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Abstract

Detection and quantification of cracks for vari@irgl infrastructures on a large scale
are difficult both technologically and economicallyhrough current sensing
methodologies. This study presents a novel fibéicogensor named short-gauged
Brillouin fiber optic sensor, which enables basiillBuin-based analyzers to achieve
early crack detection and accurate crack width omessent. The concept and design
of the proposed sensor are firstly introduced ofgéld by respective instrumentation
procedures. On this basis, theoretical deducticth mmmerical simulations of the
crack-induced Brillouin gain spectrum (BGS) resmoasing the proposed sensor are
carried out, verified subsequently by controllebdiatory tests. The measured BGS
responses are then leveraged for crack detectiod goantification. A
peak-fitting-based methodology was adopted to aealhe BGS data to achieve
accurate crack width measurement. The proposed odelibgy may facilitate
economical long-distance distributed crack sensind quantification for various

infrastructures as a genetic technique.

Keywords: distributed fiber optic sensing, crack sensingrsgauged Brillouin fiber
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1. Introduction

Crack formation is a common form of structural delgtion in civil infrastructure
due to aging, fatigue, unfavorable loading, or emwnental processes [1]. Crack
development in structures inevitably affects thdraistructure in terms of its
functionality, aesthetics, durability, and evenesaf For reinforced concrete (RC)
structures, when crack opening exceeds a certag@i (8.2 to 0.4 mm depending on
environment), the corrosion process of steel reggment within the structures may
be accelerated by chemical ingression, thus adyea$fecting structural durability.
Larger cracks in the order of 1 mm or greater contticate severe damage in the
structures that may require immediate attention rigrofitting [1, 2]. Therefore,
awareness and assessment of the in-place cracksuaial for various infrastructure
structural elements.

However, early-stage structural cracks are smalladten take place randomly in a
sporadic distributive manner. Compounded with thee sand scale of the
infrastructure systems, these make detection df-stage cracks particularly difficult
and even harder for quantification. Monitoring ops that can tackle large-scale
crack detection and quantification problems, andtdeconomically, could produce
crucial information for timely preventive structliraaintenance, leading to prolonged

service life and reduced maintenance costs irclfde management.
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In engineering practice, the acquisition of craokoimation has conventionally
relied on periodic visual inspections, which cantipee-consuming, expensive, and
unreliable. While various nondestructive testingdd{ly techniques may be used to
facilitate the examination for structural damagesracks, they share the difficulty of
accurately measuring crack openings and rendertireal evaluations for the
structural status [3].

On the other front, sensors capable of continuomisitoring in time, such as strain
sensors (electrical or fiber Bragg grating) areidglly discrete or quasi-distributive
sensors that can only detect cracks if they octimmediate proximity of the sensing
locations. Such sensors tend to suffer from possibiss detection of cracks, and
extensive scale application of these types of senwil be constrained by the high
sensor costs and the hosting capacity of the agedy4, 5].

Although distributed fiber optic crack sensing cdme realized using
signal-loss-based methods based on OTDR (Opticaé Domain Reflectometer) [6,
7]. These applications usually involve orchestigtipecial zigzag sensor installation
schemes and can be challenging to achieve longerammpitoring due to the potential
depletion of the light power budget along the semsifiber. Likewise, the
Rayleigh-scattering-based technique, which hasntBcegrown in popularity, can
achieve high spatial resolution (smaller than 10)nfat at the cost of a short
achievable measurement range (upper limits witid® Ineters). As such, their
application has been primarily limited to laborgttests [8, 9].

Brillouin-based fiber-optic distributed sensing aspromising technology for

long-range deformation monitoring of many typesirdfastructure such as bridges



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

[10, 11], pipelines [12, 13], tunnels [14]. The haology enables retrieval of
continuous measurement of strain for structuremupns of kilometers.

Studies have been carried out in crack and de&iwor sensing using Brillouin
fiber optic sensors, valuing their fully distribegi nature to achieve a higher
likelihood of intersecting potential cracks. Thasmsing methods customarily rely on
searching for spikes in the distributed strain esfobtained by the sensing systems
[15, 16]. However, with the standard options of coencially-available Brillouin
sensing systems, the best achievable spatial tesol(BR) is often in the order of 0.5
to 1.0 m, which is apparently a significant drawkbachen it comes to crack or
deterioration detection where information of lozai deformation is of interest. SR
defines the smallest length corresponding to steaents that can be measured with
defined or targeted accuracy [17]. An experimestiadly involving a 15-m-long beam
showed that the strain localization due to stradtdefects tended to be masked by
the low spatial resolution effect of the Brillouamalyzer, making the distributed strain
measurement insensitive to the crack formation[18pnsequently, the sensing
measurement was neither capable of accuratelyizouglthe defects nor capable of
indicating their severity via the measured strampktudes.

In coping with the unfavorable effects from low $Rthe Brillouin analyzer on
crack detection, a signal-processing approach wascribed based on the
decomposition of the distributed strain data fron©T®R (Brillouin optical
time-domain reflectometer) using the stationary @&lettransform method. It
achieved improved crack features and enhanced qlabty [19]. However, this

method requires a dense spatial sampling rate fthem analyzer along the
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measurement fiber, which may not be commonly abkilaand the specific wavelet
function and determination of the vanishing momemay differ for different
problems. Another attempt involved a data procegssimethodology using the
maximum compressive or tensile peaks in the Britidtequency spectrum to obtain
the distributed strain instead of the distributedaie obtained by conventional
methods [20]. As such, enhanced sensitivity wasieaeld for crack detection.
However, these methods cannot be used to quantifigkcwidth accurately.
Quantification for crack sizes and numbers basedistributed strain has relied
primarily on statistical and empirical approachsach as proposing quantitative
empirical parameters and relating them to many mxmatal observations [21],
rendering crack assessment on a case-by-case Uadiststandably, crack formation
will introduce complicated strain distribution tbet distributed fiber optic sensors,
which will create distortions to the Brillouin gaispectrum (BGS) [21, 22]. A
Brillouin-based crack sensor was developed capablietecting cracks less than 1
mm in width, and a sensor installation techniqus devised using specialized glue to
avoid sensor breakage as crack occurs [23]. Theosamrlies on redistribution of
crack-induced strain through partial sensor detaetirfrom the attached structure to
achieve crack detection by examining the respecpeactrum feature. However, the
mechanical interface behavior may possess a coabidedegree of variation in
relation to crack opening based on specific intgéalaconditions. Tests revealed that
the detachment could only happen when relativetgelacracks occur. Therefore,
while the methodology enabled detecting relatidahge cracks (in the order of 0.5

mm or more), it is also difficult to obtain accuwarack quantification [24].
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To quantitatively assess cracks, long-gauge digtib fiber optic sensors (gauge
length greater than SR of the analyzer) were adoaleng with several other unique
installation methods involving the usage of acryldisk guides[25]. Their
effectiveness in measuring total crack width witlinparticular structural region
through strain-displacement conversion was verifgd reinforced concrete (RC)
beam testing. However, these long-gauge arrangesmewould only obtain the
averaged crack width information, likely missingetidetailed information for
individual cracks. It would also be difficult tolitéf the measured strain increments
indeed arise from the crack formation. Besides, ittstallation methods involving
superposition loops can be complex to apply infitsd.

