Opto-ElectronicsReview28 (2020)69-73

OPTO-ELECTRONICS

P N Opto-ElectronicsReview

POLISH ACADEMY OF SCIENCES

journal homepagéttp://journals.pan.pl/opelre

Investigation of rotational motion in a reinforced concrete
frame construction by a fiber optic gyroscope

A. T. KurzychH" , L. R. Jaroszewicz , J. K. Kowalsk?, B. Sakowic%

gnstituteof Technical Physics, Military Universityf Technology, Zyen.S. Kaliskiego St., Warsaw0-908, Poland

PEl proma Elektronika Ltd. , 050092 Polandmanowskiego St., Lomi
‘Dep. of Microelectronics and Computer Science, Lodz Univeo$ifiechnology 22 1/ 223 Wo 1 80:924)Rolanrd St ., Lo dz
Article info Abstract
Article history. This paper deals with an issueaobtational motiorimpacton a construction and presen
Received®5 Mar. D20 civil engineering applicationsf @ fiber optic rotationalseismograpmamedFiber-Optic
Received in revisetbrm 01 Apr. 2020 System forRotational Eventst Phenomena Monitoring. It has been designed afc
Acceptedd1 Apr. 2020 long- term building monitoring and structuraitations recording. It is based on the Sagn

effect which enables to detect eaeis rotational motion in a direct way and without a
reference system. It enables to detecbi@tion component irthe wide range of signal
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presented in this paper shake behavior of a reinforced concrete frame congioncon

different floors. Several measurements were carried out by placirapftied sensoon

differentfloor levelsof abuilding. The laboratory and-situ measurements confirm#uht

Fiber-Optic System for Rotational Eveng& Phenomena Monitorings an accurateand

suitabledevicefor applications in civil engineering.
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The three rotation components have been neglected
1. Introduction because of ldc of appropriate and accurate devices.

However, it turned out that three additional rotationa

Building structures are constantly exposed to all sortslegrees of freedom during measurements of ground
of dynamicimpacts, source of which can be both naturalvibrations can provide new information valuable for
phenomena occurring on thgarth’'s surface(e.g, wind seismological society2-5]. They ca help to understand
load) and below its surface caused by movements of thearth's inner structure, seismic sourcas well as they are
Earth's crust, as well as vibrations caused by humarsignificant for engineering6,7], e.g, highr i s e bui 1 di
activity. An important aspect of designing biflg o r wi nd f a r msMoreoverp ®searoh rof n g .
structures isa correct assessment afvibrationimpact on  acharacterregardng nearfiled ground movements is
the building as well aselection ofanappropriate security ~ significant for earthquake engineers interested in
technology to minimize undesirable effects caused byseismically safe designings well as for seismologists
dynamic interactions. investigaing physical processes leading tthe ground
Until recently, there have been only three componentsotion complexity[8].

of alinearsoil movement measured in the seismology and Generally, one can extinguish six motiontiree
seismic engineering (along twotizontalx, y andz-axes).  translationsof u(t), uy(t) andu,(t) alongx-, y-, andz-axes
Only these three degrees of freedamhich areassociated andthree rotatios of €, ©y andQ; around these axé$]
with the translational motion or acceleration aloimg  (seeFig. 1). The rotation aroundhe vertical axis(2) is
Cartesian reference fragfeave been recoediby different  usually calleda torsion while the rotatios aroundthe
sensorssuch aseismometers or accelerometgrs Such  horizontal axeg®Qy, Q) are called rocking10]. Torsion
approachindirectly neglect rotation motion components may be the resubf an S'wave propagatignas well asa

Love wave, while roking istheresult ofa P- andRayleigh
*Corresponding authat: anna.kurzych@wat.edu.pl wave propagatioth].
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depth Ly FPGA < PU
Fig. 1. Sketch showing directions of a translational and <
rotational motion on the ground surfg&é.

The aim of this work is to characterize the performance JL?W
of aninterferometric fiker optic rotational seismograph
Fiber-Optic System for Rotational Even& Phenomena
Monitoring (FOSREM) - which has been designed to Ethernet
register rotational phenomena in engineering construction: Wik PCU
It is based on a weknown Sagnac effect and allows to

record angular velocity ithewide range ofanamplitude

(108rad/s- 10radsk), as well aafrequency conteqDC to Fig. 2. Schemeof FOSREM: top — optical part, bottom —

electronic part. Symbols: SLEBlight source, I fiber-optic

1000Hz). Since the system has also a compact isolator, D— fiber-optic depolarizer, G fiber-optic coupler
hermetically sealed constructioffOSREM fulfills all X-type, P — fiber-optic polarizer, MIOC — multi-integred
requirements of rotational seismology due to theva optical circuit, SL — sensor loop, X- fused splice, APD-
parameters] avalanche_photodetector, D-SLELSLED driver, AAPD —
) APD amplifier, 4sM-MIOC - four-stepMIOC modulator,
FPGA- general FPGA unit, PY power unit, PCU- power

