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Project and goals

= Characterizing the site in terms of compressional- and, most
of all, shear-wave velocities

» Assessing the local seismic response for a newly installed
seismological borehole observation station (~130 m below
surface): requested to map the Vs distribution down to 100 m
(seismic-hazard study)

* The seismological station is (will be) operated by the Swiss
Seismological Survey on behalf of Nagra (Nationale
Genossenschaft fiir die Lagerung radioaktiver Abfalle), the
Swiss cooperative for the disposal of radioactive waste
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The approach:
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The approach: motivations (2/2) Interpretative issues (1/2)

Vertical component Velocity spectrum
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A problem especially for Rayleigh waves
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The approach: motivations (2/2) Interpretative issues (2/2)

Rayleigh component —

- - modelling
1. input Rayleigh data rnodelrep.mod _ &
a general settings —
] Ref. depth
eyl
o1} o i ‘
-‘.: "—' BO0 D HN (body waves)
ozl W) 5 i 0 | HAW modes (SW)
’ = #-JJ L flip data cut -
T e W ] = 500 [l Refracton |05
03f -—_"."#_JJ ] 7 — select data =
.JS“ ‘-": activate : Vv Anis. i thk
— 04t 4 B - (més) Qs (%) Poisson m)
Z *'é_s_‘: select | | 60 a 400
E T 55 10 1] 0.329|| 0.3
= 05 b cancel save ;
% 300 o9 9 0|03 1
os | 4 mode separation =
SoisE e 140 || 11 || 0 ||oasz|| 07
L 4 upload spectrum
7 phacse 200 183 |16 || 0 | 0esl||07
input curve
ost B  hicking— 187 || 10 0 ||n4o8 | 2
PIEKNE=T o0
. . ) . ) ) select mode -t 225 |[13 || 0 || 03 |41
E] 10 15 20 25 30 35 40 45 20 o5
offzet (m) SEVE Eance] frequency (Hz) 323 || 21 || 0 |[0342]] 17
350 28 0 0.33 || 34
Love component —
2. input Love data modelrep.mod 636 || 44 || o ||0.169| 481
u 800 96 0 o121
o1p - 7 E00 Rayleigh modes: 5
:_ Love modes: 4
0z2r e y 1 | fipdata | | cut :
cp e e i ;
a3l "‘"‘ 1 select gata X = 500 phase velocity v
‘_.‘ activate £
— - o] J o — refresh
= 0.4} -‘d-*‘ ' l 1 select | | save 5400
@ 1‘,— 'd L ‘ = calculate
IS g "#d b cancel @
E 05} - ¢ & - =
‘ ’ o
1-“““ mode separation & aoo save model| | upload model
L i =
uE 4 “ save spectrum = -
synthetics —
d i upload spectrum 200 RVF: hor. geoph. (rad... w
input curve
ogl i picking— [] show DC
select mode w 100 ” = just overlap
10 20 a0 40 50 save — [] show model
offset (m) frequency (Hz) synthetics.
— some tools report DC
time length to visualize (sec) done cut decimate fitter phase velocity spectra group velocity spectra WWW.W“_] l ﬂEW.CD T . .
inversion
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The approach: motivations (2/2)

Interpretative issues (2/2)