Another way to obtain a more sensitive crack-sensipability for the Brillouin
fiber optic strain sensors relies on directly impng the SR of the analyzers.
Although directly decreasing the pump pulse duratiould supposedly improve the
spatial resolution, it comes at a price of lowesaghal-to-noise ratio (SNR) and thus
decreased accuracy of sensor sensitivity, theratagtipally limiting the spatial
resolution to about 1 m. Some similar special teples have been proposed to
achieve higher SR, and at the same time, avoid ommiping the strain resolution.
For instance, Differential Pulse-width Pair BOTDARr{llouin optical time-domain
analysis) [26], Pump pre-pulse BOTDA [27], Gaind#eoTracing BOTDA [28], and
other techniques involving ‘Bright pulse’ [29], ‘Ba pulse’ [30] or ‘Brillouin
echoes’[31]. The common basis of these technigaethé pre-excitation of the
acoustic field. While some of these techniquesfaaititate the attainment of SRs in

the order of several centimeters, enabling cracisisg capacity for micro-cracks
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[32], expenses always follow at other aspects, siscthe requirement for long time
measuring, shorter sensing length, increased sysensitivity to noises, more
sophisticated and sensitive systems which areyramghmercially available and often
expensive.

In order to achieve accurate measurement of cracicher hurdle exists besides
the SR-related issues of the Brillouin analyzeisitessential to understand the
crack-induced strain transfer mechanisms betweegrdicked structures and the fiber
optic sensors. The traditional approach of disteluiber optic strain sensing aiming
for crack or deterioration detection has primar#jied on overall bonding (OB) the
sensing cables to the monitoring structures, ssdh the cases of concrete beams [20,
33], bridges [11], and pipelines [12, 16]. Althou@ihear elastic response can be
derived in coping with tiny cracks [32], this unlyémg assumption inevitably limits
the prediction accuracy when nonlinear responsegedato play. Extensive research
suggests that the crack-induced strain transfefibiar optic sensors is a highly
complex and variable phenomenon that involves diffetypes of nonlinearities, such
as detachment, plasticity, and slippage betweerstsath layers, depending on
specific fiber optical sensor design, gel propsrtiénstallation methods, and
characteristics of the monitored structures [8]erElfiore, considerable difficulties
exist in reaching a generic crack quantificatiotutson that can cope with cracks of
various sizes, from different origins, and for npl# applications, using the standard
sensor instrumentation technique.

This study presents a novel fiber-optic sensor epnhcand design named

short-gauged Brillouin fiber optic sensor, whichabkes basic Brillouin-based
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analyzers to detect and accurately quantify eveotscracks or structural

discontinuities. The short-gauged Brillouin fibeptic sensor may potentially

facilitate the attainment of economical long-disg@rdistributed crack sensing and
quantification for Structural Health Monitoring (8H of various infrastructures. The
proposed sensor can become a powerful generic sedor capable of crack early
warning through identifying distinctive crack sigmees and accurate crack-width
measurement, minimizing uncertainties from différéber and adhesive properties
and instrumentation details where the traditionBli@strumentation approach usually
confronts. The proposed instrumentation method edestructs a new way to deploy
distributed fiber optic sensors, besides the ti@muil overall bonding and

point-fixation (long-gauge) approach.

The paper starts by introducing the concept, desigd installation scheme of the
proposed sensor. Afterward, theoretical deductioth mumerical simulations of the
BGS response due to crack propagation, using thyosed sensors, are carried out.
The results demonstrate the characteristics ofBB& transformation in different
evolutional stages as the crack propagates, whiehtheen verified by a controlled
laboratory test. Finally, the effectiveness of gsihe proposed sensors as crack
meters is studied and discussed by extracting thekanformation via proper data

processing of the experimental data.

2. Short-gauged Brillouin fiber optic sensor: concept and design

For distributed fiber optic sensors, two differénstallation techniques usually

apply in practice, namely the overall bonding (@Bthod and the point-fixation (PF)
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method [25]. The OB method continuously attaches fther optic sensors to the

structure being monitored via adhesives or throeigivedment, while the PF method
only fixes the fibers to the structure at discreiations by anchorage points spaced
at specific intervals. This spatial interval betwethe anchorage points is termed
gauge length (GL), as shown in Fig. 1.

Both of these methods have been extensively impitedein the monitoring
practice [14, 34, 35]. For example, the OB instadlamethod was applied in tunnel
SHM projects to assess the shield tunnel liningsss-sectional performance in
Barcelona[35] and London[14]. Likewise, a fieldatrutilizing PF installation method
to monitor an existing tunnel’s distortion movemduoe to the adjacent new tunneling
activities was reported [34]. The PF was achiewedttaching an optical fiber around
the circumference inside the tunnel linings usingegls. The OB method could
potentially preserve the detailed distributed defational information of the
monitored structures; however, due to the complatune of the strain transfer
mechanism, extraction of local deformational infation can often be tricky. Further,
discontinuities in the structure, such as cracksy mender fiber optic cable to
fracture, causing the sensing system to fail. @natiner hand, the PF method usually
takes the form of a long-gauge arrangement, progidiverage strain information
between the fixation points, which can, in generpipvide straight-forward
strain-displacement conversions. The PF methodtalsds to be free from the risks
of crack-induced cable ruptures due to avoidancexoéedingly large local stress in
the fiber. For field applications, the gauge lengttopted for the Brillouin sensor

using PF installation ranges typically in the ordér0.5 to 2 meters, depending on
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specific applications. In regular practice, assceamre guaranteed that the fiber optic
sensor’'s gauge length shall be greater than thefRalyzers for enhanced sensing
system repeatability and easier on-site sensorumgmntation. However, due to the
long-gauge arrangement, information loss is inl@taof the detailed strain
distribution between fixation points. Moreover, fomost applications, the
achievement of point fixation relies on accuratesifponing and installation of
anchorages on site, which can be time-consuming.

In light of the shortcomings of the conventionatailation techniques, we hereby
propose a novel fiber-optic sensor concept andydesiat could potentially facilitate
the retrieval and quantification of critical locadd deformation beneath the analyzer’'s
SR level when proper data processing methodolagiesntroduced. The key idea is
to come up with a fiber optic sensor concept tialdt achieve a densely spaced array
of strain measurements below the analyzer's SRh et sufficiently simple
relationship of strain-displacement conversion imitthe sensor, so that localized
structural deformation will transform into a saliéocal strain of the sensor in a fully
controlled manner. As such, crack information carektracted with much ease.

We hereby define a sensor concept named short-d&rijouin fiber optic sensor
(SGB-FOS). The SGB-FOSs are fiber optic strain @endiscretely spot-fixed to the
monitored structure with sensing GLs smaller thaif bf the SR of the adopted
Brillouin analyzers. The extraction of the crackagtification information will be
relying on analyzing the Brillouin gain spectrum@B) responses. We define the GLs
to be smaller than half of the analyzer's SR sttt crack-induced BGS evolutional

process could form a consistent pattern with sieesitrack signatures for further data

10
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processing. Details of this will be illustratedlater sections. This concept will result
in sensor GL in the order of 50 mm to 500 mm fgricgl commercially available
Brillouin fiber-optic analyzers (basic BOTDAs andOBDRs), depending on their
achievable SRs. The specific choice of the sendord€pends on the purpose of
monitoring and the type of monitored structure. Example, it might be appropriate
to select a gauge length close to or slightly senahian the expected crack intervals
of RC structures for crack quantification.

