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Measurements of Strain and Displacement During 4 m Biaxial Rock Friction
Experiment Using Fiber Bragg Grating Sensors and Accelerometers
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Measurements of Strain and Displacement During 4 m Biaxial Rock Friction
Experiment Using Fiber Bragg Grating Sensors and Accelerometers
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Abstract

We measured local strain change and co-seismic displacement of rock specimen installed in 4 m biaxial rock friction
apparatus using fiber Bragg grating (FBG) sensors, microelectromechanical system (MEMS) accelerometers and
piezoelectric (PZ) accelerometers. The measurements of strain using the FBG sensors are verified with those of
semiconductor strain gauges (SGs), showing the noise level of FBG sensors is low enough to quantify the strain
change due to the co-seismic slip. However, the measurement resolution of the strain needs to be improved as
its co-seismic change associated with a single slip event is nearly in the same order of its resolution. We then
developed a process flow of converting the acceleration during the slip event measured with accelerometers near
the fault to the co-seismic displacement. PZ accelerometers were overloaded due to the amplification of its high-
frequency response, while we obtained the acceleration without overload for the case with MEMS accelerometers
because of the attenuation in high-frequency components. We obtained a reasonable estimation of the co-seismic
displacement using MEMS uniaxial accelerometer in comparison to the slip on the fault measured with eddy
current displacement (GAP) sensor. This study provides the accuracy and quantitative objectives of FBG sensors
and accelerometers for the measurements of strain and co-seismic displacement during stick-slip experiments,
which help for further applications on the large-scale biaxial rock friction experiments to discuss the nucleation and
rupture process of faults.

Key words: FBG sensor, Accelerometer, Rock friction experiment, Large-scale biaxial friction apparatus, Stick-slip
events
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Table 1 List of

;ibreviations.

Abbreviation Description

FBG fiber Bragg grating

MEMS microelectromechanical system
PZ piezoelectric accelerometer

SGB bi-axial strain gauge

SGT tri-axial strain gauge

GAP sensor eddy current displacement

sensor installed on fault

HFS high-frequency sampling

LFS low-frequency sampling
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Fig. 1 Schematic of 4 m biaxial rock friction apparatus. The quasi-static strain accumulation, dynamic change in strain, and
relative displacement on the fault are measured during stick-slip experiments.
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Fig. 2 Reflection spectrum of FBG gauge (modified from
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%2 + >4 —4 ("7 A FBGS-SCANS00) 3 L T FBG 12 > H D 3+ 42 (https:/fbgs.com/components %% %)
Table 2 Performance of interrogator (old model of FBGS-SCANS800) and FBG sensor.

1 5oy — i EZS{LEH kS E Wavelength precision of interrogator, AAgmin lpm

H7 71 INOT AREE (MLRU{E)  Strain sensitivity of cable (typical), 7.8 x 1077[1/ue]™
NG A 2HHl 4 fiRRE Measurement resolution of strain, A&uin 0.83ne

NG A EHAIES B2 Measurement accuracy of strain 1.7ue

SHEE R (1 F % > 2L O I 0 4) Sampling frequency using single channel 2kHz™

NG A aHHIFEPE Measurement range of strain 50000ue (5%)
T 7 ANt Y REEH Protection class of cable 1P68

T 7 A NKE (I—F 1 27 53) Diameter of cable with coating 0.2mm

Ft7 7 A INEFHFE Bending radius of cable R5mm

St 7 7 /38|58 0 5&FE Tensile strength of cable >50N

*I The strain sensitivity of cable used in this study is 7.73 x 1077,
** The sampling frequency of current model (FBGS-SCANS0X) is 5 kHz with single channel.
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Fig. 5 Strain gauges and FBG sensors installed on the side surface of the upper rock specimen. SGT and SGB indicate tri-
axial and bi-axial strain gauges, respectively. The numbers (1-3) in the SGT indicate the components of axial strain. The
axial strain along each axis is individually monitored in SGT, while SGB outputs only the difference of strain along two
orthogonal axes as shear strain.
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Fig. 6 Time series of strain during experiments. fb03-029 and fb03-030 indicate the experimental index for pre-loading and

the stick-slip experiment, respectively. OF-R and OF-L indicate the FBG sensors installed on the right and left side of
SGBI15. The axial strains of SGT15 and SGT16 are compared to the FBG sensors with respect to each component. The
stick-slip experiment is conducted during 0-340 seconds in fb03-030, followed by the removal of shear and normal
loading.
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Fig. 7 Comparison of strain change between strain gauges and FBG sensors during stick-slip. Top and middle panels show the
comparison of axial strain, while the bottom shows the shear strain inferred from FBG sensor and strain gauges.
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Fig. 8 Strain change during stick-slip measured by strain gauge (SGB and SGT) array installed along the fault in fb03-030.

