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Abstract  ln this paper, the sensin3 behavior of the puise,prepump Bril10uin Optical Time DOmain Anal‐

ySis(PPP― BOTDA)based distributed sensing technique with a O.lm― order spatial resOlutiOn is experi―

■lentally studied,and the sensing features oF different types of nber optiC sen30rS(FOSs)are cOmpared.

Based On experimental resulis, we found that slippage occurred between bare flbers and coating materials,

and that a difFerent FOS type has a different degree of slippage  Despite possessin3 10 Cm―order spatial

resolution,if the gauge lentth Of FOS is shOrter than the critical effective sensing length(CESL),the

measurement accuracy is signincantly aFfected by the shppage. In Order to enhance the sensing perfOrm‐

ance Of FOS, a packagin3 design fOr the practical adaptatiOn of nc―slip FOS for stmctural health mOnitorin3

applications is proposed. Finally, lhe perfOrmances of packaged Optic fibers are experimentally verined

Keywords FOS;PPP、 BOTDA, Slippage; Package method; NO―siip FOS

Introduction

Recently,research and appticatiOn of structural health monitorln3(SHM)fOr iarge―scale structures have attrd(1‐

ted extensive attention  ヽrith the deve10pments oF advanced sensing technOlogies, SHWi plays an important rOle lll

damage detection, reliability and PcrFljrmance evaluatiOn of existing infrastructures  Basically, a SHWI syste!ll itl―

cludes sensing, data acquisition and processing, communication, and decision_making units. With a novel ser〕、ill=

system and an advanced structural analysis technique, health monitoring and damage assessment of civil engill(!tBrillg

structures have becOme more practical, TherefOre, the sensing techniques including sensors and their systein tHt'(1l Lト

cially irnpottant for direrent sHM systems. Nowadays, difFerent kinds Of nber optic based sensing techni(111(|｀ htlr`tヽ

been widely developed and applied fOr the SHM of lar8e―scale stmctures due to their advantages oF distribttt●(1、く,rl、itlキ,

rapid data transnlissiOn, small dimension, ease installatiOn and immunity lrOm electrOmagnetic inlluenceと、11(1、1)oll.

One of the mOst applicable apprOaches for the dist五buted Optical fiber sensing tech■ology method is thtS Iiritl(,1lin

Optical Time Domain Reflec[Ometry(BOTDR)based techniquc as demOnstrated by Horiguchi θ けα!,とlrl(111をい てイ

a′.[1-3]` some investigations on the applicatiOn Of BOTDR techniques for SHMI have been carried out ati(1、lHniliく'1ltll

progress has been made. However,the spatial resolutiOn of the BOTDR technique is i m with a strain nltヽとぃヽ1li'1卜と1てヽ

curacy of ±50 με. Consequently, BOTDR cannot meet the requirements for local and global mOnitOrinR or(・ivil

structures. In our previous investigtⅢtio11, loop installation Of Opticai nbrc is a gOOd countemeasure, but this lll(・111(xl

is stili nOt cOnvenient For monitoring practical structure. Recently, the newly deve10ped PPP‐BOTDA sensi:lH t〔おth`‐

niquc improves largely the spatial res01ution(10 cm),and some applicatiOns of PPP―BOTDA based DFOSs丘 )r tヽi u(.‐

tural health inOnitoring have been caコried out.
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Dcve10pment of NO‐sliP Optic Fibers as Bri1louin Scattering Based Distributed Scllsors

The improvenlent of spatial resolutiOn signincantly increases the sensing pelformance or DFOSs for structural

health monttOring  ln this paper. Rrstly, in Order tO IIlake gOOd use Of this powerftli tool, the basic sensing behaviors

of PPP‐BOTDA based DFOSs with a O.l rn order spatial resolutiOn are experimentally studied. SecOndly,the sensing

features oF differeni types of optical fiber are investigated and cOmpared  Based on the experimental resuit, in despite

of possessing a 10 cm‐Order spatial resolution, if the gauge lentth Of FOS is shorter than the critical effective sensing

length(CESL),the measurement accuracy is signincantly afiected by the shPpage occurring between bare nbers and