The spot-fixation arrangement of the SBG-FOS allowsfully controlled
strain-displacement conversion. Specifically, theais generated between the
anchorage points in the sensor will resemble aoumifdistribution instead of much
more complicated distributions within OB sensorgisTavoids unnecessary nonlinear
response at the sensor level. The spot-fixatioangement also tends to make the
sensing system more robust against localized ldegermation due to avoidance of
extreme strains that could lead to fiber rupturésrthermore, the spot-fixation
arrangement makes sensing of the local strain séler meaning that not only crack
expansion but its closure can be equally measured.

Fiber optic sensors using PF installation can léytrto install in practice due to
the difficulty of creating a densely-spaced arr&yanchorages along the fiber optic
sensors. Therefore, good sensor design and ingiallprocedures are vital to make
the SBG-FOS concept applicable in practice.

We hereby exemplify a sensor design that enablessy short gauge formation in
the sensor installation process. The proposed satesign comprises a standard

tight-buffered strain-sensing cable and a uniquéerotubing sleeve, forming a

11
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flexible simple-structured cable sensor. The irs@rsing cable is free to slide inside
of the outer sleeve. The sensing cable adopts G&hfde-mode optical fiber with
the core and cladding measured @6 and 125m in diameter, respectively. The
coating and buffer are made of soft plastic and/gnoide with an outer diameter of
0.9 mm. The sleeve with an inner diameter of 1.5 mntomposed of an inner
stainless steel strangle layer and an outer pléesger. The sleeve tubing exists for
two main functions: protecting the internal sensord forming a short-gauge
arrangement. The stainless steel strangle laysfide® necessary strength sheltering
against possible mechanical impacts and achievigiy durability against corrosions.
The short-gauge arrangement is pre-formed througisas fabrication by open
windows discretely at the design gauge length endtiter plastic layer of the tubing
sleeve. Fig.1 schematically shows details of tluppsed sensor.

During the field deployment, the outer sleeve ignsented into 10-20 meter
sections to facilitate easier handling. After pndypeleaning the structural surface, the
proposed sensor is first attached to the monitosingcture surface by gluing the
sleeves sparsely in the plastic-covering zone®rAfftis, one end of the internal strain
sensor is point-glued to the structure by fast gluetherwise fastened by clamps.
After the anchorage becomes effective, pre-stresapiplied sequentially to the
internal sensing cable until the complete coverafghe sensor is under stress. The
conservation of the pre-stress is ensured by tirfieilyg the other end of the internal
sensing cable to the structure, either by gluelamps as anchorages. The procedure

to pre-stress the strain-sensing cable on sittg ithe greatest extent, attempting to

12



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

generate a uniform initial strain distribution withthe fiber optic sensor, which is
essential for crack identification at the lateigsta

The pre-stress enables the sensor to detect coshy@edeformation of the
structure. The magnitude of the pre-stress shoeldimsen according to the specific
application and fiber optic sensors. In our ingti#din, the fibers are generally
pre-strained to around 30Q@. Care should be taken on-site to prevent dustdamd
from penetrating the sensor in the installationgstawhich can be achieved by
providing certain coverage or protection before five-stressing process. After
pre-stressing, a special gel is applied to coverdnsor, gluing it to the structure
entirely. Meanwhile, short-gauged anchorages atenzatically formed due to gel
penetration through the windows in the sensor glgeéw the internal strain cable. The
gel is epoxy-resin-based, specially developed tjinoa series of laboratory tests to
possess optimized viscosity and working time, whdohble it to penetrate the sensor
sleeves, stably glue the sensors to the struchd@ecurately stay in the window area
without spreading to the unintended region of titernal sensor. After hardening, the
gel provides another effective protection layer tbe sensor against potential
detrimental environmental impacts. Additional pmien should be provided for the
exposed fiber regions. Fig.1 and Fig.2 demonstitagedesign and instrumentation
procedure of the proposed sensor. Fig.3 illustraiesexample of the SGB-FOS
application inside an operational shield metro &into assess the tunnel lining
structures’ long-term circumferential structurakrfpemance. The tunnel is buried in
the Eastern China soft ground, being disturbedomyesnearby construction activities.

The instrumentation of the sensors was carriecbutid-night time windows after all

13
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301 tunnel was proved to be convenient and fast.
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303 Fig.1. Distributed short-gauged Brillouin fiber optic sen.
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306 Fig.2. SGB-FOS installation procedures.
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/ Temp. comp. FOS

Fig.3. Example of SGB-FOS installed inside a shield metunnel: (a)
instrumentation of the SGB-FOS for tunnel crossisaal SHM; (b) the close-up

view of the installed SGB-FOS on tunnel lining.

3. SGB-FOSsfor crack sensing: theory and numerical simulation

As crack forms, the concentrated strain will ocaurthe proposed fiber optic
sensor. This crack-induced strain is generally maoier than the strain at uncracked
structural sections. For example, a 0.2 mm crackldvintroduce a 200Qe in an
SGB-FOS of 100 mm GL, which can be one order grahtmn the background strain
of uncracked sections. This major sub-spatial tg&oi event will distort the shape of
the BGS profile from the standard one when theirstnathin the SR is uniformly
distributed. Therefore, the extraction of the Builin frequency shift (BFS) adopted
by the analyzers through standard peak fitting @doces will render significant error,

thus no longer suited to accurately extract thentjtsdive information of the crack
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[36, 37]. Therefore, a theoretical framework of tB&S evolution with crack

propagation using the proposed fiber optic sensoulsl be established.

3.1. Crack-induced strain in SGB-FOSs

Due to the spot-fixation arrangement, the straamgfer mechanism between the
structure and the short-gauged fiber optic serssoomsiderably simplified. As a crack
occurs, the crack displacement will translate iatepiking localized strain between
anchorage points of the sensor bridging over thekcrFor simplicity, we assume that
the crack-induced strain is uniformly distributedthin a certain gauge length,
featuring a prominent rectangular peak. Althougtréhexist transient regions for the
strain to build up from the background strain t@ trectangular peak, we can
approximate this effect by introducing a nominaligg length to cope with their
influence on the BGS response (see Fig. 4). Thieallgt this nominal gauge length
is always greater than the fiber optic sensorsigsegauge length.

Let k, denote the ratio of the design gauge lendgih,;} to the nominal gauge
length GL,,), which is a value of less than 1.0 (see Eq.130Atlue to the shear lag in
the substrata of the fiber optic sensors, therstransfer from the crack displacement
to the optical fiber core can never be 100%. Theegfthe measured strain from the
fiber optic sensor will always be smaller than thiadm direct crack width (d)
conversion. This effect is indicated by a straiansfer factork,, which is also a
factor smaller than 1.0. The specific valueskgf and k, may rely on various
factors, such as the strain sensing cable, fixatieethods, and gauge length.