Rayleigh component —  modelling .
1. input Rayleigh data modelrep.mod i :
a general settings —
' ' ' ' ' ' Vs (misk55 99 140 163 187 225 323 390 636 800; V<30; 256 0 | Ref depth
- i .
o1r o g y E B0 thickness (m): 0.3 1.0 0.7 0.7 2.0 441 170 340 4841 ] HAV (body waves)
o W
ol «i:‘.‘i.: " i i 0 | HA modes (3W)
: el ."rd# d L flip data cut — 5
*ﬂ#—l_.’.._‘v_] - J . 2500 [] Refraction 0.5
03 ""!-"-_::'!"“-_‘.J ¥ 1 — select data £
ST || e > o ao " o
—_ L i = 5) s (o) Poisson \
w 04 _._‘__3-! oect - o 400 ) (%) (mj
e : T 55 || 10 0 ||0.328 | 0.3
S 05f b cancel | | save =
o300 99 9 o ||o3e|| 1
i i mode separation - =
save spectrum c 140 || M o ||0482 | 07
nrr 1 i e 20 163 || 16 || 0 ||044| 07
input curve : -
08 7 picking— 100 187 || 10 0 ||0498|| 2
L 1 1 1 1 L select mode v 225 || 12 0 0.3 || 41
5 10 15 20 25 3 35 40 45 S0 55 ave cancel 10 14 20 25 a0
offset (m) frequency (Hz) 323 || 21 || 0 [[0-342]] 17
Love component —, —0 || 28 || 0 ||033]] 24
2. input Love data modelrep.mod g35 || 2s o |lo189| |4z
0
¥sh (mig): 55 99 140 163 187 225 323 390 636 800; V=30: 256 800 96 0 |0z
01t :, - F | thickness (m):0.3 1.0 0.7 0.7 20 44 17.0 340 434 Rayleigh modes: | g
gl X
21 1_-': '#..ﬁ - | fiip data cut Love modes: 4
03r '-.‘:4455 - — select data E 500 phase velocity W
— :"“ J ; activate : refresh
w04 "“‘ 'ﬂd #"l select | | save E 400
z gl "‘ vy ‘ = calculate
Enst o ) ~ || | cancel T
- ﬁ.’*‘* mode separation o300
0E L —"' “ i B4 save model| | upload model
: -‘ save spectrum =
synthetics —
L 4 upload spectrum
o7 E E 200 RVF: hor. geoph. (rad... ¥
input curve
08 i picking— [1 show DC
100
select mode v just overlap
10 20 30 40 a0 save cancel 10 15 20 25 a0 [] show model
offset (m) frequency (Hz) synthetics
— some tools
report DC
time length to visualize (sec) done cut decimate fitter phase velocity spectra group velocity spectra WWW.W“_] l ﬂEW.CD T . .
Inversion
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Rayleigh waves: fundamental mode almost completely missing
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The approach: motivations (2/2)

Interpretative issues (2/2)
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Geological setting

« The Mesozoic-Cenozoic Swiss foreland basin

. The site is located on a Miocenic terrace (Upper Fresh-water Molasse)
constisting of clay and sandstones.

. Thin (<2 m) moraine cover possibly locally present.
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Overview on considered methods/datasets

« SRT: Seismic Refraction Tomography (SH- and P-waves)
« MASW: Multichannel Analysis of Surface Waves

« VSP: Vertical Seismic Profiling

« HVSR: Horizontal-to-Vertical Spectral Ratio (Nakamura)
ZVF/RVF/REX/THF:

- 1st char refers to receiver: Z = vertical, R = radial, T = transversal

~ 2" + 3 chars refer to source type: VF = Vertical Force, HF: Horizontal Force
. ZVF: vertical component of Rayleigh waves
« RVF: radial component of Rayleigh waves

- THF: Love waves
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Field Measurements

Passive data Active data
. array measurement of . Rayleigh- and Love-wave
ambient vibrations for f-k MASW: ZVF + RVF + THF
(dispersion) analsis and components

HVSR (ETH team — Donat

« PSRT (sledgeh
Fah & Valerio Poggi) P (sledgehammer)

« SSRT (shear-component
vibroseis)

« VSP (SH- and P-waves):
sledgehammer for Vertical
and Horizontal Force
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Field setup

« 4 +/- concentric circles
(30 — 200 m diam.) of 3
to 5 Lennartz 3/5s
seismometers

2 perpendicular active
arrays of 94 m length, 2
m geophone interval, |
4.5 Hz vertical, 10 Hz
horizontal

100 m VSP with 1.0 [0-
20 m] and 2.0 m [20-100
m] depth interval
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Vs: vibro source EIViS

(450N peak force; 20-160Hz)

Rx interval: 2.0 m
Tx interval: 6.0 m
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SsSRT results of one line
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sVSP & pVSP results
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MASW (Rayleigh & Love waves)

ZVF (Vertical component of Rayleigh waves

RVF (Radial component of Rayleigh waves)

