 120 240 360 480 60

SEensors.



Plane wave parameter determination II:
enhancing signals for specific parameters

delays with arbitrary v, 6

SUM  weodadamdtmpitre syt adt

A08. o e
AO7 |t N g e 0
ik WA b

AO4 MWWWW
n03 WHkeA M ity WWWW

A02 ’Wﬂ
A0 ewmw W“WMW

0 1 2 3 4

Tme [s]

@ITIN=RIS

delays with v, 6,

SUM WWWMWJ\MMMMW

nos. mer BB uh b
e WA A e
A0s WNMMMMWMMWWW
A3 koA HHAA iy VWMMMWW
AO2 qMMWW’WMMW

a0t MR WMM'

0 1 2 3 4

Tme [s]

7 8 9 10



Plane wave parameter determination lll: g r,nzais
any signal arriving with any possible parameter |

Question: is there some signal with arbitrary parameter 8 and u which we might be
interested in? (e.g. Rayleigh waves?)

o

e e essee: 1 GRIDSEARCH TECHNIQUE

3 SRR

§ 3351 :u\_;):n;tc As quantitative measure of goodness of f|t_

g _A_:“x ij;i" }}_"{‘% we can use beampower

%), *.w )- ol

£ -i*i:itﬁu *"*"?: bela g .
y and sum beamforming Beampower as function

Il [I[ I 1

1(40( f o om _ !

of & and u.



Plane wave parameter determination IV: g r\nzais
Beam forming: a different view by switching |

domains
s(t)=——/ e

— Pl NOISE FREE SIGNAL AT SENSOR i, BEING s(t) the original si nal
x; () = s(t — 7, u) EE S| () the original sig
propagating with slowness vector u,

TIME SHIFTED TRACES, according to

xi(t' ﬁ) — S(t o ?170 + ?la) = S(t T ?l(ﬁ o m)) test slowness vector 1

n
1 —
b(t, ﬂ) — Nz S(t + F{(ﬁ — Td)) Beam (sum of shifted traces)
=1

The power of beam is function of the array configuration and difference between true and test
slowness



Plane wave parameter determination IV: g r\nzais
Beam forming: a different view by switching

- domains
. 1 RSN
b(t,u) = Nz S(t + 1;(u — uo))
=1
Seismic energy of the beam of shifted traces
+ 00 + 00 12
E(t) = f b%(t,u)dt = f NZS(t+ r;(u — uo)) dt

Parseval theorem sz(t)dt_ lez(“’)ldw

Time domain €-> frequency domain: Fourier transform

Shifting theorem of FT:  #(t — to) & X(f)exp(—27j fto)



Plane wave parameter determination IV: g 1= RIS
Beam forming: a different view by switching
domains

Parseval theorem j b2(8)dt = leZ(w)ldw

+co + oo n 2
~ 1 e
E(t) = j bz(t, U)dt = j [Nz S(t + ri(u - uo))] dt f bz(t)dt J- |B (cu)ldw
—0o0 —o00 i=1

+ oo n
E(w,u _T) — i f 1S(w)]? 12 pJ® ri(u—"up) dw
' 0 2T N
— 00 i=1

But,since w uy = ko

+ 00 n
-~ — 1 1 e ——
E(a),k—ko) — % f IS(a))IZ Nz efri(k" ko) dw
— 00 i=1




Plane wave parameter determination IV: g 1= RIS
Beam forming: a different view by switching
domains

. 1 Y
Bk =) = 5= [ 1S@P|cd - o) de

—~ 2
|C(k_ ko)‘ —

1 n
_ f;i(E_k—o)
N 2 ©

=1

Energy of the ARRAY BEAM
for a plane wave with
slowness s,. F-K POWER
SPECTRAL DENSITY

ARRAY TRANSFER FUNCTION



Array geometry and discrete sampling of a g, \nzais
continuous wavefield

discrete spatial sampling of a continuous process consequences:

aliasing (sampling theorem) » atleast 2 samples per period, wavelength
a(t)4

time domain AT <T,,;,/2 AN AAAN
spatial domain Az < \* /2

man

spectral resolution limit

time domain Aw — 27/((N — 1)AT)
spatial domain AL — 9~ J/((N = Ddpmin) = 27/ Dmaz



