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% SEISMOLOGICAL INVESTIGATION OF ROTATION EFFECTS

Rotational Seismology [Lee et al. BSSA, 2009, 99, 945-9571 @ new, emerging field for the study of all aspects of rotational
ground motion induced by earthquakes, explosions, and ambient vibrations

Seismological application: Engineering application:

* broadband seismology [lgel et al., Geophys. J. Int., * seismic _bghaviour of irregular and
168(1), (2006), 182-197], complex civil structures [Trifunac, BSSA, 99,

 strong-motion seismology [Anderson, The Intern.
Handbook of Earthquake and Engineering Seismology, 2003,
Chap. 57, 937-965],

° earthquake physics [Teisseyre et al, Springer, 2006; Teisseyre et al.,
Springer, 2008],

e seismic hazards [McGuire, Earthg. Eng. Struct. D., 37, (2008), 329-338],

e seismotectonics [www.geophysik.uni-muenchen.de/ ~igel/Lectures
/Sedi/sedi_tectonics.ppt],

S geodesy [Carey, Expanding Earth Symposium, (1983), 365-372],

* physicists using Earth-based observatories for

detecting gravitational waves [Ju et al., Rep. Prog. Phys., 63,
(2000), 1317-1427; Lantz et al., BSSA, 99, (2009), 980-989]

[https://www.outlookindia.com/website/story/major-quake-of-
magnitude-8-likely-to-hit-north-india-says-chief-of-seismology-
ce/304704]
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$ A SHORT GLOSSARY FOR ROTATIONAL SEISMOLOGY

i vV [Z. Zembaty, et al., Editorial, Sensors, 21, 5344, 2021]
VAV
C) % wz(t)O 6-component Seismic
‘ Ground Motion System:
g C)‘*’y(t) . o,(t) — yaw, twist, torsion,

My , | '
x Yy uz(t)I /,’y(t)C * () — rocking, roll,

* o/(t) —pitch

wX(t) wx (")UH: - ("):III/
w}f = Ev X U= E a:f[l‘ — ax“: )
LU: axrf}{ - a\l{”x

Tilt - means long-period rotations about a horizontal axis, to others only static rotations at any frequency.

Rocking_- rotation about horizontal axis or, as often used by engineers, of a whole structure about a given axis.

Torsion — rotations or strains about vertical axis of a structure.
Twist - a shear deformation caused by torsional moment.

Spin - aterm that is unclear at present; in physics, it is used for rotational velocity; in continuum mechanics, it is
the antisymmetric part of the velocity gradient tensor and may also be used for the proper kinetic moment of
particles.
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A SHORT GLOSSARY FOR ROTATIONAL SEISMOLOGY

Surface waves

S-wave

[Gordon et al., BSSA,
60, 953-971, 1970]

Seismogram recorded in the UK from a
distant earthquake

1 1 1 1
22:20:00 30:00 :40-00 :50:00

Time (hr:min:sec)
P Wave

compre:

e H A vl T
Yerwerfingen der Steine xweter Obeltsken and dem Bloster Jt. Uranoza
Jisturbed JStefung del Bosco.
undisturbec
e CALABRIA, 05.02.1783

earth’s interior building  gojl foundation

S Wave

earth’s surface

]
EQ source»

Finite size as (hypothetic) rotational wave reflection &interference
near field effects  (Teisseyre Roman) “anti-Richter” rotation of geological blocks”

[prof. Z. Zembaty lecture, SMOIO KM PAS 14.10.2016]
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% SEISMOLOGICAL INVESTIGATION OF ROTATION EFFECTS

Influence of geological blocks rotation

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

Hhigh frequency content Low frequency content FIRCREAIR
- Local vibration of beams and columns - Higher stress in structural element
- Meaningless motion of the building center of mass - Overturning moment

- Horizontal displacement of the center of mass

[Castellani, 2" IWG0ORS workshop, Masaryk’s College Prague, 2010]
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% ROTATIONAL INSTRUMENTATIONS

~Seismological” applications »Engineering” applications
[Bernauer et al., J. Seisml., 16, (2012), 595-602] [Jaroszewicz et al., Sensors, 16, (2016), 2161]

1. effectively insensitive to linear motion, or at any 1. effectively insensitive to linear motion, or at any
time, independent measurement of linear and time, independent measurement of linear and
rotational motions must be possible, rotational motions must be possible,

2. small (mobile) and stable with respect to ambient 2. small (mobile) and stable with respect to ambient
conditions, including changes of temperature, conditions, including changes of temperature,

3. the electrical power supply should be easily 3. the electrical power supply should be easily
managed using batteries, at least combination managed using batteries, at least in combination
with solar panels or fuel cells, with solar panels or fuel cells,

4. be able to measure amplitudes on the order of 4. be able to measure amplitudes up to a few rad/s
1078 rad/s at frequency range 0.01 Hz - 0.1 Hz. at frequency range 0.01 Hz - 100 Hz.