cOating materials. The bare fiber is verified that it can be used directly to bond with the hOst structure with no―slip

way and measure strain with satisned accuracy and stability. HOwever, due to the fragility of bare nber wl10se cOat

has been removed frOm co■lmercial optical flber, the apprOpriate methods fOr package and bOnding with host struc―

tures should be careFully cOnsiclered to prOtect the brittie nber frOm harsh envirOnments. TherefOre, it is critical to

develop a type of no slip FOSs for practical applicatiOn  ln this Paper, a packaging design fOr the practical adapta‐

tion of no‐slip FOS in civil structural health mOnitOring is propOsed, and the packaged flber is experimentally verifled

such that it can be used as One type of nO,shp FOS,

2

2.1

PPP‐BOTDA Based Distributed Sensing Technique

拘宮夕αs″″純夕れをPガ れC″姥 てず βOTDA

The BOTDメ 【technique is based on the stimulated Bri110uin back scattering, and two laser sOurces4 0ne iS a

puise laser(pump laser)30urCe and the Other is a continuOus laser source, which are introduced into the optic nber

frOm difFerent ends of the Fiber When the frequency difference between the tw0 1asers is equal to the Bril10uin fre‐

quency shift, the back Bri1louin scattering will be stimulated, and energy transfer will be gellerated between the twO

lasers as well This is as shOwn in Fig l,

Iヽarinti●■of straill and telllpera tllre

(follti】、tttltlヽヽド心ヽC
Opti`ib例

必1  1 1 l o l l H ぃ( 3 1 1 ●ェ[ 1 l t

Ctlli。lC】311■1)、1、,

Fig.l Principle of BOTDA

The Bri1louin frequency shift is iinear with strain and temperature  The Bril10uin frequency shiftノ』changes in

proportiOn to the variety oF strain or temperature, and the linear relatiOnships between the Bri1louin frequcncy shift

and strain Or temperature are as fol10ws:

ン,(島,ε)=C,(ε 一,0)+ノm(島 ,εO)               。 (1)

ノ』(T,ど0)i  C r ( T―名)+ンm(名,ど0)            ( 2 )

where C,and Cr are the strain and temperature coefflcients,respectively,and tt and εO are the strain and tempera‐

ture that correspond to a reFerence Brillouin frequency ン的  Thus, cOntinuous temperature and strain distributions

a10ng the fiber can be Obtained

2.2 1SPαttαJ R夕sorzガθれ

The key tO imprOving the spatial resOlution of Bri1louin scatiering sensing is to shOrten the puise width Of the

laser pulses However,for the nOrmal BOTDA sensing technique where the laser pulse width is shOrter than 28 ns,

the phOnons cannot be fully stimulated, and tlle stimulated Bri110ui,1 3ain is also decreased. As a result, the measur―
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HaO Zhang and Zhishen Wu

ing accuracy deteriorates abruptly. T0 0vercome this difncuity, a pre―pump techniquc has been developed, where

two laser sOurces are introduced intO the Optic nber as shown in Fig, l  The main difrerence is in the pump laser

source, which actually includes two types Of pulse One is a pre―pump laser(PL)[hat is applied to fully stimulate

phOnOns,and the other is a detectiOn pumP(DP)used as detecting laser. Due to↓ he cxistence of PL,the phonons

can be fully stimulated befOre the arrival of I)P  As a result, the puise width Of DP can be decreascd[0 1 ns without

inlluence On the stimulatiOn Of Bri1louin scattering and stimulated Bril10uin gain. Accordingly, a spatial res01utiOn of

approxilnatcly 10 cm order has been realized recently

2.3  Eh夕 Mcα ざ″″″文″|サ】92ッlicタ

Recently, siるnificant progress has been made in the deve10pment Of distributed Bri110uin scattering一一based

FOSs fOr imprOving spatial res01ution and measurement accuracy and stability.A strain/1oss analyzer(Neubrexcope,

Neubrex Co. Ltd. in JaPan )based On the PPP、 BOTDA technique is used for cOntinuous strain distribution meas_

urement with an Optic nber sensor. Table l summarizes the specincations of NeubrexcOpe‐ BOTDA system,