Individual estimation of the exact values kf and k, would require detailed

16



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

material qualities of the fiber optic sensor or kedined experimental measurements
capable of obtaining high-SR distributed strain ngsi for example, the
Rayleigh-scattering-based strain measuring teclenigiowever, their effect for crack
strain evaluation can be represented by a combawdr k, which could be obtained
experimentally. Therefore, the crack induced st(giip for the short-gauge sensor can

be formulated in equation (2).
k =Gl /GL, (1)

&, =kd/GL, =kd/GL, =kkd/GL, =kd/GL, @

3.2. Modeling the measurement system

The proposed sensor is based on the Brillouin neati process that takes place in
single-mode optical fibers. The most commonly usBdllouin fiber optic
interrogation systems are BOTDA and BOTDR, whichpkm the principles of
stimulated Brillouin scattering and spontaneoudl@®rin scattering, respectively. The
proposed crack sensing methodology can be appbethoth of these systems.
However, for the theoretical introduction, we wlilhse our discussion on BOTDA
systems.

In stimulated Brillouin scattering (SBS), the irfieeence of the forward
propagating pump wave () and the backward propagating probe wavgogd
creates a moving optical intensity wave. Due to ghenomenon of electrostriction,
the moving intensity wave induces a correspondtaustic wave (Q) moving in the

same direction as the pump. The generation effigieni the acoustic wave depends
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on the relative magnitude of the pump-probe frequasffset () and a characteristic
frequency shift called Brillouin frequency shiftgfy which is a function of the local
temperature and mechanical stress in the fiber.ri&emum growth of the acoustic
wave is reached provideds \equals to y. Due to the elasto-optic effect, the
optically-induced acoustic wave functions as a mgvrefractive Bragg grating.
Coupled with the Doppler effect, this moving Bragmating is responsible for a
coherent power transfer that results in a net ghthe probe and net loss of the pump
for Stocks process.

Mathematically, the assumed co-polarized, but cauptopagating pump (mp
and probe (fon9 Waves generate an acoustic field (Q), which cesipthe two optical

fields. The propagation of these three waves iegwd by [38]

aA}um (th) 1 a'A‘pu (Z,t) _-1— _g
apZ +V_ :;[ =1 2 gzpbrobe(z!t)Q(z!t) 2 gzpbump (Z’t) (3)

9

a robe(z’t) 1 a robe(zit) . 1 N

A, > _V_g A ~ :—|§gzpbmp(z,t)Q (z,t)+z2Abmbe(z,t) (4)
%4- rAQ(Z't) = iglApump (Z!t)'%*)robe (Z!t) (5)
rAzzm_Vé‘Vz‘Zi\;/rB/Zﬂ )

where g and g represent the electrostrictive and elastoopticpling effects,
respectivelyI's is the acoustic damping constant and the logarithmic optical loss
in the fiber.

When the pump and probe powers are kept weak ersmdiat small-signal gain
holds and pump depletion is avoided, the evolutibthe amplitudeA,, .. (z), and
power, P,.0pe(2), (in Watt), for a backward propagating CW probegroa segment

of fiber with length L can be obtained as
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g:l_gz ump ’ 1
Aprobe(z) = |A)robe(z = L)| exp|:|+ R{I__A] ( L- Z) +%( L- Z):|

xexp[i —9192|§)ump

(e

Prae(d) = Prge(z= 1) ex 9(V) Py, (L=2) 1A, ~a(L~2) ] ®)

(7)

and

where A, is the effective area of the fiber core. The ldbamic Brillouin gain, g

(v), is given by:

(Av, / 2)
®(V=Ve) +(Bv, 1 2)

OV =Vary Vo) = 6.0: R 10 ) 05 0 ©)
which takes the line shape of a Lorentzian praofilth a peak gain ofgy = 2g9,9,/15
and a full width at half maximum (FWHM) linewidth d\vy = 1/(2mt,). Typically,
for standard single-mode optical fibers at arounBi50L nm, vp~11 GHz,
Avg~30 MHz, g5~2—-3x10"" m/W, a=0.2dB/km, A, ; = (50 — 80) x
107*2m? [39].

Equation (9) characterizes the spectrum shape ff@minteraction of a CW
pump and probe. However, for standard BOTDA incttrtal monitoring, the pump is
modulated as a pulse to achieve a certain SR farething localized information
along the fiber. The SR is determined by the pumiggohalf duration multiplied by

the group velocity of the guided mode [36]. Math&oadly, the following formula is

given,

SR=TV, /2 (10)
As the pump is pulsed, the BGS can be obtained fiteenconvolution of the

Lorentzian-shaped intrinsic Brillouin gain spectrugiven by Eq. (9) and the
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normalized power spectral density (PSD) of the pu@@]. For the case of a
rectangular pulse pump of duration T, the BGS f@afan be analytically calculated

in a closed-form expression [41]:

(11)

0.(Q)=g (Q)(l— Fr*+Q*@A-e" cosTQ )+ TQe'" sin(Q )]

rT(r2+Q?
where Q = 2n(v—vp) is the frequency detuning from the BFS, aiid=
mAvg~30m Mrad/s is the half-width at half maximum (HWHM). Expressi(11)
renders a lower gain peak and broader spectrunilgomafmparing with the intrinsic
Lorentzian profile given byg;(Q) with enhancing spatial resolution improvement.

The corresponding ratio of lowered peak height dkierCW-induced peak height
can be derived to be:

[, 1-€"T

3.3. The crack-induced Brillouin backscattered-light power spectrum
based on SGB-FOS

The BFS in the fiber is affected by the strain @athperature, which can be

formulated as:
Vo (T,€)=C, (-&)+C; (T =T, +Vao(Tor &) (13)
When a temperature compensation sensor is presethiedemperature-induced

BFS is,

Vs (T1£0) =G (T _To) +VBO(TO’£O) (14)
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Therefore, after temperature compensation, thelypw®ain-induced Brillouin
frequency shift can be obtained,

Vo (6-6) =V, (T.€) - (T.&,) (15)
wheree and T are the strain and temperatute, and C, are the temperature and
strain coefficients, which are determined by calilim. For standard single-mode
fibers using wavelengths around 1550 nm, the neamrtemperature; are 1 MHz
per degree °C, whil&, 50 MHz per 1000ue. T, and g, are the strain and
temperature corresponding to the reference Britldtgéquencyvg,, respectively.