Rotational sensor 2 ROTATIONAL SEISMOMETER (1-, 2- or 3- Axes)
field application 2 ROTATIONAL SEISMOGRAPH

network of seismometers + precise time source + recording device + network
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ROTATIONAL INSTRUMENTATIONS

1. Mechanical type (nondirect based on velocity or accelerometer type seismometer)
Limited: frequency range, max. detectable rotation rate

MECHANICAL VELOCITY
SEISMOMETER SEISMOMETER ACCELEROMETER
— L Rt A R : : - 108
= H . . : : .
A & H i 102 foemmea e
; Z : Yo : P
g 100 |- 0 oo 10*
3 o 100 fooc et
[ : ;
2 2 : : 35 : :
- 102 : : : 102 . : : 102
1/“/.. ‘ \ \@\ On 2

100 [ooemgemmens e 102 oomssproneas e 10°

VELOCITY

2. Electro-chemical type (direct based on liquid inertia)
high thermal instability, problem with electrolyte inertia

microporous spacers housing

ACCELERATION

1 10 100 1 10 100 1 10 100
FREQUENCY Hz

[Havskov, Alguacil, Instrumentation in
Earthquake Seismology. Springer, 2016]

velocity
profiles T<T cathodes anodes

3. Optical type (direct based on Sagnac/(von Laue) effect)
optimal for seismological applications, but stationary system Specialized system based on FOG

<%

O ¥

LCG-dema#strator
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% THE SAGNAC - VON LAUE EFFECT

Sagnac-Von Laue effect
Radius R

Light beams propagating in oposite directions in a rotating frame experience
a different optical path length

P LS
“ ccw beam ™

At rest, the time of flight through the loop is

__ Circum ference _ 2TmR AL

0~ Speed of light c

—————

When rotated at rate QQ

- cw beam travels father to catch up with the moving _2rR+ AL _ 27R + RO,

cw
(&

Cc
beam spliter, and its time of flight becomes: _ 2mR— AL _ 2mR — RQT,

ccw C C

- ccw beam travels a shorter distance:

* Difference in times of flight:
RQT,

6T = |Tcw _chwl =2 2

* Fringes shift (Sagnac-Von Laue effect):

- -

AZ =4
AoC

Y = Jﬂdt Q—od 0,001°h do400°/s




FIBER-OPTIC ROTATIONAL SEIMOGRAPH - INNOVATIVE IDEA

Minimum configuration - FORS optimization for rotation rate (not angle) detection

SOURCE

POLARIZER

L

FIBER COIL

-

DETECTOR

NON—RECIPROCAL
' PORT

AFORS -

« L=15000 [m], 15 layers, quadrupole-bifilar winding,

gain FOG optimization of optical head: 0.6

N\
i3

+ 0. =0.436 [dB/km], _ ‘\\Q.‘_ T
: : @ \ e AL
« loop R=0.34 [m] with permalloy particles, g 810° \\&éﬂé"?ﬁﬁ;ﬁ |
« 5=13.16 [dB], 610 e i o
« cascade polarizers (46 and 55 [dB]), Qa“.‘}. 7 _f'""' -
410 Tl T ; p

 depolarizer with P=0.002

* AA=31,2

« S=0.99 [A/W], 1, =0.06 [nA], R, =163 [kQ]
» open-loop architecture

10

[nm], A=1326.9 [nm], P =20 [mW],

Qmin :1 -93+1 0'9 [radls H21/2]
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% FORS TYPES OF FOS3, FOSS5 and FOS6

[zolator Depolarizer Polarizer

SLED —
NI Sensor
ﬁ
Electronich—Detector - : loop
part Coupler T

FOS3 FOSS5, 6
;“ Optical part Optical part

! :i I—{ D-SLED | l—»\ A-APD
| [ Independent Power Supply DC (12- 14V, SLED5V) | f T % +
[
l l R 1 Lyl FPGA
l Filtration Signal
- a?digalr; processing T
etection of signa i : x L
— Generator —{ Unit [ 520 [MT‘I_
WEB <(<( Modem 3
FORS - Telemetric Server GSM/GPS Ethernet <——— )
PCU
WiFi
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Open-loop approach

