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Strain, deformation, and temperature measurements constitute some of the most interesting
parameters to be monitored in composite materials or structures. White light interferometry offers
good performance even for long-term measurements of these parameters. Based on the Michelson
interferometer, a fiberoptic localized extensometer and multiplexing strain-sensing techniques are
demonstrated in this article. Related problems such as the effect of optical fiber coating on an
embedded sensor and the dual use of one sensor are discussed. Finally, application examples of
surface strain and internal straif—6000 microstrainand temperaturé22—36 °Q of concrete

sample are given. €000 American Institute of PhysidsS0034-6748)0)04312-4

I. INTRODUCTION plications. A length of optical fiber as a sensor is embedded

The use of embedded optical fiber in composite and con'—n.Slde the material and thep I d|st.urbs the strgm field. We
ish to measure those strains, which would exist at the lo-

crete structures has been pursued over the past 20 years o : )
material evaluation or strain monitoririgzor located strain cation of the sensor in the absence of the sensor. This can be

or distributed strain measurement, individual optical fiberaCCOmpIISth by realizing that at a short distance from the

. . : sensor, the strains are nearly the same as those which would
segments can be embedded in the composites, for instance;. . .
L . eXist at the location of the sensor in the absence of the sen-

concrete, to map the condition of the structure at any time. A : : .
sor. These strains are referred to as far-field strains.

range of optical fiber versions of classical interferometer Optical fiber sensors are either structurally embedded
configurations, such as the two-beam Michelson, Mach— P y

Zehnder, and Fabry-Rat interferometer have been used in during production of elements or attached to the surface of

this field? This article, however, concentrates on our recentthe test piece by way of adhesives. When a fiberoptic sensor

works in white light interferometric strain sensors for smart'> embedded in the composite material or a structure as

materials and structures based on two-beam interferometr?(::'r(:n\/g,:i(')rr'1 '(:)Irgh?(lzrg]c\r/:;llfk:)fﬂ':ﬁeszitnri;(sr;()a\tt;?i;?esa‘seljrgid’sdg-
configurations, mainly the Michelson interferometer. ' gs-

and 4, will induce changes in the optical fiber.

Elongation of the fiber divided by the fiber gauge length
Il. INTERACTION BETWEEN COATED FIBEROPTIC and the equivalent refractive index indicates fiber strain. If
SENSOR GAUGE AND HOST MATERIALS the matrix-glass fiber bond were perfect, then the two mate-

Fiberoptic sensors operating on interferometric prin-rials would be equally sensitive to the imposed strain. That
ciples have been considered for measuring strains and defdg. the strain in the glass fiber would be equal to the strain in
mation inside composite materials or concrete structureghe surrounding matrix. However, in practice, the fiber optic
Owing to the complex interactions between the sensor outpdtas a polymer coating. If the coating is far less rigid than the
and the strains inside the host materials, strain cannot be
determined by simple tests. In general, the relationships pro  19sum -~ 230um
viding the bridge between the sensor output and the engi
neering values of the strains must be established via analyti
cal models.

The simplest fiberoptic sensor is a length of fiber with
two reflective end surfaces as shown in Fig. 1; it consists of
a core, a cladding and a coating. The coating is provided tc
protect the glass optical fiber from breaking in practical ap-

(a) Cross-section of coated fiber optic sensor  (b) Cut-view of fiber core, cladding and coating

Cladding

¥Electronic mail: liboyuan@usa.net FIG. 1. Structure illustrations of an embedded optical fiber sensor gauge.

