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WHXEHEPJIIK KYPBLIBIM/IAPJIBIH JKAFJAWBIH BAKBLJIAY YIIIH 9PTYPJII
3AMAHAYH TAJTHIBIKTBI-OIITUKAJIBIK CEHCOPJIAP/IBI 7JKOBAJIAY /KOHE
MAVJIAJTAHY TOXKIPUBECIH TAJIJIAY )KOHE 3EPTTEY

AHAJIN3 1 UCCJIEJOBAHUE CYHIECTBYIOIIEI'O OIIBITA MIPOEKTUPOBAHUSA N
HNCITIOJb30BAHUA PA3JIMYHBIX COBPEMEHHBIX BOJIOKOHHO-OIITHYECKHUX
JTATYUKOB /151 MOHUTOPUHI'A COCTOSIHUSI MH)KEHEPHBIX COOPY KEHU

ANALYSIS AND STUDY OF THE EXISTING EXPERIENCE IN THE DESIGN AND USE OF
VARIOUS MODERN FIBER-OPTIC SENSORS FOR MONITORING THE STATE OF
ENGINEERING STRUCTURES

Abstract. Recently, considerable number of innovative sensor systems, based on fiber-optic sensors was on-
stream in mechanical and engineering structures, thanks to their differential advantages, such as small size, light
weight, nonsensitivity to electromagnetic interference and corrosion, as well, incorporation possibility. An article
herein considered review, study and research of multitude design systems, based on fiber-optic sensors for continu-
ous measurements and assessment of different engineering structures in real time. Aim of survey article herein is to
present the summary of basic principles of various fiber-optic sensors operation, innovations in probing area and
computational methodologies, developing new fiber-optic sensors, as well, fiber-optic sensors technology practical
usage health.

Keywords: Optical fiber, fiber Bragg grating, interference methods, photomask method, point-to-point method.

Anoamna. Coyzel yakbimma ONMUKAIbIK-MATUbIKMbL CEHCOPAApea Hezizoencen UHHOBAYUATLIK CEeHCOPIbIK
JrcytienepOiy edayip 0oniel wasblh MOauwep, HCEeHIl CAarMar NeKMpPOMASHUMMIK Kedepeiiep MeH KOoppo3usaga
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Kapcel mypa anysl, COHOAU-AK KYpPbLIbIMOAHA ANYbl CUAKMbL APMBIKIUBLILIKIMADbIHbIY APKACLIHOA MEXAHUKANbIK
JHCoOHE KYPBLIbIC KYPLLILIMOAPLIHOA natdanranviia bacmaovl. byn maxanada apmypni unscenepaix Kypoulabimoapovl
Y30iKci3 onwtey dHcoHe HAKmMbl yakbimma 0aeanay Yulin ONMuKAIblK-MmanublKmsl CEeHCopaaped Heeiz0enzeH
Konmezen owcobanay xcyilenepin wory, manoay xcome 3epmmey Kapacmvipwiigan. OCbl WOLY MAKAIACHIHbIY
MaAKcamvl-apmypai  ONMUKAIbIK-MATUWBIKIMGL  OAMYUKMED JHCYMbBICHIHbIY Hezi3el NpuHyunmepiuniy Kvlckauld
MA3MYHbIH, 30HOMAY JHCIHe ecenmey d0icmeMect CaldCblHOAgbl UHHOBAYUAAAPObL, HCAHA ONMUKATIbIK-MATUbIKNIbL
damuukmepoi Kypyovl, COHOAU-AK, ONMUKALbIK-MATUBIKINbL 0AMYUKMED MEXHONAO0SUACHIH NPAKIMUKATLIK KOAOAHY
2HCA2OAUBIH YCHIHY.

Tyiiin ce30ep: Onmukanvix mamnuslx, manuwvikmel bpace mopei, unmepgepenyusnviy adicmep, gomowadbion
a0ici, «Hykme-Hykmey a0ici. Tyiiin ce30ep, myiiin co30ep.