Array response: starting simple 1D line of g,\nzais
equidistantly space receivers

0.3 — |
21+ ;. | Forthelinear array example, we need only
o4 d o I .
€.l .| 2parametersto describe array geometry:
ol b | - dyy,t interstation distance;
- N: number of sensors - (N-1)d i = Diax

-03 0.2 -01 -00 01 02 01

X [km]

D...x = Aperture

Station positions are then uniquely defined by 7; = idmin

- 2 — 2
|CUe = ko)| = |Cky — ko)



Array response: starting simple 1D line of g,\nzais

equidistantly space receivers
2

n
~ 2 1 y = =
Ck )| = [y ), i)
=1

The former expression is periodic in x-component, with period 2n/d,

—
—

exp (jidmin(Ex - 7O)) = eXp(j(idmin(Ex — ?0) + 27'[)

N N N . ields — N N N
idmin(ky — Kg) = idmin(ky — o)+ 210 o (K, — ko) = (K, — Kg)+ 27/ idymin

—

Kmax(aliasing)=2n/d .. —— Kk

sidelobe

Kmin =2n/D,,,,, ——  Width of the main lobe



melers

Array response: starting simple 1D line of

L=100m dx=5m

Array geometry

0.5 .
fresssrssrreenes R R

05F

1 i
0 20 40 &0 80 100
meters

K

aliasing

meters

0.6

equidistantly space receivers

L=100m dx=10m

Array geometry

Array transfer fupcti

05 et

meters

T 20 40 G0 80 100

0
rad/m

pushed towards

higher wavenumber

meters

.......................

-0.5 ] 0.5
rad/m

@ITIN=RIS
n 2
. - 1 ) I
cle—To)|" = | ) eimin(ioo)|
=1

Kmax(aliasing)= 2n/d .,

Kmin = 21t/D

max

L=200m dx=10m

Cross-section
[=] [=]

L+]
rad/m

Narrow central lobe
=> resolution is improved



Array response: 2D situation

@ITIN=ERIS
Planar arrays Y _
Parameter meaning less clear: howdod_ .., N, D .., (aperture)
relate to ARF?
A

n
-~ . 2 1 P —
‘C(k— kO)‘ — N E e]ri(k_kO)
=1



Array response: 2D situation
Planar arrays

@ITIN=RIS

From Foti et al., 2018, Bull. Earth. Eng

(a)
i
i o L
E
E’.
| 3 § |5
40 3 3 &

4« 02 00 02 04 06
Wave number X (rad/m)

Array Transfer function
g g & B B B

Wave number (rad/m) Frequency (Hz)



03 »
i)
02
A
— 0.1
=
é‘-oo & s a A A
>.
-01 &
-0.2
&
-03 — T —
03 02 01 00 01 02 03
X [km]
03 .
A A A
0.2 4
e
é_‘.oo A A A
> 04
02
A A A
0.3

Array response: 2D situation
Planar arrays

- '.Sy.[S/Km]
bW =0 = MNWabHWn

T T T 1
03 02 -0.1 -00 01 D2 03

X [km]

Sy [s/km]

hbdbhao=n

beampower

543210123465

S, [s/km]

beampower

5432101234285
S, [s/km]

-0.3

Y tkm]

0.3

L 1 L] 1 T
-03 -02 0.1 -00 01 02 03

X [km]

03 02 0.1 -00 0.1 02 03

X [km]

S, [s/km]

hbdPe0=PwaHLrO

- Sy [skm]
hbbdNi2o=nwan

beampower
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Array data processing: f-k beamforming

(a) (t,x) (b) (t,x) at frequency f (c) .

F-K SPECTRUM == —— Sal

; et —— e ammmm— v " " ‘.'.?
e e e e e o NN i - .:
B _ B Rarion AV w. Yok

ﬂ.’i (fi‘ k) - Z‘Fja’m exp {Ik(XE Xm } e :-_',’-’/"'\":/

I m=1 SEP—— il
1 Concatenation of all
I CROSS POWER (d) (koky)atfrequencyfin (€) pistograms obtained at

m SPECTRUM BETWEEN time block t, each frequency
RECORDINGS AT LAND Hypotheses: - e
M - 1D medium 35 3 PR
- plane waves £ ) %A