The horizontal axis indicates the distance of SGB and SGT strain gauges from the west edge of rock specimen. The

vertical axis shows the time from the start of experiment. We removed the offset and low-frequency noise estimated

using moving median filter with the window length of 10s from the strain time series to extract the strain change
associated with slip events. The time window associated with Fig. 7 on the SGB15 and SGT16 is indicated with red
box. The horizontal stripes are corresponding to sudden change in shear strain due to the unstable slip on the fault.
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Fig. 9 Strain change associated with a slip event. LFS and HFS indicate the low and high frequency sampling (976.5625 Hz and

1 MHz) of the strain gauge, respectively. The same as Fig. 7, top and middle panels show the comparison of axial strain,

while bottom shows the shear strain. The offset of strain is removed using the mean of the first 10 points with respect to the

strain components.
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Fig. 10 Enlarged view of Fig. 9. Around 15 ms delay in FBG sensor to the strain gauge is observed due to uncertainty in phase
response and/or sampling condition associated with FBG sensor, which is removed for the sake of comparison. The
standard deviation of noise level associated with high frequency sampling of SGB15 and SGT16 are 0.07 pe and 0.4 pe,
respectively.
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Table 3 Performance of accelerometers used in this study.

2022 §# 2 A

L tonet LAk e ik Jh % BedE R
Name of sensor Model number (m/s?) (Hz) (g)
Measurement Measurement Weight of
range of range of sensor
acceleration frequency
MEMS =( 3 # %7 (MEMS3)
L 3713B112G 20 0-250 17.3
MEMS triaxial accelerometer
MEMS =( 1 # %7 (MEMS1)
o 3711D1FA200G 2,000 0-2,000 16.3
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Fig. 11 Installation of accelerometers. Both tri- and uni-axial accelerometers record the acceleration parallel to the fault.
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Accelerometer fb03-030: Fs= 1.0[MHz]
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Fig. 12 Time series of acceleration associated with a slip event with sampling frequency of 1 MHz. Dashed lines indicate the
measurement range. PZ1 and PZ1S are overloaded in this event.
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Accelerometer fb03-030: Fs=976.5625[Hz]
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Fig. 13 Decimated waveform of acceleration with averaging over every 1024 samples (Fs=976.5625 Hz).
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Accelerometer fb03-030: Fs=976.5625[Hz]
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Fig. 14 Acceleration during stick-slip events. The offset of acceleration recovers for long time due to the electric discharge
following the slip event in PZ1S, which is the signature of overload.
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Fig. 15 Power spectrum density of acceleration associate with a slip event. High-frequency components more than
10 kHz are recorded in PZ, which could cause the overload due to the amplification of its frequency response.
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Fig. 16 Relative displacement on the fault during a slip event measured with GAP sensor.



YTy AN—OTHENI L AT ABIOIRE LW ER W= 4m 370 SEsEd o3 H -

i — R AR IE A

MEMS3
0.002 -
Q)
E 0.000 \
>
i+
k<]
2 -0.0021
-0.004 i i i
0 25 50 75 100 125 150 175 200
Time [ms]
MEMS1
0.03
2 0.021
E
2
8 0.01
g
0.00 A
0 25 50 75 100 125 150 175 200
Time [ms]
Y17 PRABERVOREEXTO- BHEICLD2AFFEZOET. ~¥H MEMS3, ™ ¥ 2 MEMSI ©

Fig. 17

41 FROANY FOIR RIS

FTRERERYUNSCETINEZRARFRY THS.
Velocity waveforms associated with a slip event inferred from the time-integral of acceleration measured
with MEMS3 (top) and MEMSI1 (bottom), respectively.

ADDIAREF T INEITRDAXN RSO
FEERYEY 121247, ThEehod T
TRFE¥EIZ1IMHz THD. 4 DDRMIIETH LT

F—=HE DY FICXBY U DT ELMNT DK
AN E < Jo TS, LiAin T, +—/N—0—
RLTWERESHEY YT 201011, FTO
E— ) R EETEDR YT SR ERAT S

NODARN DD TH BN, T“%fa%'t‘/*)"“&’ Y NBB.