The local gain observed at the fiber near end apgutional to the local pump
power and the local Brillouin gain coefficient. $pally, the Brillouin
backscattered-light power produced in a small sactif the fiber translated by the

strain variation detected at an optical receiveiven by:

4R (2,V) = 0r (V¥ (6~ ,)) - P(2)e™"dz (16)
where z = ct/(2n) is distance along the fiber fribva light input, p(z) is the launched
light power at zy is the optical frequency of the Brillouin backseegd light, c is the
velocity of light in vacuum, n is the refractivediex of the fiber, a is the attenuation
coefficient of the fiber, and t is the time intelnb@tween the launching of the pulsed
light and the detection of the scattered light. rEf@re, for any arbitrary given strain

distribution within the SR of the analyzer, at ttemeasurement;,

Z+SR/2

W= [ o{wwle@-&] - p@e 17)

z-SR/2
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For a SR << L, power variation due to fiber attdinra within the SR can be
neglected, and as we are only interested in th@esithange of the spectrum, a

normalized spectrum can be obtained as,
1 z+SR/2
GW=—— [ g{vwle@-&]}dz (18)
max z -SR/2
For our short gauge sensor, under the assumptioactdngular pulsed pump and
uniform crack-induced strain, when the backgroumdirs variation can be regarded

as sufficiently small, the strain distribution withSR atz; can be expressed as

follows:

gi(z):{ec—eo (z-RI2)<z,<252, < (2 +R/2) (19)

& (2 -R12)<2<2,,2,<2= (2 +R/2)

where z;;, and z,;, denote the lower and upper boundary of crack-iadustrain
distribution. Therefore, we can arrive at an appmation of the crack-induced

spectrum response in a simple closed form,

G.(V) =i(GL“]gT (v.ve (ec—eo))+i[1— GL“]gT (Vv )

max max (20)
T
» nom halgauge length
pum p 1)11186‘ gauge length anchorage kngth ——
. i realstrain
) ) ) ) ] > 3 ) ) ) ) ) )] I daibinen
CT/2n Brillbun signals —
— |
AT
|
AN | design
A, ’
feature ofcrack fom ation AT [ | «—— smck fidicad stagi ————=» "“”"‘“:" l"”'!lh‘ \
approxi ale
strain
’ ‘;i/_ \\1 istrbutbn
_———-———————_—_———— | = — —
—_— H H
\ crack fom ation i stucture anchorage area stra transentzone

Fig. 4. Schematics of the short gauged Brillouin fiber ogg&nsor.
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3.4. Numerical simulation of the crack-induced BGS response using
GB-FOS

Following the methodologies introduced in sectiofh ® section 3.3, numerical
simulation of the BGS evolution using SGB-FOS isp@nse to crack formation can
be carried out by implementing the respective fdamuin Matlab codes. The
following simulation exemplifies the BGS responsectack expansion based on a
typical combination of a Brillouin fiber-optic anaer (560 mm SR) and the
SGB-FOS (112 mm GL).

Fig.5(a) demonstrates the predicted BGS evolutfdhe SGB-FOS corresponding
to the varied spectrum of crack-induced strain. ¥da see that the BGS profile is
predicted to change markedly in shape as the drattlced strain increases. To
characterize different spectrum evolutional stagesextract the peak position from
the predicted BGS response demonstrated in FigWith) the varying crack strain
(Fig.5(b)). The BGS peak position is characteribgdts frequency shift and power
variation compared to its initial position whenerack is present.

In Fig.5(b), it is interesting to note that as thack strain increases, the BGS peak
shifting is predicted to undergo complex nonlinkahavior instead of a simple linear
response from the fiber-optic sensors uniformlyesged within the SR of the
analyzer. Moreover, the peak power of the BGS 0 gbredicted to evolve
nonlinearly with the varying crack-induced strahig.5(b) illustrates the evolution of
normalized peak power with varying crack strain.e@W, a three-staged BGS
peak-shifting response can be identified. In staghe BGS peak begin to shift to

higher frequencies with the crack width growth. Hwer, after the peak shifting
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surpasses a certain level, the trend is reversetiftee peak starts to shift back to its
original position as the crack grows. We categottiae reversal-peak-shifting stage as
stage Il. After this, the peak position becomesatietly stable in response to the
increased crack width, undergoing only minor upd dawns. We categorize this as
stage Ill. For peak power evolution, it is noticleathat in stage | and Il, the peak
power experiences a pronounced decrease. In chnthes peak power becomes
relatively stable when the crack-induced straireenthe stage Il region.

In fact, these three stages also characterize tbkiteonal features of the BGS
configuration with different sensitivity to crackidth variation. Specifically, when no
crack is present, the BGS resembles a Lorentziare@nd is symmetrical against its
peak. As small crack forms in stage |, the BGSuiest a broader spectrum base,
asymmetrically leaning leftwards, with a steeperveuslope at its left side in
comparison to the right. To illustrate more cledthe characteristic change of the
BGS response in stage |, the BGS profiles corredipgnto the three representative
highlighted crack-induced strain levels in stageSt.1, St.2, and St.3 in Fig.5(b)) are
demonstrated in Fig.5(c). As can be seen, these @6fes tend to have a relatively
smooth right side curve without localized changesurvature distribution. During
this stage, the characteristics of the BGS conditjon undergo no prominent changes
as the crack expands, apart from the peak shiftimylowering behaviors, indicating
that the BGS shape variation is relatively insévsito crack expansion at this stage.

In stage Il, however, a bump appears rapidly ahigb-frequency side of the BGS
profile corresponding to the crack expansion, amel tonfiguration of the BGS

changes dramatically. Therefore, the occurrence lmimp in the BGS can be served
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as a clear indicator of crack formation. Two BGSfies corresponding to the

representative crack-induced strain levels in stad&t.4 and St.5 in Fig.5(b)) are

presented in Fig.5(d) to show the correspondingctspe evolutional process.

Obviously, the evolution of the BGS at this stagendnstrates enhanced sensitivity
with crack width variation comparing to stage |. dtage lll, as the crack further
increases in width, the bump formed in stage Ipiiedicted to transform into a

separated secondary peak, shedding off from tmeapyi peak. After this, the distance
between the secondary and primary peak is predictegow in response to further

crack width enlargement. One particular BGS profiterresponding to the

representative crack-induced strain level in stéigést.6 in Fig.5(b)) is presented in

Fig.5(d) to demonstrate the BGS profile after psakaration when a large crack
occurs.

By applying the SGB-FOS, the predicted shape-ctmghghenomenon of the BGS
responding to crack variations demonstrated abawe loe leveraged for crack
detection and potentially its quantification. Italso noticeable that the crack strain
corresponding to the peak of the peak-shifting eui$t.3) in Fig.5(b) characterizes
the hinge point where prominent changes of the B®@Bfiguration initiate with
enlarged crack width, offering a reasonable estomadf the sensor’s capability for
small crack detection judging on BGS shape onlynBdormation or peak separation
in stages Il and IIl can be very straight-forwangins of crack formation. The bump

feature is predicted to become very pronouncelealater stage of stage Il.
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Fig.5. The numerically simulated BGS response to cracgaegion using
SGB-FOS: (a) BGS evolution with varying crack-inddcstrain using SGB-FOS of
112 mm GL and Brillouin analyzer of 560 mm SR; B$3S peak shifting effect and
peak lowering effect (indicated by the normalizedalp height) vs different
crack-induced strain; (c) simulated BGS responseresponding to selected
crack-induced strain in stage | (CS = St.1, St &t.3, respectively); (d) simulated
BGS response corresponding to selected crack-indsicain in stage Il and Il (CS =

St.4, St.5, and St.6, respectively).
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4. Experimental testing

4.1. Testing setup

To simulate structural crack formation, we deployd aluminum plates as
templates to create a single artificial crack. Eatdte spans 1100 mm in length,
providing sufficient space to avoid possible inteehce to the crack-induced signals
that may arise due to the distortion effect gemeraly the strain variations at the plate
boundaries. The two plates were bolted to a higitipion fixture frame specifically
designed for the fiber optic sensor calibrationBSEBOSs with the GLs of 60 mm, 90
mm, and 120 mm were installed across the two platesght-buffered fiber optic
strain sensing cable of 0.9 mm outer diameter wedected for the assembly of the
short-gauged sensor. The fiber optic sensors wasgldo the plates by epoxy resin.