- resolution limits linked to E %‘ S=1ki/2nf S
xL , xM COORDINATES the dimensions of the array g g v e
;
S
Wavenumber X (rad/m)
f
|k|=(k,*+k 7)™ Frequency (Hz2)

From Foti et al., 2018, Bull. Earth. Eng



Array data processing: f-k

0.2

0.1~

0.0

Wave number Y (rad/m)

-0.1-

-0.2-

4 Hz

beamforming

0.008

A ed W
] - =g A

| summary of results :},;3 :
| all time windows +. =i = 4“("-‘.
| all frequency bands Th&t . -

02 f-o1 oo 0.1
Wave number X (rad/m)

Single time window f-k analysis result;

center frequency 4Hz
bandwidth as fraction
of center frequency

> B :' ' g
0.006 - "Ll‘ T
Cs |
3 B
1]
$0.004-
3
n
02 0.002-

Frequency (Hz)

@ITIN=RIS

0 = atan(u,/u,)



Array data processing: SPAC
Spatial Autocorrelation (Aki, 1957)

@ITIN=RIS

Assumption: stochastic stationary wave
field, both in space and in time

// Spatial correlation function between two sensors located at
/ distancer

Hr, )= (u(x,y,t)-u(x+rcosg,y+rsing,t)

T

1
g(r, @) = —Ju(x,y,r)u* (x + rcos @,y +rsm @,1)dt
T
0



Array data processing: SPAC
Spatial Autocorrelation (Aki, 1957)

@ITIN=RIS

1 ¢ @ Power spectrum, that is the
- J
=z -{[ﬂm) “[c(m) F)dm’ ) spectrum of the temporal

autocorrelation function  ¢(0,1)
J,Bessel function: the argument depends

T
on the phase velocity at a given frequency $(0,t) = 1 / w()u* (¢ — t)dt
and receiver spacing T Jo

4;35(1’ w)=J @y » | MEAN SPATIAL CORRELATION FUNCTION (normalized for the power
e 0 spectrum) FOR AN ANGULAR FREQUENCY o,



Array data processing: SPAC R —
Spatial Autocorrelation (Aki, 1957) .

o /7 L
17, 5
| |

¢(r,a)o)=J0( % J"J
c(@,)

By calculating the azimuth mean from the spatial correlation

function (averaging for pairs of stations that have equal inter-

station distances to each other but different azimuths),
directionally independent correlation coefficients can be
expressed using Bessel functions.

SPAC coefficient

0.4

IEPAC coefficient

0.8 r=10m
0.4
0.0

0 20 40 60 80 1IC
Frequency [Hz]

0.8 r=20m

S o o
B O b

{j - 'z'n' | .4.u . 'Eﬂ' . .a.u, . i{}
Frequency [Hz]



Array data processing: SPAC
Spatial Autocorrelation (Aki, 1957)

In the time domain

* Compute the Fourier transform of signals

* Narrow band-pass filter around wy

* Inverse Fourter transform and computation of correlation
* Azimuthal averaging of the correlation coetficient

In the frequency domain

* Compute the cross-spectra normalized by the autospectra
* Azimuthal averaging on the real part of the cross-spectra

@ITIN=RIS



Array data processing: SPAC
Spatial Autocorrelation (Aki, 1957)

@ITIN=RIS

MEASURE TARGET

¢ (7", (U)=]() (X) |

Correlation coeficient
SAC Coe

: i
M L]
H '
. L]
: : — ——
I [
— ' .
™ : ‘.1° [ C
2 | B IR g 2af,r
) ~ 1 g . L1 &, =
2 il (‘ ' Y
Q ' i
> 0 ®..., @ 2 52 »
)
R ©coco e
< -
<
al 0 4

. T 2 3
| FREQUENCY (Hz) Okada, 2004




Array data processing: SPAC
Spatial Autocorrelation (Aki, 1957)

@ITIN=RIS

« real life »

© ° o Resm EEEW%

Non-uniqueness




Array data processing: SPAC
Spatial Autocorrelation (Aki, 1957)

« real life »

@ITIN=RIS

e = R=5m




Array data processing: SPAC

. . . @ITIN=ERIS
Spatial Autocorrelation (Aki, 1957) |
. i Smallest ring
B .« . - - EIH[EU controls the non-
S . '..r o X ME | ﬂﬂ@ﬁ H_ $ uniqueness limit
w0 ooz E A AR AR AR & location of f-k side
Frequency [Hz] lobes
Largest ring contmls. -

the resolution

0.4- '