THF (Love)
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MASW data (line#2dir) — comparing radial and vertical components

www.winmasw.cCom

Rayleigh component —
1. input Rayleigh data
0 ey : : : : ' : : ? dataset RVF-21.502 (resampled) Raylelgh waves. radlal component
o1 b T, L TELL I HRIREE | sampling: 2ms [1024]
T ;"‘:'_g;f 5 : : : minimhum offset 3 m2
: ; ; - : : : geophone spacing: 2 m
L . i s o ot JpEsiubll i
02k . : ! f -_;Jﬁj;}; ; 34 :
: : : E ; =:-?¢I'J'< ; .‘.% = flip data cut
03 b 3 b s St e g 3}3’ =
: ; : : o *}‘%J 2 select data =
o4 k-1 X . L d’éj ER RO achvale ;
w : : : : : : ; i
ED'S":"" 1 select B0 %
= : : : : : f : : cancel | |save >
: : : : : : : : od i
a7 b LD LR SLELEL L | e R save spectrum | =
: : : : upload spectrum 400
03 B +f- i
: : : : : : : : input curve
o8 Ef-HEH A : LA e i picking— 200
; | | | | | | | | | select mode v — e
0o 10 20 30 40 S0 BOD FOD &0 490 5 10 15 20 25 30 35 40
oftset (m) save Eancel frequency (Hz)
Love component —
2. input Love data bestmodel mod
=T T e T T T T T T dataset THFfull mat
01 f- .' . HT : i ;ﬁmﬂmﬁggggt:{ﬁaﬂg
: : dﬂ-;jj,:f mie il geophone spacing: 2 m
o2k [ i j P
: gj}}; ‘ g flip data cut
03f-|- a@i -
: : : select data
0.4 : : : activate E
-~ | el £
o : 37 select save =
£ 05 _ i : : : i cancel o
= : : : : o
DB .. AR En el - |'|'||}ﬂe 5eparaﬁ|}n g
07 kA [ EH 4 save spectrum
0af-- T
input curve
08k B picking—;
1L I I L 1 I I ! L I select mode v .
u] 10 20 a0 40 - StD 1] it} =i an — — 5 10 15 omn a5 an a5 40
offset (m
() frequency (Hz)
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MASW data (line#2dir) — comparing radial and vertical components

Rayleigh component -

1. input Rayleigh data
gt L T T T 1T el sk Rayleigh waves: vertical component
0.1 Tk A SERRA RIS AASAES SriEmTTiaiad | sampling: 2ms [301]

. * Lo o) : : % minirmurm offzet 3 m

T T3 s # o
oz b [ s ;_‘.’._ geophone spacing: 2 m

. . : _ L4, Sl e |
03 | 1 g _

0-4-5- : 1 1 ik : T "a} activate

s b LLVELLELELH LR B LR e b b 155880 A0 | | [ select | | 60
: : : : : : cancel BaveE

mode separation

a7 b EEEEE L CEC Ea save spectrum
: : : : : : : : upload spectrum 400

flip data cut

select data

time (=)

phase velocity (mds)

input curve
picking— 200

select mode W

1L i ; ; . i i i ; :
a 10 20 30 40 50 B0 Fi] a0 an
offset (m) save cancel

5 10 15 20 25 0 35 n
frequency (Hz)
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MASW data (line#2rev) — comparing radial and vertical components

Rayleigh component — ;
1. input Rayleigh data modelling 7

T T T TR TTETTTTTTTTTITTTT R ] cetacst mvr2eoksay Rayleigh waves: radial component
01 Firmgmegbad b L UL LR LU LE ] sempiia: 1ms 100

: ol e 5 ; 7 : : : : minimum offzet: 3 m
0z , i ‘:::?‘f{ {q:-{é"rf" 233 I3edpat3cive)t | geophone spacing: 2 m

03 | i 370 {ggjii , | Lfiodata || cu

: ?‘}I‘j select data
4 ’ .. . —

general settings —

o Ref. depth

[] HMv (body waves)
0 HA modes (SW)

D Refraction 0.5

Wev Anis. thk

activate (mis) Qs o) Foisson (m}

s L ELLELEL B O b G e i d 2 33250 354 4 | | [ setect | [ 80
: : : : : : : : : cancel | | save