The Omnisense DiTeSt BOTDA fiber optic analyzer wasd as the interrogation
system during the testing, which could reportedlyi@ve repeatability oft 2ue and
spatial resolution as low as 0.5 m. The spatialwti®n for the experiment was set to
0.5 m, and the spatial sampling rate was set toye@5 m.

Fig.6 shows the design of the testing system. THigglacement gauges with an
accuracy of 0.001 mm are placed dispersedly aetdiferent locations along the
width of the plates to provide reference measuresnien the crack opening.

In the loading stage, the loading system generateattificial crack by driving the
movable plate away from the fixed plate, creatingap between the two plates. The

crack width ranged from 0 mm to 2.0 mm under disphaent control during the
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testing, with increments of 0.025 mm for each dbefore 0.4 mm and 0.05 mm
afterward.

Multiple displacement gauges enabled measuringkarédth at different locations
along the crack; the crack width measurement froendisplacement gauges at each
fiber-optic sensor position can be accurately dated by applying linear regression
taken into consideration of the spatial positiofshe displacement gauges and the

fiber optic sensors.

fixed disphcem ent epoxy movable phtemovihg directon
phte meter resh phte —_

Pum p I\

light

BOTDA
Probe T J:
light ) - = F \ !
tensn-fiee cabk for artifachl CoD anchorage Pre-tensbned
tem perature com pensaton crack point FO sensor

Fig.6. Schematics of the crack-sensing testing using $GBs

4.2. Verification of the crack-induced BGSresponse using SGB-FOS

Fig.7 shows the experimental results and the cporeting numerical simulation
results according to the methodologies proposeseittion 3 for SGB-FOS with 120
mm GL as an example for comparison. Fig.7(a) amgl7fb) present the BGS
evolutional process in response to crack expandiighly consistent results are
obtained in terms of the overall spectrum evolulompattern between the
experimental and simulation results, which confirthe theoretical predictions in

Section 3.
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Detailed comparisons between the experiment andilaiions of the BGS
response are demonstrated in Fig.7(c) to Fig.®hdm Fig.7(c) and Fig.7(d), the
peak shifting and peak lowering phenomenon preditheoretically can be clearly
observed in the experimental results. The expetiah@nrves match reasonably well
with the simulated results in terms of the evolndibtrend. For the peak-shifting
behavior shown in Fig.7(c), close consistency betwethe theoretical and
experimental results can be observed for crack resipa in stage | and stage II.
Although some discrepancy in magnitude occurs batwhe experimental and the
simulated results for crack expansion in stagethé two curves still share a very
similar trend in the evolutional patteM/e believe the discrepancy is most likely to
be caused by the deviation of the actual straitnildigion in the fiber optic sensor
from the simplified theoretical assumption of ataagular-shaped crack strain
distribution (see Fig.4). The strain transition gan the sensor’'s anchorage area
inevitably contributes its respective spectrum gnéo the measured BGS, which
tends to drag the primary peak to a higher frequenen after the secondary
peak separationln contrast, the peak lowering behavior from theperiment
matches well with the theoretical prediction innterof both the overall trend and
magnitude (see Fig.7(d)).

Some representative BGS profiles through the cexglansion process are selected
for comparison in Fig.7(e) through Fig.7(h). Thesefiles are the experimental and
simulation results that correspond to the crackied strains highlighted by colored
bars in Fig.7(c) and Fig.7(d), respectively. Thegectra demonstrate the entire

evolutional process of crack-induced BGS resporsetha crack expands. The
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theoretical BGS responses are thus proven to megelonably well with the
experimental results, where the characteristicthefexperimentally obtained BGSs
are observed to evolve closely as theoreticallglipted. Namely, the experimentally
obtained BGSs are observed to experience evolltgtages through a process of
peak leaning (stage 1), bump forming (stage I1}J aacondary peak separation (stage
).

The consistency between the theoretical and expetahresults in various aspects
confirms our proposed theoretical framework’s 4ility to predict the crack-induced

BGS response for the SGB-FOSs.

Experimental
Results

Brillouin Gain Simulated %\\ Brillouin Gain
Results AR\

T T T T
-0.4 -0.2 0.0 02 0.4 0.6 -04 -0.2 0.0 0.2 0.4 0.6

Frequency (MHz) Frequency (MHz)
(a) (b)
1.00 =
350 - 4 - Measured peak-shifting strain &\ r.a g i
srb -‘\ —— Simulated peak-shifting strain R\ M.easured peak he!ght
o \ v\ —— Simulated peak height
3004 A0\ 0.954 '\
) 1 sy _‘g; 1‘\
= 4 | 5 Strb
c 01 £ T 0.90- |
g f N\ = \
% 2004 | 4l 3 4
o ‘J A, i [ \
£ 1504 [/ & Wi oA g 0851 N
z I W @ =, N \s
9 i 14 e’ Ay Booga S ‘© \s
£ 1004 ) \ia B E 0.80- \
Ky I 6 R \< Strd
50 spo| 4 strd sl A—
- E \ e 0.75 1 - PR "
04" B TS ¥ R iow_apom !
-50 T T T T T 0.70 T T T T T
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
Crack Strain (ug) Crack Strain (pg)
(c)

30



588
589

590

591

592

593

594

595

596

597

598

599

- === simu. (Str.a) 1.0 === =simu. (Str.b)
exp. (Str.a) .

1.0+

exp. (Str.b)

Brillouin Gain
Brillouin Gain

T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Frequency (MHz) Frequency (MHz)
(e)
i simu. (Str.c) i simu. (Str.d)
e exp. (Str.c) 1.0 exp. (Str.d)
0.81 A 0.8
c “‘ <
8 0.6 \ 8 0.6
£ \ £
3 \ 3
T 0.4 \ T 0.4
0.24 \ 0.2 1
¥ \‘v
0.0 1 0.0
T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Frequency (MHz) Frequency (MHz)
(©)

Fig. 7. Experimental and simulated crack-induced BGS mespaising SGB-FOS: (a)
experimental BGS response vs. crack-induced st(@ig); (b) simulated BGS
response vs. crack-induced strain; (c) experimeamdl simulated peak-shifting strain
vs. crack-induced strain; (d) experimental and &ited normalized BGS peak height
vs. crack-induced strain; (e) experimental and kited BGS at the crack-free stage
(CS = str.a); (f) experimental and simulated BG$hatend of stage | (CS = Str.b);
(g) experimental and simulated BGS at the end afjestll (CS = Str.c); (h)

experimental and simulated BGS at stage Ill (C3r=B5

If the SGB-FOSs adopt different gauge lengths,dh@esponding crack-induced

BGS response will change accordingly. In Fig.8(a) &ig.8(b), the experimentally
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obtained BGS evolution using SGB-FOSs in diffel@hs are shown for comparison.
The experimental results suggest that despite rdiffe sensor GLs, the BGS
evolutional processes share the same evolutiotErpacharacterized by a sequential
phenomenon that occurs through stage | to stagadibkpecified in Section 3.4.
However, a longer sensor GL means forming a highermore prominent secondary
peak after a particular crack-induced strain isied. Meanwhile, it also means a
more significant peak-lowering behavior. HoweveBBESFOSs with a longer GL will
render the secondary-primary peak separation tardeter than shorter GLs cases.
All these experimental phenomena agree well witk theoretical predictions
according to Section 3.