¥ (mj)

_E _.Tf{fil; .:JIJ_ITT‘ T LT
e
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<~ width of the f-k
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Array data processing: MSPAC g 1rinzais
Modified Spatial Autocorrelation(Bettig et al., 2021)

From Foti et al., 2018, Bull. Earth. Eng

(C) Ring 3 from 17 m to 18 m Ring4 from21mto22 m
o 08 -~ 0.8 ;
= s i
0 ’ e 04 : 04 -~
5 0.0 ‘/\\//\ 0.0 ..;«._V_.-‘\v.*..
, g 0.4 0.4 '
< 0.8 0.8
06 1 2 4 6810 20 06 1 2 4 6810 20
I Rlng Sfrom23mto26m Rlng 6 from27mto30m
2 ’ R
g o ﬂ\ ,/ T __
' . § ,-/ "\_/A 0.0 \.‘a..v:,\‘, A -
‘5 -0.4
<08 0.8
06 1 2 4 6810 20 06 1 2 4 6810 20
Ring 7from30mto33m Ring 8 from37mto40m
@, ¢ 08 Ay 08 o
¢( r, a) ) J r ¥ o4 g X 04’ ¥ %
C ( wo ) E 0.0 "‘..'\'._,--W 0.0 Lt \“.’."-"JM
g 04 , 0.4
< 08 0.8

06 1 2 4 6810 20 06 1 2 4 6810 20
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Array data processing: MSPAC simnzas
Modified Spatial Autocorrelation(Bettig et al., 2021)

(C) Ring3from17mto 18 m Ring4 from21mto22 m (d) From Foti et al 2018 Bull. Earth. Eng
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MSPAC vs SPAC

@ITIN=RIS
Advantages Disavantages
* in urban areas: easier arrays realisation
» analysis of data sets suitable/optimized less ﬁﬁpfﬁﬂlﬂﬁ » ESt:_lmﬂtlﬁﬂ
than SPAC, especially for large
tor FIK

thickness r1ngs

* poor performance at high
than SPAC (only 1 ring) frequencies

* broader frequency/wavelength range



Array data processing: ESAC o s
Extended Spatial Autocorrelation (Okada, 2003)

For each couple of stations:

MEASURE TARGET
— Z Re(m S - ((x)))

== = v o) JO[C:Z:)rJ
\/EZ mSjJ'((D)Z m ""((D) :

m=1 m=1

3.1494 Hz 6.2988 Hz 9.4238 Hz

The signal is divided into M time
segments. S;, is the cross-power
spectrum between station j and
station n. M is the total number of
segments used. S;and S,
represent the power spectra at the

o M
. 1 : 1 1
two stations. 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Distance [m] Distance [m] Distance [m]




Main differences between @I TINSRIS
FK and SPAC/MSPAC/ESAC |

FK SPAC

- plane wave propagation - plane wave propagation
- large number of uncorrelated sources

spatially and temporally randomly
uncorrelated sources) distributed

- one single source (or few

- direct measure of phase delay - measure of spatial (de-)coherency of

waveforms



Practical indications: possible array g, \zais

geometrles
o ; o ¥o) o
Le
o)
o)
Circular shape Nested triangles L- shape
o)
o)

o
NS Ik Q
O— 000 0
’ x |
, 3x ‘

Sparse Nested triangles T- shape



Practical indications: which sensors and
where

@ITIN=RIS

30 s seismometer (on
= the left)

4.5 Hz vertical
#a geophone (on the right)

Number: the higher, the
better




Practical indications: which sensors and

where

-100

L L
N X}
o o

Velocity power spectral density - dB( [m/s]*/Hz )
3
o

-180
Buried sensor :
-200 Sensor placed on pavement
--------- NHNM
Theoretical sensor self noise
-220 : : AR e e e o
10" 10°

—
g

" Ll L L L LT T T T

Frequency [Hz]

@ITIN=RIS



Practical indications: acquisition
parameters

Sampling frequency

@ITIN=RIS

* 100 Hz - 200 Hz (Nyquist 50 Hz - 100 Hz)