Annomauyusn. B nocieonee epems 3nauumensHoe 4uUCIO UHHOBAUUOHHBIX CEHCOPHBIX CUCHIEM HA OCHOGe
60JIOKOHHO-ONMUYECKUX OAMUUKOE IKCHAYAMUPYEMCS 6 MEXAHUYECKUX U CMPOUMENbHbIX KOHCMPYKYUSX,
b61a200aps makum NpeumMywecmeam Smux O0amuyukos, KaK Mdajavle pasmepvl U 8ec, He8OCHPUUMYUBOCHb K
NEKMPOMASHUMHBIM NOMEXAM U KOPPO3UU, A MAKNHCE BO3MOICHOCb UX GCMPAUBAHUS 8 CUCEMY USMEDEHUSL.
Llenv Oannoli 0030pHOU cmamvbu — RPeOCmMAsUMb KpPAMKOe U3N0NCEHUE OCHOBHLIX NPUHYUNOE pabombl
PA3TUYHBIX B0JIOKOHHO-ONMUYECKUX OAMYUKO8 U cOeiamv Kpamkuil 0030p Uccied08anull U NpaKmuyeckux
paspabomok 6 obracmu MOHUMOPUHSA COCMOAHUL 30AHUU U UHIICEHEPHBIX COOPYICEHUN € NpUMEHeHUEeM
MEXHON02UlU BOJIOKOHHO-ONMUYECKUX OANYUKOE.

Kniouesovie cnosa: Onmuueckoe 6010KHO, BOJIOKOHHAsL OPI2206CKAs peuwemKd, uHmephepenyuontvle Memoobl,
Memoo omouiabiona, Memoo «MoUKaA-MOUKa».

Introduction. Currently, in civil construction field, the health structural monitoring is
quickly developing area in engineering disciplines. In engineering and academic communities
in the field of monitoring the civil construction systems health exploded within recent two
decades [1-3]. For fast technology development the available experience proved, that the
probing method has progressive development. Fiber-optic sensors possess a number of unique
advantages, such as small size, light weight, nonsensitivity to electromagnetic interference
and corrosion, as well, incorporation possibility comparing to conventional mechanical and
electrical sensors, and therefore they are used for monitoring engineering and building struc-
tures all over the world. The given article will present all-around view, analysis and investiga-
tion of current experience of designing and using state of the art fiber-optic sensors for health
control.

For the recent two decades there have been conducted plenty of researches, designated
to studying the progress of investigations and developments of fiber-optic probing tech-
nology, as well fiber-optic sensors usage in monitoring various engineering and building
structures.

Ansari offered a concise summary of basic principles, belonging to civil engineering struc-
tures monitoring by means of fiber-optic sensors. Measures et al. in the work [4] made a sur-
vey on developing structurally-integrated fiber-optic sensors for smart structures. Monitoring
system, mainly, consists of four parts: FBG sensor, signal transmission, data collection system
and data processing system. In FBG sensors’ data collection system the optic probing interro-
gator unit SM125-500, production of Ministry of internal affairs, USA (Optics Micron, Inc.)
represents Fabry-Perot four-way filter with entire spectrum display, as shown on Fig. 2,
which is applicable to durable monitoring under severe conditions. Wave length is 1510-1590
nm. Stability and accuracy of the wave length constitutes 1 fs. Working temperature is
0~50 °C. Interrogator can show optical properties with spectral bandwidth of 1-2 GHz/3 dB.
Dynamic range is 50 dB, scanning frequency -1 Hz. Fiber SMF28 is covered with acrylate, fi-
ber resolution is 0,25 + 0,05 nm, a bend radius -25 mm. Bragg grating temperature-sensitivity
coefficient is 10,9 pm/°C.

Materials and methods of research. Fiber-optic sensor system consists of light sender unit,
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receiver, optic fiber, modulating element and signals processing block. One of fiber-optic sensor
basic part, optic fiber, usually is made of silica glass or polymer material, which itself can be a
sensitive element or can transfer an element from the source to modulator element. When there
occurs deformation or construction’s temperature change, superficially installed or built-in fi-
ber-optic sensor in the construction expands or contracted. To obtain appropriate fiber structure
physical magnitude, fiber-optic sensor modulates the light in compliance with optical beam
length change and reflects back the optical signal into analytical block. As it is shown in follow-
ing sections, fiber-optic sensors can be divided into different types, which are based on probing
principle.