0034-6748/2000/71(12)/4648/7/$17.00 4648 © 2000 American Institute of Physics

Downloaded 07 Mar 2012 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



Rev. Sci. Instrum., Vol. 71, No. 12, December 2000

500 pm

6 LAYERS
GFRP
LAMINATE

:

- oo
» GEASS FIBRE
C o TOW

4
e

FIG. 2. Polished cross section of coated optical fiber embedded in the com-

posite material.
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FIG. 3. Embedded fiberoptic sensor measuring strain.
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FIG. 4. Embedded fiberoptic sensor monitoring crack.
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FIG. 5. Coefficienta(k,L) vs optical fiber gauge length.
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glass fiber and surrounding matrix material, then, even with a
perfect matrix-fiber bond, the layered cross section is ex-
pected to affect the performance of the fiber sensor. The
interaction between uncoated bare fiber and the matrix have
been considered in Refs. 3—6 and the effects of the coating
for fiberoptic sensors embedded in isotropic materials and
subjected to axisymmetric loading conditions have been ex-
amined in Refs. 6—-10. These authors presented closed form
solutions, which related the far-field strains to the sensor
strains. Transverse nonaxisymmetric loading conditions have
been studied in Refs. 11-14 and under the transversely iso-
tropic materials subjected to nonaxisymmetric loading con-
ditions have been investigated in Ref. 15. Here, a simple
model has been developed for evaluation of the strain re-
sponse of a length of coated optical fiber embedded in host
material’®!’ The strain distribution along the fiber is given
by Eqg.(1) and the relationship between the average strain of
a length of embedded fiber and the host material strain is
calculated as shown in E@2). Here, a(k,L) is the coeffi-
cient, which depends on the coating material related param-
eterk and embedded optical fiber length. Compared with the
theoretical curve, the experimental results for different gauge
length of fiber optic are also shown in Fig. 5.

sinh(kz)
€fibed Z) = €nost-materigi L — m ) 1
€fiped Z) = a(K, L) €nost-material (2
B coshkL)—1
a(k L= 1= TsinrkD) | ©)

lll. WHITE LIGHT INTERFEROMETRIC FIBEROPTIC
STRAIN SENSOR MEASURING PRINCIPLE

A fiberoptic Michelson interferometer operates by a
well-established techniqu&-?* Two beams are reflected and
recombined on a Michelson configuration, shown in Fig. 6.
When the optical-path difference between these two beams
falls to within the coherence length of the light source, a
white light interference fringe pattern is produceste Fig.

7). The central fringe, which is located in the center of the
fringe pattern and has the highest amplitude, corresponds to
the exact optical path of these two beams. This technique can
be utilized as a powerful tool for the measurement of defor-
mations and strains that affect the optical path. In Fig. 6, the
system is comprised of a light-emitting diode, center wave-

LED Sensing arm
light —L1—>

2x2

PD

Detector f— L2 —>|

Reference arm

S
Scanning mirror

FIG. 6. Fiberoptic white light Michelson interferometer.
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measuring principle.

FIG. 7. lllustration of fringe pattern shift corresponding to the fiberoptic
sensor gauge length elongation. _
where Negvaien= N~ 3 N[ (1~ 1) P12~ P11l represents the

) _ ) equivalent refractive index of the fiber core. For silica mate-
length 1300 nm, a fiberoptic coupler for separating and rerjals at wavelengthA =1300nm, the parameters ame
combining the light, two optical arms, and a scanning mirror—1 46, Poisson ratiu=0.25, and photoelastic constants
mounted on a translation stage. The length of the fiberopti¢ .—0.12 andp,,=0.27, taken from Ref. 23. Using these
sensor arm is fixed, and the reference arm made slightlyata, the equivalent index can be calculatednagivajent

shorter than the sensing arm. o ~ =1.19. Therefore, the strain on the optical fiber can be de-
The reflective surfaces in both of the optical fibers guidetermined from