In Fig.8(c) and Fig.8(d), the experimentally ob&lrBGSs using SGB-FOSs with
different GLs at the same evolutional stages amewshfor comparison. These
experimental results reveal that the crack sigeatur the detected BGSs, namely the
bump formation and peak separation behaviors, ane mprominent for SGB-FOSs
with longer GLs. In contrast, shorter GL sensor8 winder a relatively lower and
flatter secondary peak, which can be harder tangisish due to the influence of
intrinsic background noises accompanying the s@nsiystem. Nevertheless, the
experimental results suggest that the crack sigesatim the BGSs can still be clearly

identifiable for the shortest gauge length app(eabut 10% of GL/SR ratio).
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Fig. 8. Experimental results of BGS evolution for SGB-FQSdifferent GLs: (a)

crack-induced BGS response for SGB-FOS of 90 mm @®).;crack-induced BGS
response for SGB-FOS of 60 mm GL; (c) stage Il kiiaduced BGS response for
SGB-FOSs with 60 mm, 90 mm, and 120 mm GLs; (qjestdl crack-induced BGS

response for SGB-FOSs with 60 mm, 90 mm, and 120Ghm

5. SGB-FOSasdistributed crack meter

In the last section, we demonstrate the effecégsrof the theoretical framework
in predicting the crack-induced BGS response utliegproposed fiber optic sensor.
Understandably, the measured BGS configurationtagothe crack information, and

this could lead to refined quantification of theak. This section will showcase the
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possibility of using the SGB-FOS as a distributedck meter in the engineering
practice, enabling retrieval of crack width infortioa via processing the measured
BGS data. We also demonstrated in sections 3.4 &hthe possibility of identifying
the existence of crack by examining the charadiesiof the BGS response. If the
crack signatures are observed in the measured Bda$s processing methodologies
can be subsequently applied to obtain the crackwgdantitatively.

With the closed-form formulations describing theedpum’s evolutional process
proposed in Section 3, it is theoretically posstiolebtain the optimized crack width
by matching the theoretical and experimental BGBsugh iterative nonlinear curve
fitting. However, this approach was found occadignanstable to reach numerical
convergence for some particular measurement datddeteover, it also tends to be
computationally expensive to process large datasets

The adoption of the SGB-FOS enables the result&® Besponse after crack
formation to be simplified as a linear superpositaf two quasi-Lorentzian curves.
According to equation (20), these two quasi-Loremtzcurves differ in power and
center frequencies but share the same line widthidw of this, a simplified peak
fitting algorithm can be developed to decouple theak composition in the
experimental dataset.

Although a pseudo-Voigt profile was deemed suitablaccount for the variations
of the BGS arisen from different operating conditoof the sensing systems [42],
their usages tend to make the algorithm less stabieach numerical convergence.
Therefore, the peak composition of double Loremiziairves is assumed for the

measured BGS profiles. During the peak decompasjtimcess, an equal-line-width
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constraint is applied in a peak fitting algorithmitten in Matlab codes, reducing the

fitting parameters’ degree of freedom. As such, riiteustness and efficiency of the
algorithm are thus enhanced. Reasonable initialesmlof the peak parameters are
appropriately chosen as input for the peak fittiabgorithm. Afterward, peak center

frequencies and peak heights are obtained by mimmithe discrepancy between the
measured BGSs and the composition of fitted peakmigh an iterative least-square
technique until attaining numerical convergence.

Fig. 9(a) to Fig.9(c) presents the correlatiorihaf crack widths detected by the
SGB-FOSs with different GLs through the proposedkpétting algorithm and the
displacement gauge measurements. Test results|révaia all sensors perform
excellently in terms of a high degree of lineafity cracks that are relatively large
using the peak decomposition algorithm. Howeveremthe crack is relatively small,
their quantification can be challenging. A thresheéems to exist below which a high
degree of sensor linearity can be hard to achiestead, a small section of nonlinear
curves exists before they enter the linear zone. &tperimental results suggest that
the cracks become measurable when it exceeds dicpatue (about 0.1 mm to 0.3
mm), depending on the gauge length adopted. Howdnefore the cracks can be
measured with certainty, the peak-leaning phenomeran already be observed,
which can be used as a distinctive sign for idgimf early-stage cracks.

To facilitate understanding the reason behind thienomenon, selected
spectrum profiles corresponding to the highlighpedhts in Fig.9(a) to Fig.9(c) are
plotted. We can see that at the early stage ofkci@gnation, as the BGS evolves

within stage |, the peak fitting algorithm is nansitive enough for crack width
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quantification. However, when the BGS proceedstéges Il and stage Ill, namely
after a bump signature forming clearly in the BG8% proposed peak fitting
algorithm can effectively retrieve the crack widitformation with good repeatability
and linearity.

Peak fitting results of the selected profiles ttee 90 mm GL case (as shown in
Fig.9(b)) are illustrated in Fig.9(d) through Fi)9to help understand the
performance of the proposed peak fitting algoritfon different stages of BGS
response. As shown in Fig.9(e) and Fig.9(f), adfgmarent secondary peak formation,
the peak fitting algorithm renders good fitting uks, accurately capturing the
secondary peak position, which explains the exctli@earity of the measurement
results. However, before the peak separation,ittiegf algorithm tends to give larger
secondary peak position coordinates than the aaéyalthough the composite curve
matches close enough to the measured BGS proiie9(H)). It appears that direct
peak fitting for the early-stage crack-induced BGB8an be susceptible to
measurement noises and model discrepancies. Therdfothis study, we focus our
attention on relatively large cracks with relativgirominent crack signatures in the
BGS response, such as bump formation and peakasiepar