FOS3: e
« 5kmlong SL SN 1
* 0.25 m diameter

theoretical sensitivity: J

2-10°8 rad/(sVHz) o

Q=S5, tan~! [u(t)], u(t) = 22

Se
S,, S.— optical and electronic constant determines
during scalling on Earth rotation

12
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% FORS TYPES OF FOS3, FOSS and FOS6

Closed-loop method

&
-

FOS5:

« 5kmlong SL

* 0.25 m diameter
theoretical sensitivity:
3.41-108 rad/(sVHz)

_‘A

FOSG6:

15 km long SL
0.60 m diameter

theoretical sensitivity:
5.67-10° rad/(sVHz)

synchronized phase steps and resets

[ S S I o I

square-wave bia sing modulation

Digital Phase Ramp
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% ALLAN VARIANCE ANALYSIS

Output
—
e

(&)

E FOS3-01|
: —F0S3-02|
—FOS5-01|
—FO0S5-02|]

Angle Random Bias

I Walk I l Instability : I T

\J

AV is a method of analysing a
seguence of data in the time
domain, to measure the frequency
stability of oscillators.

ARW [rad/\'s] Bl [rad/s]
FOS3-01 8.70-10° 1.13-10
FOS3-02 1.30-107 1.96-10
FOS5-01 216107 2.28-10°
FOS5-02 3.24-107 2.5510° Sample period T [S]
13
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FOS - KSIAZ OBSERVATORY
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FOS — KSIAZ OBSERVATORY (MINING ACTIVITY)

Correlation
coefficient: 0.74

FOSREM-1

5 5
1.5 <10 15 <10
1 J
1f |
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= 05} = | [ [/
z > |l ' Dk O
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° S 0w | ﬁ | W" \q 'HA\“M ‘.ui ﬁ j"ﬂuﬁ ‘\;‘,f'g‘ | /NP amaing
< > | I v v
> ok M . L EE A
= ﬂ\ 3 It
2 ' 2.05" I I
) ||~ FosrREM-1 108 £ ! ' FOSREM-1
FOSREM-2 1.5 ' FOSREM-2
-05F v |F-1 max| = 1.1522e-05 [rad/s] v |F-1 max]| = 1.3003e-05 [rad/s]
v |F-2 max| = 9.3286e-06 [rad/s] = v |F-2 max| = 6.6133¢-06 [rad/s]
E\r.q =8.7647e-06 [ E .y, = 8.0962¢-06 [rad]
! ! | ! | ‘ E\FZJ =6.2725e-06 [rad] - ‘ v , EJF-Z\ = 4.355e-06 [rad]
2 4 6 8 10 12 14 16 & 1 2 3 4 5 6 7
Time [ms] Time [ms]

Correlation
coefficient: 0.98

FOSREM-2
v |F-1 max| = 1.3003e-05 [rad/s]
v |F-2 max| = 9.3286e-06 [rad/s]
E =5.3644e-05 [rad]

IF-1]
‘ | ‘ E .5 = 4.0877€-05 [rad]
20 40 60 80 100 120 140 160 180 200

Time [ms]

Correlation coefficient: 0.64

-1.5

Min amplitude: 53.1431 [prad/s] |Avg amplitude: 62.48864 [urad/s] |Max amplitude: 69.1125 [urad/s]
Start: 2017-12-01 12:19:51.674 |End: 2017-12-01 12:24:51.716 |Samples: 197 000
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X

Max.
amplitude
[rad/s]
1.02-104
1.01-104
1.01-104
1.17-104
2.74-10°
4.65-10°
3.66-10°
2.20-10°
1.73-10°
1.20-10°
3.55-10°
2.90-10°
3.47-10°
6.20-10°
1.67-10°6
1.99-106
4.6728-10°
+0.0002-10-°
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FOS — KSIAZ OBSERVATORY (MINING ACTIVITY)

Energy [rad]

3.72:10°
3.22:10°
1.57-10°
2.45-10>
3.55-106
7.19-106
5.64-10°
3.15-106
1.26-10°
1.11-10°
5.55-106
9.57-10°
3.25:10°
5.32:10°
1.08:106
9.18:107
1.4896-10-°
+ 0.0003-10>