Table l Specirlcations of current BOTDA systems

Sampling rcsOlutiorl 5 cm

Avclage count

Pulse width(■s)

Spatial RcsolutiOn(m)

Dynamic range(DB)

Max Measurement distance(km)

Strain Measurenlent Accuracy(μ ε)

repcatability(μど)

Temperature tflst accuracy(℃ )

1

0 1

1

1

と25

±50

±1

2 5～2 2 3とi m e S

2         5

0 2       0 5

2               3

5            10

±25           主 25

と50          ± 50

±1        ± 1

1 0

1 0

5

20

±25

±50

と1

3  酌 Ieasurement Behavior of Different Types of FOS

3.l  EIP2ガ 確夕″れどr″ッタsrEga,0れ 0れ 』αs'c かイタαs″r夕れθれ, 』夕乃αッサor げP』θTDA‐

うαs夕冴DFθ Ss

Strain measurement behaviOr Of OPtic ttbers is examined thrOu3h basic tests. In the experiment conducted here,

one piece of optical aber(type l,its cross scctiOn aS shOwn in「ig。2(a))was adhered with a unifOrm tensile steel

specimen by an overali bOnding methOd and 13 different sensing lengths(0.1, 0 2, 0.3, 0 4, 0.5, 0.6, 0,7, 0.8,

09,1.0,1,2 and l.4m)are set in se占 es.In additiOn,different sensing nbers att separated frOm each Other by an

intewa1 0f 2 m Of free flber as showrl in Fig 2. The applied strain icve1 0f stecl specimen is controllcd by strain gauge

Bu姑 `r iaycr 01n1    02m 0 3 na 04m

0 7 nl05m

08m

1 0in

06m

0 9 m

1  2  t t l

14m

(b)Placement of ttber optic sensors

Experilnental investigation

―- 542 -一
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DcvelOpment of NO‐slip Optic Fibers as Bri110uin Scattering Based Distril)uted SensOrs

3.2 S夕れざJ″gR夕s″″θメFθS

Under loading levels Of 300,800 and 1 500 με, the 10 times measurement strain values Of optical iber in different

sensing lengths are shOwn in Fig.3～Fig 5.

Fig。3  Testing value Of optical flber

in ditterent sensing length

Fig.4  Testing value of optical「lber

in ditterent sensing iength
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Fig,5  障 leasurement value of optical rlber

in difFerent sensing iength

Fig.6  Sensing behavlor of optical flber

Based on Figs.3 ～5, one impo止ant phenOmenon is distinct  DesPite the 10 cm Order spatial resolutiOn, if the

sensing length Of the Optical llber is shOrter than O.4m, the measured strain value of BOTDプ【 is still less than the

strain gauge. In order tO explain this phenOmenon, the ratio between measured strain value Of BOTDA and strain

gauge in different 10ad leveis are analyzed, as shOwn in Fi8 6.

Accordin3 tO Fig 6, the larger the applied

strain is, the smaller the rati0 0f rmeasured strain

value Of BOTDA and strain gauge becOmes.

Thettfore,fOr this type Of FOS, it can be real_

ized that a slippage between the bare nber and

coating materials may occur  Consequently, the

strain in optical flber will redistribute as shOwn

in Fig.7 and this strain redistributiOn 10wers the

measured strain of i10TDA which is iess than the

correct value.

At present, the detailed strain distributiOn Of FOS still remains an unresolved prOblem  Nevertheless, based On

the ポorementioned analysis, it can be known that t0 0btain a cOFeCt lneasured value with this type of FOS, the sensing

lentth of FOS should be 10nger than 0 4 m which can be cOnsidered the critical effective sensing length(CESL).
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3.3 れ 宮夕αs″″ 初 夕円すβ夕乃αソわ Fq/θ れ 夕Fこ レガcαJ Fあ 夕r殉 ッ タs

ln order tO veriけthe slippage Of different types of FOS and check the spatial res01utiOn Of BOTDA,several oth_

er types of Optical fiber were adhered with the same tensile steel specimen and under the same experimental proce…

dure` The experimental resuits are discussed as 10110ws

3.3.1  ダ θS rype 2

The crOss section Of FOS type 2 is illustrated as Fi3 8. Four different sensing lengths(0.1,0.15,0 2 and