As presented in Fig.9(a) to Fig.9(c), a highly #inecorrelation is established
between the measurement results from the displattegaiges and the fiber optic
sensors for crack widths beyond a certain threshdloe corresponding linear
regression formulas and the associating R-squdveva@an be derived based on the
cases with crack width greater than those threshdilose formulas give factors of

crack width conversion from the fiber optic sensiygptems with different sensor
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designs. It is noticeable that the factors, catealdy the crack widths detected by the
fiber optic sensors over those from the displacdrganges, are always smaller than
one. Specifically, for the SGB-FOS of 120 mm GL ahd ones of 90 mm GL, the
factors are 0.86 and 0.84, respectively. For th&-F0GS of 60 mm GL, this value
declines to 0.69. These factors are, in fact, tieacteristic factor k for the particular
SGB-FOSs. For sensors with 120 mm and 90 mm Gksstitain transfer mechanism
from the cracked structure to the fiber optic setsaonost likely to be responsible for
the discrepancy between the fiber optic measuradkcwidths and the actual crack
widths as has been illustrated in Section 3.1. Hewefor the 60 mm GL cases, the
flattering of the secondary peaks due to the sm&le/SR ratio seems to render a
smaller-biased detected crack width apart fromafleeementioned reasons. As shown
in Fig.9(g) and Fig.9(h), the relatively low energfythe secondary peak and the low
signal-to-noise ratio (SNR) make it more difficiittr the peak fitting algorithm to
locate the accurate position of the secondary pea&ther words, when the GL/SR
ratio for the SGB-FOSs is low, the crack signatimethe BGSs can be blurred by the
background noises, and the secondary peak featarebecome insignificant. In this
case, this effect tends to cause the fitted pealdeviate to the left of where they
should be, rendering smaller detected crack widihg thus a lowered crack width
conversion factor than the SGB-FOSs with longer.GLs

The linear regression formulas from the sensoibcatiion tests can be used for
crack width quantification in the monitoring praeti given a specific SGB-FOS
design. From the testing results illustrated in.%@) to Fig.9(c), the crack only

becomes measurable after particular crack widtlhuesalhave been exceeded, and
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these thresholds relate closely to the GLs of tB-$0Ss. Different GLs can

influence the sensing capability of the crack i tways. A shorter GL will generate
a lower-powered crack signature in the BGS respomkih can be more difficult to

capture by the peak fitting algorithm, rendering nagore challenging crack

identification and compromised crack-sensing aaouraHowever, a shorter GL

would also mean an earlier bump formation in the SB@ue to the higher

crack-induced strain in the sensor responding ¢ostime crack width, making the
BGS more sensitive to the identification of eartpaks. The actual performance of
the SGB-FOSs for the early crack identificationdga on the comparable influence
of these two opposite effects.

These two effects can be demonstrated by Fig.@&(&)id.9(c). For SGB-FOS of
120 mm GL, the fiber optic sensor only becomes iseado crack greater than 0.3
mm, due to the insignificant bump signature of B@&S at the early phase of the crack
formation. To SGB-FOS of 60 mm GL, this value deetl to about 0.17 mm, where a
sudden jump of fiber-optic detected crack width wsg¢ indicating the successful
identification of the crack signals in the BGS by peak fitting algorithm. However,
the SGB-FOS of 90 mm GL seems to strike a morenbath sensor design, which
managed to bring down this threshold to about énbfor crack identification.

As the test showed that the crack width detectethbySGB-FOSs demonstrated
excellent linearity after cracks become measurakdéecan evaluate the measurement
uncertainty using the deviations of the detecteatlcrwidth to the respective linear
regression values for crack width greater than rdaie threshold (the measurable

crack widths) for SGB-FOSs of different GLs. Fidg)9{isplayed the measurement
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745 error distributions. Comparison between sensorsdifferent GLs suggests that

746 SGB-FOSs with longer GLs tend to possess higheeatapility for crack width

747 measurement. In contrast, measurements from SGB-R@® shorter GLs would
748 involve more degrees of uncertainty. The sensoeatgbility indicated by two times
749 the standard deviation of the measurement errestisnated to bet 0.0154 mm,

750 + 0.0248 mm, and+ 0.0394 mm, for SGB-FOSs with GLs of 120 mm, 90 mm,

751 and 60 mm, respectively.
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754 of 120 mm GL vs that from displacement meters;cfiack width from SGB-FOS of
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90 mm GL vs that from displacement meters; (c) kcnath from SGB-FOS of 60
mm GL vs that from displacement meters; (d) pettlnd§j for SGB-FOS of 90 mm
GL at point Bos (€) peak fitting for SGB-FOS of 90 mm GL at polsty, (f) peak
fitting for SGB-FOS of 90 mm GL at poink& (g) peak fitting for SGB-FOS of 60
mm GL at point By, (h) peak fitting for SGB-FOS of 60 mm GL at poRd (i)

error distribution of the crack width measurememt$GB-FOSs of different GLs.

6. Conclusions

This study proposes a novel fiber-optic sensor ephcand design called
short-gauged Brillouin fiber optic sensor, whichabkes basic Brillouin-based
analyzers to detect and accurately quantify eveots cracks or structural
discontinuities. As a generic technique, the predosiethodology could potentially
facilitate the attainment of long-distance disttdamlicrack sensing and quantification
for various civil infrastructures economically.

A sensor example is presented demonstrating thefiepdesign and installation
procedures, which are intended to be used for {acgée applications. Theoretical
deduction of the BGS transformation for the proglosensor in response to the
expanding crack is established, verified by theofatory experiment subsequently.
Both the theoretical and experimental results ifiedt a three-stage evolutional
process of the BGS transformation in response dokcexpansion. These stages are
categorized by the characteristics of the BGS goméitions, peak shifting, and
power-lowering behaviors. By observing the presentethese distinctive crack

signatures, an early crack warning can be achieved.
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Apart from crack detection, the proposed sensor @lap become a powerful
generic distributed crack meter for different apafions, capable of accurate
crack-width measurement, minimizing uncertaintielsatt the traditional OB
instrumentation approach usually confronts. Thepédo of the SGB-FOS enables
the development of a simplified peak-fitting-basethodology to extract crack
width information within the BGS response robusthd efficiently. The experiment
demonstrates the excellent capacity of the propssedor to measure cracks with a
width greater than a certain threshold, dependimg tlre design GLs of the
SGB-FOSs. According to the experimental resultacks can become measurable as
their widths grow greater than around 0.15 mm lgydptimized sensors based on the
adopted analyzer. Good sensor linearity is achideedhe measurable cracks. Test
results suggest that the repeatability of the ibisted sensor for crack quantification
relies on the sensor gauge length, where smallegggaensors tend to be more
sensitive to crack width variations but less actura

Successful detecting and quantifying cracks indfder of this experiment could
carry significant meaning to achieve more advang#dastructure maintenance
systems based on refined structural damage dafaseack monitoring system could
be made possible, fully aware of the crack distidsuand quantification information
along the sensor coverage. However, further ingastins are required regarding the
sensor performance in real-scale infrastructuresthe improvement of the sensor’s
measurement capability for more minor cracks. Theppsed technique could be
potentially beneficial for preventive structural imanance of various infrastructures

to arrive at decreased life-cycle costs.
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BFS

BGS

BOTDA

BOTDR

CS

FOS

FWHM

GL

Brillouin frequency shift

Brillouin gain spectrum

Brillouin optical time-domain analysis

Brillouin optical time-domain reflectometer

crack-induced strain

fiber optic sensor

full width at half maximum

gauge length
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OB

OTDR

PF

PSD

RC

SBS

SHM

SNR

overall bonding

Optical Time Domain Reflectometer

point-fixation

power spectral density

reinforced concrete

stimulated Brillouin scattering

structural health monitoring

signal-to-noise ratio
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