2RDRYUMEEIN. ST LI R Y1413, MEDOTRODAXZ MIDODWTOMNA
BYENER5-0THhrETA6N5. £/=, PZI, &K * (Fs=976.5625 Hz) %79, 42 PZISIZHB N
PZIS |35 MRAMNITEAE YO TEET 28 & T, TROAXRY MEICEPIZTH 23 8D
TWwiz., @A —N"—a—kre™TEn, B §:o ML RMZUTHBO, 2wt Uizt —/N—
ﬁjﬁffzt‘/#fﬁ??é&%%f;%ﬁi‘%? M= U, O— R ZH[ITEFOFHTHD. F—/N—O—R
TR VEWENT THEINHEG OFE &5 L7=PZ1, PZISOMABER I DRI >R

9. - 5T, MEMS=U"8 & o5, D3k
B M ?j?tﬁ*‘ﬁ‘kf;% oL B kY, MEMS3,
MEMS1 T13 5172k 3P EEEY H iR £ /.
Y13IX, Y1RROEMEYI Y TN LEHD
(Fs=976.5625 Hz) %73, #§ OOVT AT —I &'
ﬁm,?~9w%ﬁ7mmﬁ>fwﬁr ST~
FEERND, YUY T INEESE RL TS,

BHTHIEWXCIA, A—=N—O—RLEEFHEDOL
CHNTRBEICHLTEDLDIBRRBEEATOMNH
S5MTRL, TOM™EI™ETH DI EMNSKED
B HETIIER Wi &L
AT, PRERYOINT — AR NLEY 1512
9. MEMS=:\"ME R > HIZDODNVWT, £EA-D
I R BCEEF 13 MEMS3 7% 250 Hz, MEMSI 73



S SR 2505 4 T

2kHz THo =0, 48137 NEN 1.5 kHz, 10 kHz
ETORTEZEATOE., - 5T, st
YT, BPESY 0 10kHz 2@ 2527 FILR
SENTHO, ZO& KKK MNPZ D RAEIC
EoTHERL, A—N—DO—RIZAEASLEEFZD
n5.

Y16 IXGAP L > HIZ K> TEFTINAZTARD
AN L ORI * DFEA [ (Fs=1 MHz) 279"
ZHUIE BTN T RO, OTHET—I%
R HOY T 8 T IR TH 5 7S EE
PYHEFA o TR, RNETEITRDICKSTH @
AR OEEER METIREA X NDHE, - BIZ
DX 60~100 pum DA NE US. GAP & o4
DI TEF 100 ms ) =Dz 5 nisk (724 LT
WBHM, Y 1R2OMARERKXD, SIBITIETRD
1% 30-40 ms D WA RS X)L ZRI2E Ul &% &
5N5. LENS>T, 294/ TOGAP > Hizk
LTI T RO AN b @?Fﬂ AN 9o
WL, IXRDDBEIC %Abfb)é&?ila
n5. it,?«@&wA IZ1% 400 Hz @ J& 5P%9
BIAAXBETENTND., ZNHDORRITONT,
THGCAP LY DR ERAT A ML ZFH D
RL MDD,

42 MEMSH{iZXoTHELINAMRERIEEZ W
7=k b e of

AR TI, A—/N—O0— KL T/l MEMS
ATEE VI T ESINRRE 22 B
2L, P AR O T ERAD. F 0B
FARTIE, MR & AT S 3ER T R O
RO [ R TO T RO E LT, Z0OEMNH R
SEERTLZENFLT D1 DTHDH. Lnl,
AFRMTIITA R 2 HE T ER OAITR D F 1T
S5NTNSED, 2B TRN® 513 GAP & >4
TETINTWDE o AR T & TlEa<™
HHR OV LT THhDHAIHEHTS.

Y1209 XRDAXPMNZELT, AR RO
WHEATO- TR NOETINLAFREEY 17
1272~ 9. MEMS3 {3 MEMS1 {2 > XRTT RO BICH
Tty hRBHO, UL BHETT LIRS
L>REEZULARRERS. MEMS3OA 7ty K
BEARDVIARDBRN IO SAETEZETTLHIEH
BETIEH BN, IXRDGEOFT T2y MKD NS
WMEMSI @593, RO E1fT

469 % 2022 2

SFLTWAEZEEZF LTSS 'CU/AE"J'C%%&
A, MEMS1 Q&R R Y ZR Wk P Hi2H 5.
éﬁﬁfi{&/bgt®MMBngEﬁ;;
WLT- AOPE2HRE TONA ML 22T TE
5E91Z, *"EDOTETERYSE RN T,

L FHEBRYNSTROA X &2 %2 ENIC
TOFYY. MERICAH Ty MHBHERF K
WA, B L 2 R0 220, RO O
20ms DY FEEF Ty FEL, XD (Y
18a).