03m)are set in series.Under the 10ading ieve1 0f 800 με,the 10 times measurement strain values of Optical nber

in difFerent sensing length are shOwn in Fig。9

APがたd strahにvd=800 με  ~¬
画 範 司 再 =5・ 67,R910-矧

RcinttrCed ttbcr Nylon sheath
と・‐
~

_‐  ■||

20

Scnsing iength(cm)

Fig.8  FOS type 2 Fig.9  Sensing behavior oF oPtical「 lber(type 2)

AccOrding to Fig,9, if the sensing length Of Optical flber type 2 is 10nger than 0 3 m, the measurement of

BOTDA is cOrrect Thus, the CESL of Optical nber type 2 can be cOnsidered as o 3 m.

3.3▲2 ダ θ5「丁Pc 3

The crOss section Of FOS type 3 is illustrated as Fi3 10  The experimental results Of FOS type 3 in the same

experiment are shOwn in Fig.11

Fig.10 FOS ttpe3 Fig.1l  sensing behavior Of Opticai nber(type 3)

AccOrding[o Fig.11, if sensin8 1entth Of Optical Fiber type 3 is 10nger than 0 3 m, the measurement Of BOTDA

iS COFeCt. Thus, the CESL Of Optical flber type 2 is alsO equal to O.3m

3.3.3 ダ θS色伊24

The crOss scCtiOn OF FOS type 3 is illustrated as Fig,12, The experimental re‐

suits Of FOS type 3 in the same experiment are shown in Fi3 13

AccOrding to Fi3・13, iF the sensin3 1ength Of Opticai nber type 4 is 10nger than

O.2m, the measurement of BOTDA is cOrrect, Thus,the CESL Of Opticai nber type

4 can be cOnsldered as O.2m
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Development of NO‐slip Optic Fibers as Bril10uin Scattering Baseくl DistriЬuted SensOrs

Based On the aFOrementioned discussion, it can be saFely cOncluded that different types of FOS have different

CESLs. The longer the CESL is, the worse the degree of anti―shppage Of FOS becomes

Applied strain ievet=800 μc

工=21!コ:!垣:ニユFてエアi圧子9:IED■五王

Applied strain levcl=800μc

il lヴ  石  4  5 ・ 七
~ラ~ra り

 16 ・ afl l

13  14  15  16  17  18

Sensing length(cm)

Fig.13  Sensing behavlor of optical ttber(type 4) Fig。14  Sensin8 behavlor oF bare rlber

3.4 財 夕αs″″ れ夕″サβ夕乃αッサοr o/β α″ ∽ 'CαJ Fわ 2r

To completely prevent slippage of FOS, the UV coating of FOS type 4 is peeled and bare optiC nber is used di→

rectly to cartt out the same experiment  The exPerimental results are illustrated in Fig`144

From the experimental resulis as depicted grapllically in Fig.14, it can be concluded that iF the sensing length

Of bare FOS is 10nger than O.13m,BOTDA can give the cOrrect measurement. Thus,the CESL Of bare optical llber

can be considered as O.13 m The reasOn why the measurement is exceptionally undervalucd when the sensing length

is just O.l m can be explained During measurement, the minimum samphng interval is O.05m; thus, there is a

gaP between the sampling point and the starling Point Of Sensin3 flber, the length of gap is cOnsidered to be FrOm O to

5 cm. Because of the existence of this gaP, the O.l m uniform straill distribution is har(1lv considered within a cer―

tain samplin3 poini measurement by the PPP、BOTDA with a 0 1 m spatial resolutiOn. Thus, in this experiment, only

if the sensing len3th Of bare FOSs is longer than O.13 m can the measured value Of PPP‐BOTDA be equal to the val‐

ue of strain 3auge.