Correlatio
n
coefficient

0.59

0.53

0.51

0.56

0.78

0.72

0.73

0.67

0.63 %
0.07

Max. amplitude
[rad/s]

3.89-106
1.81:106
8.25-10®
417 -10°
1.67-10°
1.03-10°
1.86-106
1.61-106
1.58:106
1.01-106
2.00-10>
1.00-10°
1.65-106
1.32:106
1.77-106
1.09-106
5.5226-106
+ 0.0005-10-®

Energy [rad]

3.94-10°
2.13-10°
4.56-10°
2.48-10°
5.78-10>
2.97-10°
6.17-107
5.31-107
1.93:106
1.11-10%
1.31-10°
6.66-10°
6.86-107
5.95-107
1.04:106
6.73:107
8.6772:106
+0.0003:10-¢

Correlation
coefficient

0.82

0.95

0.94

0.84

0.79

0.98

0.86

0.88

0.88+£0.03

Angular velocity [rad/s]

Angular velocity [rad/s]

N
T

c)

N
T

&

:
A

N
T

o

-1

Data recorded by the FOSREMSs in the geophysical observatory in Ksigz, Poland in period 8/01/2017 — 1/25/2018.
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v |F-1 max| = 3.1575e-05 [rad/s]
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E .y, = 2:49870-05 [rad]

‘ | E/p = 1.2665€-05 [rad]
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Time [ms]

<10°

|
('.
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.“ | T FOSREM-2
" H‘ iy ”M |F-1 max| = 5.1504e-05 [rad/s]
N M"ﬁ \FZm x| = 1.5546e-05 [rad/s]
‘ W” W“‘ f" E ., = 7-539-06 [rac]
‘ E .5, = 2760106 [rad]
02 04 06 08 1 12 14 16 18

Time [ms]
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% FOS — KSIAZ OBSERVATORY (MICROSHOCKS)

i L/ ' Underground tunnels are located at the level of -

50 meters below the surface of the castle.

~ The measured ground rotational movements were
- generated by the artificial explosions by dynamite

. loads aimed at the execution of tourist tunnels

leading to Ksigz castle in near field of the

7

"’"i/é@CES’;Qf,detonatlons

S i

7
u

% T8,
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Angular velocity [rad/s]

Angular velocity [rad/s]

FOS - KSIAZ OBSERVATORY (MICROSHOCKS)

T
——FOSREM-1
——FOSREM-2
v |F-1 max| = 0.0026446 [rad/s]
v |F-2 max| = 0.0012128 [rad/s]
=0.00075219 [rad]

=0.00046754 [rad]

Er-11
B2l

06:37:16  06:37:17  06:37:18 06:37:19  06:37:20
Apr 26, 2018

——FOSREM-1
FOSREM-2
v |F-1 max| = 0.00098978 [rad/s]| |
v |F-2 max| = 0.00073277 [rad/s]
E -y, = 0.00034558 [rad]

E -, = 0.00021863 [rad]

b
MFNAM“W\—AW E—

- s
08:53:22
Mar 20, 2018

08:53:16 08:53:18 08:53:20

Angular velocity [rad/s]

Angular velocity [rad/s]

o
&

o

o
o

'
-

'
-
@]

T
——FOSREM-1
——FOSREM-2
v |F-1 max| = 0.0016977 [rad/s]| |
v |F-2 max| = 0.0011049 [rad/s]
=0.00099912 [rad]

=0.00055857 [rad]

B
B

11:50:28 11:50:30 11:50:32 11:50:34 11:50:36
Apr 23,2018

——FOSREM-1
FOSREM-2
v |F-1max| = 0.004046 [rad/s] ||
v |F-2 max| = 0.0014961 [rad/s]
= 0.0019157 [rad]

=0.00093655 [rad]

By

EIF'ZI

3
12:39:00

L
12:39:02

L 1 1
12:39:04 12:39:06 12:39:08
Apr 03,2018

Angular velocity [rad/s]

Angular velocity [rad/s]

T
——FOSREM-1
——FOSREM-2
v |F-1 max| = 0.0011719 [rad/s]
v |F-2 max|= 0.00089549 [rad/s]
E|F-1| =0.00033562 [rad]

E|F-2| =0.00022204 [rad]

06:45:44 06:45:45 06:45.46 06:45:47 06:4548 06:45:49
Apr 26, 2018

FOSREM-1

FOSREM-2
v |F-1 max| = 0.00063939 [rad/s]
v |F-2 max| = 0.00037618 [rad/s]|
=0.00034357 [rad]