Temporal windows

e | ong duration recordings (30-120 minutes) are
collected and then splitted into shorter ones (1-5
minutes) for data analyses




Practical indications: general gin=xis
tips

1)Avoid measurements near
strong vibration sources;

2) Verify, preliminarily, the
power spectral density of
the signal, compared to
Instrumental noise

(m/s)2 /Hz)

Velocita della densita spettrale di potenza




From dispersion curve to 1-D girinzais
velocity model

(@) inversion with 2 layers (b) inversion with 3 layers
0 0
1000 | 1000
0 — )
g 10 E 800 :E: 10 E 800
< > < >
o 2 600 o S 600
0 20 ) 0 20 ]
> >
400 400
30 30
0 400 800 1200 2 4 6810 20 40608000 0 400 800 1200 2 4 6810 20 40608000
Vs (m/s) Frﬁuena ‘HZ‘ Vs (m/sz Frﬁuena EHZE
1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80 0.06 0.07 008 009 0.1 0.2
Misfit value Misfit value

VS,3D = VF{,[

2045 Relations between Vg ;4 and phase velocity of

fundamental mode of Rayleigh wave for A
Vv, =-30m between 40 m e 45 m.

Hi N
ZE:T Vs,




OITIN—RIS

Practicing with GEOPSY and
HV analysis

___________________________________________________________________________

geopsy
single station tools array tools
A A
d N I
| spectrum | damping | H/V FK|| MSPAC

___________________________________________________________________________

Geopsy Is a graphical user interface for organising, viewing, and
processing geophysical signals



E Geopsy

|Fi|e Edit View Waveform Tc

Opening a database @in=xis

'?-?"’ Open Ctrl+0O
@ Open recent 4 [ Open a database ? X
Save Ctrl+S
B Look in: I;C:\Users\acer‘\One...tudenti\Esercizin :I 0 O 0 ﬁ. @ @
Save as ...
& My Computer Name /| size
Close sl acer

_ Parcheggio.files
@ Import signals > __ SAF File

; Parcheggio.gpy

Import headers  Ctrl+]

Export ... Ctrl+E
Preferences
Quit Ctrl+Q

< 1

File name: IParcheggin.gp\,' Open

Files of type: IGEDDSV database (*.apy *.sdb) | Cancel




\

@ITIN=RIS

Opening a database

@ C:/Users/acer/OneDrive - CNR/LavoroCNR_prowisoriodaluglio2023/UNIBAS/SISMOLOGIA_APPLICATA/CORS02024/Esercitazioni/9_HVSRTromino/Miotest/Parcheggio.gpy - Geopsy

X Unamed x |#

File Edit View Waveform Tools Windows Help
PP MEEEEEFFEEEEEEEEEE
=]

Groups
j

""" & Default groups
& Vertical

4 North

-4 East

-4 File EqualizedFile.saf-3C

[ T e Y Ei.nl:-mAE:ln J ] ﬂ
|Browse ~| | | Select
Files g X

C:/Users/acer/OneDrive/Desktop/LavoroCNR_prowviso...
C:/Users/acer/OneDrive - CNR/LavoroCNR_provvisorio...

EqualizedFile.saf
processed_0003

Log




Moving in the graphic interface g rinzzis

@ C:/Users/acer/OneDrive - CNR/LavoroCNR_prowvisoriodal uglio2023/UNIBAS/SISMOLOGIA_APPLICATA/CORS02024/Esercitazioni/9_HVSRTromino/Miotest/Parcheggio.gpy - Geopsy

Graphic - File EqualizedFile.saf-3C * |-I-

L

Graphic - File EqualizedFile.s

File Edit View Waveform Tools Windows Help
lPBw- DEHEE DREREREREEEN
g X

test_sismologia_applicata, parcheggio 1 7

Groups
=7
7 Default groups
e Vertical
-4 North test_sismologia_applicata, parcheggio 1 N—
-~ East
File EqualizedFile.saf-3C test_sismologia_applicata, parcheggio 1 E—
....... b Ciln ConnimlizndCila ~nf LI LI
|Bmw5e | | = | Select | Time
Files g x Time _i Ampl. _i Norm. |Common x| Offset [No x|
C:/Users/acer/OneDrive/Desktop/LavoroCNR_prowviso...
C:/Users/acer/OneDrive - CNR/LavoroCNR_provvisorio...