Figure 1. View of SM125 optic sensor interrogator’s front [5]

Fiber Bragg grating sensors (FBG). To the present day FBG sensor is widely used in civil in-
frastructure monitoring. It might be considered as fiber-optic sensor type with various refractive
indices in the core. According to Brag law, colorless light beam is recorded into FBG sensor
and, when the light from broad-band source goes through the grating at certain wavelength,
Bragg wavelength is reflected, which is connected with grating period, as it is shown on Fig.1.
Bragg wavelength might be expressed as

AB = 2neffA (1)

where n.¢- effective refractive index and A —grating period. Wave length shift changes linear-

ly both with deformation and temperature. When grating part is exposed to external disturbance,
the grating period changes and accordingly, changes Bragg wavelength. Bragg wavelength can
be obtained as follows

Adp = Ap{(a + AT + (1 — p,)}Ae )

where Ae — deformation change; AT — temperature change; a — thermal-expansion coefficient;
&— thermal optic factor; p, — strain-optic factor.
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Figure 2. Measurement principle of FBG sensor [6]

Fails detection and localization are critical problems for structures health monitoring. For
that, there was offered a plenty of methods to detect damages availability, variations of their dy-
namic characteristics between undamaged and damaged states. As bigger information volume is
localized at higher frequencies, there should be used the sensor systems with adequate spectral
bandwidth and resolution.

There have been used fiber Bragg grating sensors with appropriate interrogating system to
detect damages in the structure. As preliminary step there have been conducted modal analysis
tests in very high frequency range to check the optical devices features to reveal high frequency
structural dynamic characteristics.
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Figure 3. Diagram of optoelectronic installation, used for wide band interrogation
and optical filtering [7]

As monitor sensors there have been used laser Doppler vibration sensors and accelerometers,
representing up-to-date engineering level in the application area herein.
Experimental results confirm excellent characteristics of fiber Bragg gratings, which are able
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not only to detect fails, but, as well, differentiate different damages levels.

Moxial Analysis Excitation
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Figure 4. Scheme of being studied mechanical structure a and b — fragment, imaging operated
piezoelectric element and vibration sensor beam [8]

Present some outcomes of interdisciplinary research program on FBG sensors with participa-
tion of Civil construction school and School of electric engineering and electronics at Nanyan
technological university in Singapore. New FBG strain sensors have been developed and used at
highway bridges to measure dynamic characteristics, static deformation and temperature. Out-
comes of investigations thereof show, that at correct packing FBG sensors can withstand severe
conditions, connected with construction environment of civil infrastructure.

Bragg grating is a periodical structure, created with ultraviolet light impact at the picture of
fiber sensitized core (Figure 5).
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Figure 5. Process of FBG manufacturing [9]
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Figure 6. FBG temperature sensor [10]
Temperature sensor consists of FBG sensor, sealed in 35 mm metallic pipe

Figure 7. Strain sensor with temperature compensation [11]

Built-in deformation sensor consists of FBG, clamped between carbon composite material
layers (Fig. 7), has the length about 50 mm, 0,5 mm thickness. Sensor’s accuracy and sensitivity
depend on interrogating optical system. Interrogating optical system function is to detect wave-
length shift in reference to external disturbance and unhide measured magnitudes, using the
equation (2). Interrogation system, used for measuring deformation, described herein, had sensi-
tivity 1 pe and accuracy 5 pe, e-is a unit of measurement for relative strain. It should be noted,
that the strain sensor is not protected from temperature fluctuations and, consequently, will de-
note the deformation due to thermal expansion. The sensor, described in the section 3.3, allows
minimize deformations, linked with temperature change.

There has been developed the interrogation system of signals, entering from rotation sensors.
Its sensors analysis system most frequently demands capacity reference measurement. It allows
obtain measurement higher resolution, comparing to single-channel systems, in which it is im-
possible to measure based capacity. In case of single channel solutions there is most frequently
monitored wavelength shift, corresponding to extreme value, according to spectral characteris-
tics.
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Figure 8. Interrogator of signals from polarization sensors, based on TFBG structures [12]

The method’s important advantage is that all used in it elements are passive. Therefore, it
possesses all merits, common to fiber-optic sensors. Flow graph, demonstrating the method’s
idea is given on Figure 8. An important practical aspect of the system thereof is insensitivity to
light source capacity fluctuations. Moreover, TFBG transformer, FBG 1 and FBG 2 optical fil-
ters temperature insensitivity, stored at one optical fiber, single mode, is similar and constitutes
approximately10 pm / ° C. It means, that in case all optical elements are under one and the same
external temperature, their characteristics spectral shift will be similar, which supposes the pos-
sibility of conducting measuring the rotational angle of falling polarization plane, insensitive to
temperature changes.