2. FOSREM construction and communication unit.

FOSREM is a highly developed optical interferometersystem provides the VPfinctionality, thanks to thigne
for ahigh-resolution readout of the Sagnac phase ghift ~ can connectmultiple sensorsin one large, synchronized
induced between two counterpropagating waveshi network and, thumonitor abig number of sensors from a
closed optical path when the plane of propagatiorsinglelocation. FOSREMoperateswith a 1 ms sampling
underges angular velocity [1213]. The general rate which secures 108ps data transfasin Ref. 15.
construction of FOSREM can be divided in two parts which ~ The whole idea of a FOSREM constructionwas to
operatedependently: optical and electronic. The opticaldesign a portable, remote and resistant to external
part is based on the minimum gyro configioa with a  conditionssensor.For that reason,the authorsdesigned
5000m SMFR28e+ (Corning Inc., USA) sensor loop acompact and integrated device wéldiameter equal to
and MIOC - Multi-Integrated Optical Circuitunit ~312mm andaheight equal to 8&nm as is shown ifig. 3.
(IdealPhotonics Ltd. China). It used also other Moreover, in order to apply the sensor in all environmental
telecommunication fier-optic components such as: conditions,it is hermetically sealedand equippedwith
isolator, depolarizer, Xype coupler and pofizer caipled ~ Waterproof connectonsieeting the IP67equirementgsee
together via fused splices the structure shown itrig.2  Fig. 3(b]].
with total optical losses equalto 19.63dB.
A superluminescent diode is applied as a light source wit
the optical power B=10mW, the central wavelength
A =1311.2nm andthebeanwidth of 51.2nm Exalos AG
Switzerland), whereas asdetectorthe InGaAsavalanche
photodiode APD1310(Optoway, Taiwap has been
applied. In opposite to our previous wdikl FOSREM
operates ina closedloop @nfiguration [14] which is
producedby a new electronic part (sekig.2). The
electronic part consistof the following modules: SLED
driver (ExalosAG, Switzerland) four-step modulator for
MIOC driving, analogue amplifier for APD control
modules based o-PGA (processing data from sensor and
performing necessary calculations and filtratjioppwer
module (uses 24VWD/20W via PCU - Power and
Communication Unit).Thisinternal digital processing unit
providesa rotation speed value directly endigital form.
FOSREM has an R8I85 interface for data and USB
interface for diagnostidsee Fig. 3(b)]. The connection
provides data transmission and power supply from PCl
over only one stadard M12cable within the distance of
500m. PCUis connecedto the Internet over the Ethernet ~ Fig. 3. FOSREM construction(a) view of the sensdrs i nne r ,

(b)

or WiFi local networksor 3G/4G mobile networks. The () view of th@® semsor”s JWDtorojec
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In order to verify the s e nBungdata ggiheringfohe Allanrvariangenadalysite s i s t :
to temperature changethere was the Allan variance s requirel to install atested sensor in isolated conditipns
analysis[16] carried outalong with measurements in otherwise determined parameters will be incorrect. Initially
aclimatic chamber7010 (" ¢ ¢ ,sGerimany. During the  for the Allan variance analysiSOSREM has beenstalled
FOSREM’ s temper at uithe rangeecof i i the laboratoryeenvicoamenththe basemenEOSREM
temperature was frorL0°C to 50C and every 1 the has been positi@dto measure only torsierand chta were
sensor was heated for an hour in order to stabilize theecorded during night houns order to avoid urban noises.
conditions.The collected signal is continuo(iBig. 4(a)] The determined Allan variance cunie presented in
where observeddisturbances[Fig. 4(b)] were caused Fig.5(a@). On this basis primary parameters ware
mainlyby the climatic chamber which generatéwations  determinedangle random wallequdling 1 . 2 Fr d &/ Vs
as well agirflow. Nevatheless, the relative error even with and bias instabilitgqualing 5.35-  1®6ad/s As one can see
disturbances generatdy a climatic chamber operation same noise sources with frequenciethimrange of a few
does not exceed 4.5%oit can be concluded aspaoper  hertzexisting in such conditionsnanifesed asobserved
result [Fig. 4(c)]. nonlinearity ofa curvein Fig. 5(a) for a sanple periodof

aboutls, have influence othe obtaned resultsin order

to reduce disturbansaluring data gatheringhe authors
installed FOSREMon an active optical tableFA5250
(Thorlabs Sweden. The Allan variance curve basen the
data when FOSBEM hasbeen placed in the active optical
table is presented iRig. 5(b). One can see that tloeirve
has more theoreticaburseand the parameters determined
basing on this data are as follewangle random walk
equals 7r3a.d2/4Vsl 0 a insdabilith iequis
2.5510%rad/s.It should be noticed that fahe horizontal
positioning system the torsion connected with Earth
rotation for Warsaw latitude isf Q,= 4.4510°rad/sand

it can be treated as constabecause the dimensionless
variation of theangular rotation rate (e,/Q),) is equal to