EqualizedFile.saf
processed_0003

Log




HV processing toolbox @ITINERIS

"THMEE BEEEAREDEEAEERNE

H/V g >

Mt H/V tool



HV processing toolbox

i H/V toolbox - File EqualizedFile.saf-3C o =l s
Time | Processing | Qutput |
~Global time range
From | TO 1 |2024-01-24 10:17:13.000000
To [End =1 |2024-01-24 10:31:13.000000
Reference signal | Ll

- Time windows
General | Raw signal | Filter | FiltermﬂL
~ 1 |20.00s. =

[ overlap by IS.OO % 3:
Bad sample

[ Tolerance |1.0[3Z [ Gap IQ.OO 5. 3:

[ Threshold IrEIative R IIO0.00 i’

Length | Exactly

[ Anti-triggering on raw signal
[ Anti-triggering on filtered signal

Delay I—O.IOO 53:
Select® |v

[ Seismic event trigger

[~ Common [ Update

View | all stations

> | Number of windows El

@ITIN=RIS

@ C:/Users/acer/OneDrive - CNR/LavoroCNR_provvisoriodaluglio2023/UNIBAS/SISMOLOGIA_APPLICATA/CORSQ2024/Esercitazioni/9_HVSRTromino/Miotest/Parcheggio.gpy - Geopsy — (m]} X
File Edit View Waveform Tools Windows Help

lpPw- | DEEE | @

Groups g X  Unamed x |+
=@/ a I Graphic - File EqualizedFile.saf-3C E =
& Default groups tact cicmnlnaia annlicata narchanain 1 7
- Vertical H/V toolbox - File EqualizedFile -Eu
....... *«. Nonh
+ 4 East Time | Processing | Output |
-4~ File EqualizedFile....  Global time range
|~ G ennteie ] From [T0 =] [2024-01-24 10:17:13.000000
rom = -01- :17:13.
Browse | | select
To [End =] [2024-0124 10:31:13.000000
: N . |G ~ | Offset |N
Files g X Reference signal | - orm. | Lommon EaIRary No
EqualizedFile.saf C:/Us . . .
processed 0003 C:/Us A e Qt H/V Results - File EqualizedFile.saf-3C
File Edit Insert Format Tools
General | Raw signal | Filter | Filterec 4 ¥
Length |Exactly  ~| |20.00s. S
et I = I B :I test_sismologia_applicata, parcheggio 1
‘ | LI [ overlap by |5.00 % 3:
Bad sample
Log F X

™ Tolerance 1.[][3: [~ Gap [9.00s. 3:

[ Threshold [relative = [100.00 =]

Add signal id 4 to component Vertical of
Add signal id 5 to component North of s
Add signal id 6 to component East of stz

|_ Anti-triggering on raw signal

|_ Anti-triggering on filtered signal

Delay |-0.100 s 3:

[ Seismic event trigger

Load parameters | Start

[~ common [ Update Select* |
View | all stations ¥ | Number of windows E
Load f Start
q | | LI oad parameters a ) -
\_Messages / 1 »




Processing HV curve

Time | Processing | Output |

~Global time range

From | TO ~1]2024-01-24 10:17:13.000000

To [End =] [2024-01-24 10:31:13.000000
Reference signal | Rd

~Time windows
General | Rawsignal | Filter | Filtere |}

Length [Exactly  ~| [20.00s. =

[ overlap by |5.00 % 3:
Bad sample
[ Tolerance |1.0[32 [~ Gap IQ.OO 5. 3:

[ Threshold |relative =l IIO0.00 j’

[ Anti-triggering on raw signal
[ Anti-triggering on filtered signal

[ Seismic event trigger Delay I—O.IOO 53:
[~ common [ Update Select* |v

View | all stations > | Number of windows El

Load parameters | Start

H/V toolbox - File EqualizedFile.saf-3C

Time  Processing | Output |

—Parameters
Smoothing type

Smoothing constant

[Konno & Ohmachi _JAdl

|40.00

=

No parameters

Window type | A i Bartlett

[~

[ High-pass filter |1.00 Hz

=

~Horizontal components
(¢ Squared average
(" Total horizontal energy
(" Directional energy