Extrinsic Fabry-Perot external interferometric sensors (EFPI)

For EFPI sensors an optical fiber is an input or output duct; light from the source goes
through optic fiber to sensitive part, and afterwards to demodulation system. Standard EFPI
sensor consists of input/output fibers and reflecting fibers, as well, of the tube with hollow
core to create air chamber, namely, Fabry-Perot chamber. To connect two components there is
used an adhesive. As it is shown on Fig. 9, Fabry-Perot chamber is made up between input
single mode fiber and reflecting single mode or multimode fiber, and two fibers are aligned
inside the tube with hollow core. At both chamber’s ends there are reflections on non-coating
fibers edges.

Hollow-core fiber Multimode fiber

(reflector)

Fiber coating

Single-mode fiber
(input/output fiber) I*—)‘ Adhesive
Air gap
Figure 9. Measuring principle of EFPI sensor [13]
R; is reference reflection, which depends on applied perturbation, such as deformation and

temperature. R, — is sensitive reflection and depends on L hollow length. Upon occurring inter-
ference, R, will be generated with sinusoidal output signal R,. As the resonator length can be
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modulated with applied disturbance, EFPI sensor might be used for measuring the applied dis-
turbance in compliance with an output signal. Deformation measurement can be expressed as

& = Al(alz gap) (3)
where L — is variation in the hollow.

There has been developed fiber-optic extrinsic fiber-optic interferometric transducer of Fabry —
Perot (TR-EFPI) total reflection with signals digital processing algorithm to measure deformation
of structures, such as buildings, bridges, aircrafts, etc. Some demodulation devices have been
used to measure magnitudes and directions of deformation from conventional fiber-optic EFPI
sensors, using narrow band light sources, as a signal has merely sinusoidal wave picture, connect-
ed with directed deformation change. In the research herein, the sensor for measuring the defor-
mation magnitude and direction consists of EFPI total reflected sensor probe and simple signal
digital processing algorithm for wave number, computation without any demodulation devices.
The probe thereof is made of a single-mode fiber and a fiber with silica glass mirror coating, capil-
lary tube. An output signal of that TR-EFPI optic-fiber sensor was simply processed to define the
strain magnitude and direction. Tensile test on aluminum support beams sample has been carried
out at universal testing machine. As a result of that experiment it can be seen, that TR-EFPI sen-
sor’s optic-fiber deformation is well compliant with electric strain sensor value.

Probe
—stucture
2X2 Coupler 55
[0 —% > _ Sp
I

MCF

Figure 10. Principle diagram of TR-EFPI fiber-optic sensor [14]

TR-EFPI fiber-optic sensor has been constructed as it is shown in Fig. 10. Light from diode
laser goes into single mode fiber (SMF) and achieves the probe through 2 x 2 optic-fiber con-
nector. The probe consists of three parts: single-mode fiber, directing the input light to the sen-
sor, mirror coating fiber (MCF), reflecting light and glass capillary tube, forming air gap be-
tween SMF and MCF. 97% of input light, arriving at the probe through single mode fiber passes
through an air gap and, as well, 3% of input light is reflected at single fiber edge. Passing light,
which is 97% of incoming light, shall scatter along an air gap, out coming from a single mode
fiber and fiber mirror surface with mirror coating.
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Figure 11. Manufactured probe of TR-EFPI optic-fiber sensor [14]
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Figure 12. Measuring principle of OTDR sensor [15]

Innovations in methodologies and sensors

Sensors updating methodology. There is offered the model for describing the dependence of
deformation moving about between FBG sensor fiber core and material. There has been devel-
oped a new simulated annealing algorithm for modulating the deformation profile along distrib-
uted FBG strain transducer. To investigate strain transfer from the basic structure to sensitive fi-
ber there has been offered the model, including sharp mitigation of surrounding components be-
havior. On FBG basis there has been offered soft-grade recognition algorithm, based on genetic
algorithm, supporting vector regression to achieve sensor network reliability [16]. To determine
deformations distribution along Bragg grating there has been presented the transducer’s spectral
data inversion genetic algorithm [17].