=0.00020642 [rad]

B
iz

|
h \‘ "ﬁI‘II\WN‘NI"‘W’I‘M"‘N%»"ww"uwmm,wwvu__

10:01:04 10:01:06 10:01:08 10:01:10 10:01:12 10:01:14
Apr 30, 2018
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“ROTATION AND STRAIN IN SEISMOLOGY: A COMPARATIVE SENSOR
TEST“, FURSTENFELDBRUCK 19-22.11.2019

10 : ‘—FOSS-CH ]
[ FOS5-02°
< | .
-~ -6 '
106! I\
= \ /\/ b\‘\«
"o \ T i
=] ‘\ \‘\,
o ' AN N
= S~ A
5] 107 | it
<
-8 \ \
10
0.01 0.1 1 10 100

Frequency (Hz)

blueSeis-3A
éaint FOG
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% FOS5 - FIELD TEST FURSTENFELDBRUCK 19-22.11.2019

S  19.11.2019 # @

Fuerstenfeldbruck 11.2019 : ; .
LAyt 1. expl_huddle=500g; distance from FOS 200m; 15:16
2. expl_test 150g; distance from FOS 33 m; 10:26

* Dodaj warstwe o+ Udostepnij
® Wyswietl podgiad

v coordinates_fosrem.csv

Oscbne style

Q ross.02

Q ross01 o o
FOS3-01 L) LMU Geophysical 5
. Observatory @)
FOS3-02 > o
°
o

Q FUR Huddle

L]
/ . . . o
coordinates_explosions.csv .
o
: 09

Oexpl_m A e %‘F,‘)
Qexpl.02 . ”-; /Ol:a
OexplAOB . —.: 6:3
OEXD| test
Oewl_huddle
ilkirche St. Stephan "Hnj 4
. - [
Google My May -
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FOS5 - FIELD TEST FURSTENFELDBRUCK 19-22.11.2019 ‘

—F0S5-01
—F08S5-02
v max

~
T

=5.862e-05 [rad/s]
FOS5.02| = 3.0453e-05 [rad/s]
=5.4028e-06 [rad]

= 5.1058e-06 [rad]

L2019 NOV 18 (323) 10n03mS56,2465 |[FOS5-01|

PD:FOS3:GHZ02:GHZ Z

v Mmax

E|F085-01 \

N
T

E |FOS5-02]

il
i I | Ll | AT ‘
e H H il '\TJ-,MH w‘\J\J\‘I"JI."J}*I\"‘ ‘\’|- {)ﬂ‘r“uﬂ‘rw b
il !
|

Angular velocity [rad/s]
R

A
T

1 L 1
(323)12h (323) 14h (323) 16h

2019 NOV 19 (323) 10n03m56,2465

o
[3;]

L L L
2% 120 (323) 14h \ (323) 16§
\ \ —\

PD.FOS5:GHZ02:GHZ Z !
0,0005
| R - _15 L L 1 1 1 L L
15:16:46.000 15:16:46.400 15:16:46.800 15:16:47.200
Nov 19, 2019
Explosion at 10:26 Explosion at 15:16 ‘

L L y
(323)12h (323) 14h (323) 16h 3

L2010 NOV 18 (323) 10n03m56,2468 AN

Angular velocity [rad/s]
o
[¢;] o

\ \
\
PD:FOS5.GHZ01.GHZ Z T -6 . . .
10:26:05.000 10:26:05.400 10:26:05.800
Nov 19, 2019
%107
0,0005 . T T T T T T T
‘ ——F085-01
4l 1% L 4 n o o) 1% —FO085-02
0 & | b 4 R ’ 2 e L) F v MaXcocs 01 = 0.0013578 [rad/s] |1
| v Max oo o = 000086283 [rad/s]
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VibtroSeis truck (peak force 275 kN) travelled in a distance (96-138 m from FOS5s and generated seismic perturbations in the
ground. Each series of ground impacts lasted 15 s with frequency increasing from about 7 Hz to 120 Hz
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[A.T. Kurzych, et al,
Senosrs, 20, (2020), 6107]
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FOSS - IMPROVEMENT OF NOISE CHARACTERISTIC
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FOS6 - NOISE CHARACTERISTIC
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ﬁ FOS6 — FIELD EXPLOATATION AT KSIAZ PAS LABORATORY
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FOS6 — FIELD EXPLOATATION AT KSIAZ PAS LABORATORY
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