0.00°

Load parameters |

Start

@ITIN=RIS

H/V toolbox - File EqualizedFile.saf-3C

Time | Processing Output |

~Frequency sampling

From |0.10 Hz =] t0|20.00 Hz

Step [Loa [ [Step count ~] 100

e Lo

-[w Appearance

Page height |29.7 cm 3: Plots per line

[ Results make-up I

[ Summary make-up |

3
]
L

Load parameters |




Processing HV curve

Black plain line: averaged H/V curve
Black dashed lines: min/max H/V

Colored lines: individual H/V curves
Color scale similar as in the signal graph

@ITIN=RIS

S | - [
7 OO o g o oo o

- OGN 0 0 O

IBm 22m 24m 26m ZBm 30m

H/V peak frequency:

Grayed area: f, and ©

Light gray: -stand. dev. (from windows)
Dark gray: +stand. dev. (from windows)

Red dashed area: unreliable results
from 10/window_length criteria
(called T10)

Qt H/V Results - File EqualizedFile.saf-3C

File Edit Insert Format Tools

test sismologia_applicata, parcheggio 1

Frequency (Hz)




i H/V toolbox - File EqualizedFile.saf-3C -|0

Time window length @ ITINZRIS

Time | Processing | Output |

|Time window length

~Global time range

From | TO > 1]2024-01-24 10:17:13.000000 EXACTLY: you give the time window length
To [End  ~]|2024-01-24 10:31:13.000000
Reference signal | |

AT LEAST: you give a minimum and a maximum
— time window length. So a window has the minimum
~ Time windows ; ) i
fixed length and increases its length until the
maximum fixed length or a sample rejected by
the anti-trigger (if applied) Gererel | Raw signal |
Langth W |

Exactl

General | Rawsignal | Filter | Filtere¢ 4| P

Bad sample

[ Tolerance |1.0[3: [~ Gap |9.0D 5. 3:

[ Threshold |relative | IIOD.OD j’

Bad sz Freq. dep.

This option forces the program to define the windows

[ Anti-triggering on raw signal with an {'}Vﬁflﬂp (l.le.f ﬁ.ll lf }fﬂu arc Shﬂft in time fECf}fd.iﬂg)
[ Anti-triggering on filtered signal
[ Smic enveniricuen Doy | 051005 ) But (10/window length) could not be lower than

the natural frt‘.n;luﬁncy ot the seismometer
[ Common [ Update _Select* || = ic 25s. wind(m?ing allows you to down until 0.4 Hz

rl -y - ~ i o L T - .-r .7' g
View [all staions S — 0 = i.c. 5 s seismometer allows you maximum windows

length of 50 s. so to down until 0.2 Hz

y 10/W!>f : \

Load parameters | Start




test sismologia_applicata, parcheggio 1
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test_sismologia_applicata, parcheggio 1
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Processing parameters g rin==1s

o
'002‘-;
Computation Pj“'é For each
. Ty Ty )
of Fourier - T window of
EAH/V toolbex - File Strong_peak =|0e| . E
amplitude each
E———— spectra component
Smoothing type |Nvur|nu & Ohmachi ;| + SO }thiﬂ
Smoothing constant [a0,00 =] ) 5
Window type | b Tukey ']
Width (alpha z) |s,00% =
[ High-pazs filter | =

For a each window in time (for each component)

Harizental companants
# Sguared average

€ Total horizontal energy Time windows are tapered before cnmputing Fourier transform.
" Directional energy 0,00 * = |

By default in geopsy, we apply a Tukey window (before it was a cosine
window) generally with 5% bandwidth on both ends of the signal

[Tinjt+5”fi: length of the window Ttnd-ﬁ"'/u length of the window :l

Load parameters -él-ar-t -"E
I Tukey window (o = 0.5) Fourier trans form

1T T

decibels

Tukey taper with 25% bandwidth on both ends of the signal 01
0

-130
u} MN-1 -40-30-20-10 0 10 20 30 40
samoles bins



Processing parameters g rin==s

Smoothing with the "Konno-Ohmachi" function

‘ Konno & Ohmachi -
Y .
Si"[[lﬂgm(%) J f is the frequency, OhmaCh'
— fc.is the centra? frequenc}f,. | Proportional
[[log { f ]} b is the bandwidth coefficient. ® No smoothing
10 ? S Bs =
J

Constant

The smoothing function has a triaﬂgulﬂr shape centered on the current frequency and its width is
equal to "Band width"

Proportional

The smoothing function has a triangular shape and its width depends upon the current frequency.