Mar et al. [18] presented the fast interrogation method of dynamic and/or static strain-gage
transducer, using reflection spectrum from two superimposed FBG. By means of FBG multi-
plexed sensors there has been developed impact shock localization algorithm in real time for
various composite structures, using, stimulated with impact obtained acoustic signals [19]. Feng
and others [20] in the article offered the method of static wavelet transform for processing the
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signals of distributed deformation data from fiber-optic sensors, based on BOTDR.

Described method of minimizing the influence of polarization changes consists in fabricating
the new TFBG structure, which will be insensitive to the light polarization change. Solution in
that case is in creating the structure, which, apart from infraction index modulation tilt will be
twisted along its length for definite angle ¢, as it is shown in the Figure 13.

Figure 13 shows the method of specifying the angle of structure ¢ twisting. The same struc-
ture is also characterized with angle 6, defining refraction index modulation tilt in respect to
surface normal to the fiber, on which is written TFBG.

n - normalna do osi wiokna

Figure 13. Twisting the TFBG structure to the angle

¢. Red arrows denote polarization type P, blue arrows correspond to polarization type S [21].

In order to demonstrate the structure twisting effect on the dependence of its transmission
spectrum from inlet light polarization, at the first stage there has been carried out testing, in
which TFBG is twisted under known angle ¢. For testing there has been fabricated the TFBG
structure with tilted angle 6= 5°. Transmission characteristics of total structure without induced
twisting have been shown in the Figure 14. Spectrum evolution due to changes of polarization
for untwisted structure (¢=0°) is shown in the Figure 15.

Three spectral characteristics have been measured for three different values of the inlet light
polarization angle in compliance with P-type polarization, polarization is turned for 45 °, which
conforms to polarization S | P-type, and polarization turned for ma 90 °, which corresponds to S-
type polarization.
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Figure 14. Outcomes of TFBG spectral measurements 6=5°, $=0° has been twisted for three inlet light
polarization states of inlet type for waves length: a — 1500-1575 nm, 6 — 1530-1544 nm [21]
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Figure 15. Outcomes of TFBG spectral measurements 6=5°, twisted under angle $=45° for three inlet
light polarization states for waves lengths: a — 1500-1575 nm, 6 — 1530-1544 nm [21]

Measurements outcomes, presented in Figures 15-16, prove, that it is possible to control sen-
sitivity to the inlet light polarization angle changes, choosing the twisted angle of the whole
TFBG structure. Amplitude change of the peak, obtained from cladding modes, so much the
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less, than bigger the twisting angle ¢ of TFBG structure.
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Figure 16. Diagram, showing technique of fabricating CTFBG structures [21]

With that aim there has been developed the technique of structures fabricating, which will be
already twisted under definite angle. Figure 16 shows how to construct such structures. After-
wards, the technique thereof was used for fabricating of real TFBG structures, which, apart from
being twisting, were marked with CTFBG symbol.

Standard single-mode fibers, the CTFBG structures will be written on, have doping level
with germanium dioxide GeO; 3%, which is enough for reaching the refraction index change
only for 10°. To raise the level of refraction index change in the core it is necessary to raise
doping level for several times, which is technologically complicated. All structures, having been
described in this research, have been obtained by means of photosensitizing of optical fibers in
hydrogen atmosphere.

Conclusions. The article herein is a concise survey of researches and workings in health
monitoring of building and engineering structures, using technologies of fiber-optic probing.
Based on all-round review of theories, methods, technologies and applications, grounded on op-
tic fibers, there made following final observations: (a) thanks to own unique advantages fiber-
optic sensors are widely used in healthy monitoring of civil and engineering structures, such as
bridges, buildings, tunnels, pipelines, railway infrastructure and technical structures; (b) tech-
nology of optic fiber probing is able to measure deformation, temperature, acceleration, misa-
lignment/displacement, cracks and corrosion; (c) protective measures usage upon sensors instal-
lation; as well there has been developed economically effective optic fiber demodulation devic-
es, which are advisable in further researches.
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