I FEBERYUNSEGSLT 2N X2 b
D& T BENIERFER D, INERED
ANRPZONWT- BOEETTD 52D
ObsPy (Beyreuther et al., 2010) 123 % N1 TW
% recursive STA/LTA (Withers et al., 1998) 2 H W
TANXRPOFHB A ET £ 20D 5. STA,
uA@mmwwﬁ N4 5ms, 20ms & L,

BESROBIEIIENENA X2 NHEZE 3.0,
ANXREETZ05EL7Z(Y18b). F/z, o1
N RETOPFid 22T r X2 b
g T AMS I Ims <A NS NE
TEOT.

L. S¥EHKTHY N2 WTHE> L, AFEY
XY, TOBATITA AEEHER WTRD O
W FFERICOBNDLREAANL D RER
5. 955 2('Y 18¢).

IV. "L RZERZ ULERBIRMITEHESAN T T 1))
B ENT T T S, 45'531”’1‘@0)}5\ IMNEE D
DEHEER GRS 5720, R 28D
NWEDAERTIIEYEORIZ Ims &Lk
('Y 18d).

V. %fag'fijy?ﬂ"d)/r/\‘“/ 37270 L, A X2k

HhEEF Ty FELAD®S, 2L,
R JK%#'ﬁlﬁfu'ﬁr ﬁ'@éklnﬂv"ﬁ U EIT
LB NENS R EEE S ZE2/RT
5., A7ty FERODTRWER, 1N hEd
Zad A >r—N—hF5. T—)N—D"FIX
AN EHBEEZ 1ms, £ X2 MET 22
TROD)NIVADA LB DORRE R D%
ZHIZ B0 6ms E L7z, (Y 18e).

A0 AR NTTE

7 2 : obspy.signal.detrend.spline % @ F



T FAN—VTHENI S AT LABIOTRAE T2 Wiz dm AR BE8EY B 0T A - & FHY — A RIEN

v 18

Fig. 18

STALLTA Acceleration [m/s?]

MEMS1
500

(a)

_500 T T T T T T T

Threshold of trigger

Threshold of termination

=

2 c : !

E 0.02- (c) | i

2 : !

8 0.00 i N

° ——— 5 1 —
Event window

@ d

E 0.021 (d)

=

8 _——_\—_/_\J\A\M’M ————

g 0-00- T T T T T T T

@

= e

E 0.021 ()

=

[$]

S .00 ,J\\J\,\

g ’ T T T T T T T

E

3 80 ®

E 601

E 40

o 20

0]

E‘ 0 T T T T T T T

a 0 25 50 75 100 125 150 175 200

Time [ms]

MEMSI IZ X > TRESINZTRAFRYO- BRSICLDLEHETOYEHE. () V12 D1 X2 KMIDW
T, A7ty FZERDRNZHEOA XD MR KRS, (b) recursive STA/LTAIZK 21 X2 M E W OKE.

t=20 ms {ZH51F % STA/LTA O~ 8 jidd, M O LTA DR EWEIZDONT STALTA #2¥0 &L TWa7/0HIics U
TWo., (OMARESHEERATH> L, A7 74 EHEf WTRERMN 2 RERS LEBORARE Y. (d)

1 ms WORES V3T 4 VY ZINTBORARE . () A X2 RYHWETOLIL, 71y bERDBRWRT
PAT=N—NFEAREY. ORAFRVESEERTH> L CHETLRAR.

Process flow to convert the acceleration measured with MEMSI to the co-seismic displacement . (a) The acceleration
waveform of the stick-slip event in Fig. 12 after the removal of offset. (b) The event window determined using recursive
STA/LTA. The discontinuity at t=20ms is caused due to the skipping of first LTA window. (c) The time history of velocity
obtained with integration of the acceleration in time domain. The trend is removed from the velocity using spline fitting. (d)
The velocity after applying moving-average filter with the window length of 1ms. (e) The trimmed velocity after removing
the offset and applying cosine taper on the event window. (f) The time history of displacement obtained with integration of
the pre-processed velocity in time domain.
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Fig. 19 Comparison of co-seismic displacement inferred from MEMSI to the slip measured with the GAP sensor. Note that

the accelerometer provides the motion only of the bottom rock specimen, while GAP sensor measures the relative

displacement across the fault. We apply moving average filter on the GAP sensor to remove the high-frequency noise.

The latency of gap sensor is around 16ms.
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Fig. 20 Comparison of displacement associated with different slip events (a-f). Solid line shows the displacement

inferred from MEMS1, while dashed line shows the GAP sensor. The same as Fig. 19, the moving average

filter is applied to the GAP sensor.
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