05 E HI S O P I P 4 0 A e I W Y 8 A

time ()

oa
=
[

101 | [10.1 1 ||0.408] | 0.3

125 |[125|| 2 [|o425 |05

3]
[
]

phase velocity (m

: : : : : : : ; : : mode separation
o ELHEHHE T LEL b T HE LS HSsgs 2 e =ave spectrum 133 |[133|] -1 ||038 || 08

-
=
[

: : : : : : : : ; : upload spectrum
08 bl {HEH - g EEHSASRGESE AN LA L P 261 |[[261|| 5 [|0421 (1.2
input curve

Wl . . . . ; ; . . . select mode v = -
i 10 20 30 40 a0 &0 70 a0 a0 1a 15 20 25 30 35 40
offset (m) SR, cancel frequency (Hz) 637 ||637| -4 [|o122| 117

330 33 -1 ||0.289 | 3.9

413 ||$13]| 5 |[0222]| 4.4

1011 | [101 || 3 | |0.153| 14.4

Love component —

hestmodel. mod 1582 ||158|| 0 ||0.264||122
O

: : : : : : : : : dataset THF1 ok say
-y : : : : : : : : sampling: 1ms [1001]
01 F a2 e LR LLLE T TSR] minimum offset 3 m 1400 Love waves Rayleigh modes: | 5
: ..-#" : : : : : : : geophone spacing: 2 m
D2 F ] oy T SR i Ao . | RER S
; T o 'f : e . fip data | | cut
I et ez

1914 || 191 || -5 | |0.085

Love modes: 4

select data phase velocity W

—
=
=
[

- activate

: : select | | save

s EEY T T g, cancel

ne - T I 11T ' T TH i ' ';' 107 | mode separation

refresh

calculate

o
=
[

..
s in
M&
oy

time (=)
g

=ave model| | upload model

[n3)
=
[

phase velocity (més)

o7 E R LB e b by & - save spectrum

synthetics —
upload spectrum

-
=
[

as EAHEEH EH B T b L L Rk a e RVF: hor. geoph. (ra... %

input curve
|:| show DC

: : : : : : : : : : | j
1L I I I I I I I I 1 select mode W just overlap

o 10 20 3 40 s B O &0 40 - y
offset (m) save cancel 10 15 20 25 Ell 35 40 |:| show model :
frequency (Hz) synthetics

o b LHECELHER LR L B R T E 8 ] —

Please notice the lack of low frequencies in the radial component of Rayleigh waves and in the Love waves: this is simply due to the
use of 10Hz horizontal geophones (ZVF was instead acquired using 4.5Hz vertical geophones)
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MASW data (line#2rev) — comparing radial and vertical components

1. input Rayleigh data

O

dataset ZVF1 590k sgy

1] | sampling: 1ms [1024]

minirmumm offset: 3m

flip data

select data

il
4¢ > | |7 select

activate

cancel | | save

| oeophone spacing: 2m

cut

&0

mode separation

phase velocity (m/fs)

Rayleigh component —

Rayleigh waves: vertical component

This is not the fundamental mode

(compare with the radial component
shown in the previous slide and with the
analyses presented in the next 2 slides)

10 15 20 25 30 35 40
frequency (Hz)

Note that, in this case, the Vertical Component completely lacks of the fundamental
mode so if you would use only the vertical component (the “classical” MASW
analysis) you would easily misinterpret the data (velocity spectrum).

The Radial Component (of Rayleigh waves) and the Love waves appear much clearer,

www.winmasw.cCom

thus simpler to interpret and invert.
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Joint MASW (Rayleigh+Love) + HVSR analysis

In this case the radial component of Rayleigh waves allows to better identify modal

dispersion curves (three modes at least)

phase velocity (m/s)

\AAAVAY (mlapl=1=\"VAms=gp

velocity spectrum (RVF component) & dispersion curves

1000 best model

mean model

800
600
400 |

200

This is the fundamental mode
(of Rayleigh waves): apparent on the radial
component but not in the vertical one

s S\Nthetic
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frequency (Hz)

depth (m)

Vs profile

10

20

30
40
50
60 \
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MASW (Love waves — THF component)

Same Vg model presented on the previous slide

Synthetic Data (Love - THF)