The half width is defined by percentage*frequency. The value of "percentage” cannot be greater or
equal to 100%.

No smoothing
No smoothing is applied.



Export HV results @ ITINERIS

Until now, we have checked the graphic part, but the processing and the results can be saved in files
*H/V results — «station_namex».hv

sthe H/V processing parameters = «station_namer.log

[l H/v Rasults - Fila Strong_peak =l0el

From outside the graphic (in yellow).

Properties Strong_pe

%‘ Edit peaks
10— Statistical comparisan
Set cateqories [ S
Categories ta groups LN Eion kot
Groups to categories Look im: [ fusarsihertrandguilienDasktop,  UILATUTORIALS/EXERCICES_HWEXT =| & 2 @ @ ] [&F
J Fllter windows B cormputer Hame [size  [kia  [Datemodined |
A . ,1:\ ber randguil HY . mkup 1,58 Kio mkup File 22/02/2..9 17:54
R . — T Strong_gpeak 2,62 Mio File 18/05/2..8 0E15
5 ] $ 1
Frequency [Hz)
I
Fila nama: | Strong_peak.hy Save

Filas of type: [HV fila [*hv) =] Cancal




Export HV results @ ITINERIS

Until now, we have checked the graphic part, but the processing and the results can be saved in files
*H/V results — «station_namex».hv

sthe H/V processing parameters = «station_namer.log

[l H/v Rasults - Fila Strong_peak =l0el

From outside the graphic (in yellow).

Properties Strong_pe

%‘ Edit peaks
10— Statistical comparisan
Set cateqories [ S
Categories ta groups LN Eion kot
Groups to categories Look im: [ fusarsihertrandguilienDasktop,  UILATUTORIALS/EXERCICES_HWEXT =| & 2 @ @ ] [&F
J Fllter windows B cormputer Hame [size  [kia  [Datemodined |
A . ,1:\ ber randguil HY . mkup 1,58 Kio mkup File 22/02/2..9 17:54
R . — T Strong_gpeak 2,62 Mio File 18/05/2..8 0E15
5 ] $ 1
Frequency [Hz)
I
Fila nama: | Strong_peak.hy Save

Filas of type: [HV fila [*hv) =] Cancal




HVSR -time window selection) rn==<

STA/LTA algorithm

o =1 =11 STA average on 2 samples

LTA average on 10 samples
Sample space

L AL AR JE BE R 2R JR AR AR 2R AR . L AR AL RE R RE JE JE B B 2R BE 2L R AR . | ® L AR AR BRE AR BE JE FE JE BE RE BR R EE AL
LTA L . .
A .f’ "
Value space Viosa {Zabs(va!ue(f)) /2 V. s = Zabs(value(i)}]f 2
\Ji=n 1
STA 111111616101t f(1rf{rjrjrrf{rf{rioefeftr|ofoefrf(ryrrf1ryryryr{rj1q1y1j1]1
LTA L2121 212(212121212(211(111 11111 ({21212|3(3|3[3|3|3|3(2|2(2|1|1|1|1]1]1
10 3 ‘o
Voo = Zab.s(va!ue{t)) /10 V. 1w =| 2 abs(value(i))|/10
\i=n 9

STA/LTA
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Original SIGNAL
East

Time _} Ampl. _} Marm. | Comman ¥ | Offset |No hd

4e+DD—: STA/ LTA

counts
1

- STAwindow = 1s
1 1 | 1 1 | 1 1 | | 1 1 | 1 | | 1 | 1 | | 1 | | ! ! | ! ! ! ! ! | ! ! ! ! ! | ! ! ! LTA WindOW = 30 S

Time _E Ampl. _E Morm. | Comman > | Offset |MNo -




_ Graphic - test_sismologia_applicata, parcheggio 1N
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Original SIGNAL
North

STA/LTA

M‘WMMM STA window = 1s

LTAwindow=30s
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Graphic - test_sismologia_applicata, parcheggio 1Z
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