(@) 108[17].
®) @
(© (b)

Fig. 4. Measurementsn the climatic chamber:(a) signal Fig.5. FOSREM’ s Allan v aa) i carvec e
collected by FOSREM during the climatic chamber operating deternined basing on data gatherethen FOSREM was
in the range of-10°C to 50C with the general chamber e&w istalled in the laboratory enviromentb) curve determined
in top inside picture (b) signal collected for temeperature basing on datgathered when FOSREM was installed in the
changes betweeB(C-40°C (c). The calculated singal active optical table.

instability is based on the relative error in particular
temperature
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The curves presented irFig.5 underline that
environmental conditions during data gathering floe
Allan variance analysis are crucial and can leacrto
incorrect resultFor theabove reson the obtained results
basing orig. 5(b) should be takeinto consideration and
theyare satisfactory.

3. Results

The building under investaion is locatedat the area
of Military University of Technology, Warsaw, Poland and
hasnumber 10(qFig. 6(a)]. It was built in the 1960s. Its
construction is a reinforced concrete skeleton with
reinforced concrete girders anddloslabs based on girders.
The outer walls fill the reinforced concrete skeleton Fio.7. Data oathered bv EOSREBh aparticular floor of the
structure using silicate bricks with plaster on botresid g'ahalysedbgndmg urber 100 of Mﬁitaw Oniversity of
There is a single carriageway with a lane for tramthén Technology Warsaw, Poland.
distanceof about 123n from the building. Sensors were

locatedatt he buil ding’s distancetor {9 Besehted Hata 8.9 points out that the

the road iof about 16am as is shown iffrig. 6(b). During  maximum value of angular velocity has been recorded by
experimentFOSREMs were positi@d horizontally by  FOSREM in  the basementand it equals

usingasuitable screw anabullseye spirit bubble levllee g 430 150 0.0 - 156ad/s Table1). Tablel presents

Fig. 3(b)] for measuring onlytorsion. the average value of angular velocity for each flobata
were collected witla 1 ms sampling rate, howevén order
to avoid big size of filesf O S R E Mstam has function
which givesan averaged valuef angular velocityevery
minute. The presented standard deviation is given for this
averagingime ard these values approximately correspond
with a standard deviation for data collectddring each
hour, except dataon ground andthe first floor where
growing rotation sped is observed in the morning.
Changes in the signal exactiy these floors are caed by
building actiors while other floors accumulated the energy
of vibration.

(@)
Table1

Therecordedampitude of the signabnthe particular floor

Floor Average value of angular Standard
velocity [rad/s] deviation [rad/s]
Basement 6.430-10 0.002 1°0
(-0.75 mhigh)
Ground Floor 5.725 1%0 0.006 1°0
(0.00 mhigh) 5.830 1°0 0.007 1%0
1st Floof 5.354 150 0.011 150
(+3.20 mhigh) 5.590 1°0 0.008 1°0
2nd Floor 5.750-10 0.005 1°0
(+7.00 mhigh)
(b) 3rd Floor 5.929 150 0.001 10

) o N (+10.80 mhigh)
Fig. 6. The analysed building number 100 of Military

University of Technology, Warsaw, Polan¢a) view from *Sincetherotation rate is growing with time for these flocaserage
the entrance(b) satellite image indicating the distancerf value of angular velocity is calculatéar the first and last hour othe
the sensor to the street. measurement.
Data were collected in lorigrm night hours in order to The amplitude decreases as the height of the building

reduce impact of urban noises and disturbances induced Bycreases.The theoreticalassumptionghat the building
workers ad they are presented ffig.7 and Tablel. It  structure eliminates vibrations on the upper floors is
should be underlire that presented data contain the confirmed, but only upo the3rd floor where the amplitude
constant rotation rate connected with Earthotation  starts to growProbablyit is caused byhefact that it is top
(Q,=4.45105rad/s) which cumulates e measured level and nothing fronthe building structure stabilizeiss
angular valuen each floor works on this level. The growing amplitude of angular
velocity for this level for morning hours correlated wtitle
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ground floordatacan be connected increased sources of as well as program AR 04.02.0014-A003/1%6 “ EP OS
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