Or__)L YT ) T T T T T -"’P"HF“'IH T T
s T T
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1 1 : ' 1 1 Il l L LII [ i
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»
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Q) E
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E 800 [
= o
£ S
9 600 Z
(U]
> ©
400 s
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Pure HoliSurface® (a patent pending methodology)

Analyzing dispersion/attenuation through a single 3-component geophone and a single shot
(very quick acquisition procedures, analyzing both amplitudes and group velocities, intensive
computational load): automatic inversion

Best vertical-component model (vertical component) Best radial-component model {vertical component) Best RYSR model (vertical component)
observed (background) 1000 observed (background) 1000 obsetved (hackground)
<G> best model {overlapped) <GS best model {overlapped) GBS best model {overlapped)
E E 800 E 800
£ = =
= £ 600 £ 600
[ [ (]
o o o
2 £ 400 L 400
! 200 200
8 10 15 20 25 8 10 15 20 25 8 10 15 20 25
frequency (Hz) frequency (Hz) frequency (Hz)
Best vertical-component model (radial component) Best radial-component model {radial component) Best RYSR model (radial component)
1000 observed (background) observed (background) observed (background)
= <G> best model {overlapped) i <G> best model (overlapped) <G> best model {overlapped)

velocity (mis)
[ay]
=

400
200
Lt 10 15 20 25 L2} 10 15 20 25 =3 10 15 20 25
frequency (Hz) frequency (Hz) frequency (Hz)
Best vertical-component model (RVSR) Best radial-component model (RYSR) Best R¥SRE model (RVSR)
T T 1 T T T T 1 T T T T T
e obsemved T e observed $0 : c obsered : i :
PR N (%, SRR ISPRRE S PR s A AT R e o T s e J
11 OO . USROS WO .11 O ........................ i Abo .................... W..... ........................ il
: : 1 !
3 2 1 :
3 ..................................... .......................... 3 ......... ........................ " g ...........................
: 3 W\
Dleaiific oW e e Y SERERTERE: 7] ;\ ........................ Y IR IR R ROy SRR ERTER
: 4 AL 3
PR Y :
| T i e, MURRERE T CERNEENERERS Mgl 1 \..\;....E...‘;I.\ .................. \\ ........... N
f ; ”
0 i i e 0 i i R
=3 10 15 20 g 10 15 20
frequency (Hz) frequency (Hz) frequency [(Hz)
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Pure HoliSurface® (a patent pending methodology)

HoliSurface®: analyzing dispersion through a single 3-component geophone

automatic inversion
vertical VS profile

0
‘IO ......... : ......................... ......................... ................
e - e 4 - B —
~ 30
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~
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()]
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20

= hest model
m— mean model

— hest vertical component
= hest radial component
best RVSR component
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200 400 600 800 1000 1200 1400
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Love-wave group-velocity spectrum + HVSR

Direct modelling approach

800

700
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a0

velocity (mis)

400

300

5 1a 15
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depth (m)

Vs profile
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Surface-wave analysis - comparison with VSP data

MASW (Rayleigh + Love + HVSR) Pure HoliSurface (just Rayleigh waves)

\V_ profile
Y, profile sP
0 0
5 ................................................................. 5 ......................................................................
NS T o — B S ———
- 15 ' T
20 . ' _________ P ey .|l e
T 2B = 21 I
= ¥= :
] [l 2
_§ A0k L A0
5k ................. e e PR P R P
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Surface-wave analysis - comparison with VSP data

Just group-velocity (Love) + HVSR
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Few conclusions

» As often observed, because of the difficulties in the identification of the
shear-wave first arrivals and the consequent erroneous picking, in the first
few meters, VSP analysis can overestimate the shear-wave velocities [in this
case high velocities from VSP may be partially related to the artificial
materials in the parking lot]

« Surface-wave joint analysis of multi-component data (Rayleigh + Love waves)
allows to retrieve accurate (unambiguous) Vs profiles which, in the deepest
parts, benefit from the joint analysis with HVSR (singularly considered, this
method would suffer from a severe ambiguity and non-uniqueness of the
solution)

* The analysis of group-velocity spectra obtained from quick acquisitions
done through a single 3-component (HoliSurface® approach) geophone shows
very good results down to at least half the length of the array (to get deeper
HVSR can result beneficial)
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