4  Development of No‐ sliP FOS
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Based on the aFOrementioned discussion, it can

materials of FOS can cause large measurement errors

in the measured value, and especially for distribllted

measurements, the Occurrence oF shppage in the in―

terior Of FOS result in the strain distribution of FOSs

difFerent with the real strain distribution of host

structure, Although the bare fiber is verined such

that it can be used directly to bond with the host

strllcture with nO‐slip way. However,due to the fra―

gility of bare nber whose cOat has been removed from

coHlmercial optical nber,  the brittle bare nber

shOuld be prOtected from damage from harsh envi―

ronments. TherefOre, it is critical to develop one

type of packaged nO‐slip FOSs. A packaging desi3■

fOr the practical adaptation Of no―slip FOSs in civil

structural health monitoring is illustrated in Fig 15

' ~ ! ~ : ~ 1 ~ 1 ~ ! ~ 1

Basalt nbertOw

be nOted that the siippage between the bare nber and coating

Bare flber

ぐ ヤ

Soaket tm呻曲最

萌<S°
akCd bぜ位r wrマ血

Cross section

|
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The deve10ped FOS was adhered with the same tensile

steei specimen and undel■vent the same experimental pro―

cedure Nine different sensin8 1engths(0.11～018 m

and O.2m)were Set in series,Under a loading level of

800 με, the 10 times measurement strain values of pack‐

aged FOS in difFerent sensing length are shown in Fi3.16.

FrOnl the experimental results as illustrated graphically

in Fig.16, it can be cOncluded that iF the sensing length Of

newly deve10ped FOS is longer than O.14m, BOTDA can

give the correct measurement The CESL of optical llber

type 4 can be considered as 04 14 m

Obviously, the CESL of newly deve10ped FOS is

EPoxy resin

Applied strain icvel=800 μc

i上・2 1 1ユ _ 1 0 7‐ g f 9 _ 1 9 , a v  i

13   14   15   16   17
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Fig.16  Sensing behavior of developed FOS

10nger than CESL Of bare Fiber(13 cm) ヽ アhen the sensin3 1entth Of newly deve10ped FOS adopts 13 cm,in 10 ex―

Periments, there are three cOrrect measurements. The reason for this result is nOt far―fetched. After packaging, the

bare nber is prOtected and reinforced with basalt iber. In case of bonding with the structure, the strain distributiOn

of newly deve10ped FOSs should be similar as Fig 17
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Fig.17  Strain distribution of Packaged FOS Fig.18  Sensing result of thinner developed FOS

The strain Of host structure is flrslly transferred tO the reinfOrced basalt hber, and the strain distributiOn Of bare

fiber comes from the basali nber. Therefore, a specific length is necessa4y tO ensure that the strain oF hOst structure

can be transfcrred tO the bare nber completely, and this specinc length can be cOnsidered as strain transferred length

(STL),whiCh results in the increase oF CESL In Order tO prove this assumption,we adopt another thinner basalt

aber tow whose width is abOut 1/3 of the FOlrller to package tlle bare flber in the same method The measured results

OF the thinner packaged FOS are illustrated in Fi3.18

将′hen the sensing length Of the thinner packaged FOS adopts 13 cm, in 10 experiments, there are nine cOrrect

measllrements  According to Fi3.16 aIId Fig 18, it seems that the STL is necesstty for transFeコring strain completely,

ill additiOn, the bigger stifFness OF packaged material■lay cause the increase in STL.

From what has been discussed above, ↓he deve10ped FOS is prehminarily verined such that it can be used as a

typc OF nO‐shp FOS, and the packaged methOd prOpOsed in this paper is silnple and effective  However, there is still

something tO be desired, such that in future investi3ations, the packaged method will be imprOved and verifled ulte‐

riOrly,

5 Conclusions

(1)Based。 1l the experimental resuit Of bale fiber,the PPP‐BOTDA sensing techniquc has the ability of 10 cm‐

order sPatial res01uti011.

Strain distribution

ofbare flber
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Development of No一slip Optic Fibers as Bri1louin Scatlering Based Distributed Sensors

(2)Despite possessing the 10 cm order spatial res01ution,because of the shppage between bare fiber and coat―

ing materials of optic nber lf the gauge length of FOS is less than CESL, the measurement result of BOTDA may

stili nOt be correct.

(3)Differerlt types of FOS have different CESLi the longer the CESL, the worse the anti―
slippage property.

(4)The neWly developed FOS can be used as a type of no,sllp FOS
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