the light back to a detector by way of a coupler. The sensing

arm is embedded in the test specimen. In the unloaded posi- = ds

tion the mirror scans a short distance in front of the reference Nequivalenk

arm. Once the sum of the scanned distance and the length of

the reference arm equals that of the sensing arm, white light/. DEVELOPMENT OF LOCALIZED WHITE LIGHT
fringes similar to those shown in Fig. 7 appear. The zeroINTERFEROMETRIC FIBEROPTIC EXTENSOMETER
order fringe, which is approximately in the center of the i ) , i
fringe pattern and has the highest amplitude, corresponds to _1he fiberoptic extens40meter is based on a Michelson
the exact optical path matching of these two beams. Thi_¥"h't? I|ght.|nterferomete?‘. Its Worklng principle is shpwn
procedure can be repeated for locating the new white lighf? Fig- 8- Light travels along the sensing atm. A fraction
fringe pattern due to straining of the sensing arm. As showrS _reflecteq at tr_le first reflective surface of the sensing gauge;
in Fig. 7, the distance between the zero-order fringe pattern@iS 1S optical signal 1. The path length of the other beam is
for the undeformed and deformed positions gives the amoud€férencing armL, plus the distanceX,, which can be

of optical path change in gauge lendth The procedure of changed by adjusting the_ scanning mirror. The opt|caI.S|gnaI
successive deformations can be measured by way of autom%@fle_cted from the scanning mirror and the sensor’s first re-
tion. The displacement of the mirror is equal to the opticaIﬂeCt'Ve surface are recombined. If the path length of the

path length change of the fiber with the gauge lerigthit referencing variable arm of light is made equal to that of the
can be expressed as sensing arm, then the first white light interference pattern is

generated. The central fringe corresponds to the exact optical
dS=ndL(e)+dn(e)L, (4) path matching of these two arms. Similar to the above pro-
, i , i cess, the sensing beam traverses sensind.aramd through
where c_JS is the displacement of the mirror. The first te_rm the first and second surface of the sensing gaugavhere it
dL(e) in Eq. (4) represents the physical change of opticalig (efiacted, generating a reflective signal 2. This signal re-
flb_er Ieng_th produced by the straln, it is directly related to thecombines with the signal from the scanning mirror and the
axial straine through the expression optical path through the referencing atm plus the half of
dL(e)=Le. (5) coupler loop lengthL/2 and the scanning distancé, as
shown in Fig. 8. Thus, we get the second white light inter-
The second term in E@4), the change in optical path length ference pattern.
due to a change in the refractive index of the fiber core, is  Assuming that the sensing fiber arm and the reference

®

given by fiber arm length aré,; andL,, and the fiberoptic extensom-
134 B eter gauge length i&,, then the first length-equilibrium
dn=3zn"[(1=u)P12~ mpule. ®  equation can be written as
Thus, we have 2Ln=2L,n+2X, )
dS={nLe—3n3(1— u)p1o— mp11]Le} where, X; is the distance between the GRIN lens end of
L3 reference fiber and scanning mirror. Similarly, the second
={n—3zn[(1-w)p1— upiiliLe optical path length-equilibrium equation is
= Nequivalenk € (7) 2L,n+2Lon=2L,n+Ln+2X,. (10)
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Sensing arm Sensor I~ Sensor 2 oo Sensor N

T T T I 1
Coupler loop

LED
driver } (|
GRIN

Photo lens Scanning
detector } — Misror FIG. 9. Multiplexing fiberoptic strain sensing system
Balance arm [ = stepping stage using a fiberoptic coupler loop.

A
A v
S N = PR R T
Using Eq.(10) minus Eq.(9), we have spatial-divisiod®?® multiplexing methods have been de-
(Lo—2L)n=X,—X,;=S. (11) scribed. Here, we will introduce a fiberoptic coupfemul-

tiplexing technique and an improvedxN star coupleft
Here,S=(X,—X;), generally, it is on the order of a tenth of multiplexing scheme, respectively.
a millimeter. Then the response frequency of the system can
be calculated by =V/S, whereV is moving velocity of the  A. Fiberoptic strain sensors in series
scanning mirror. In our experiments, the moving speed is 10
mm/s. This governs the time response of this kind of sensin
system. It takes a long timésay from a few tenths of a
second to several seconder one measurement value. This
is due to the time required to drive the scanning mirror alon
the translation stage back and forth. It is easy to improve th
time response by using high speed translation stage and m N
ing the guantitysyas sr?ortgas [E)ossible. ’ alength, as shown_m Fig. 9. :

If the fiberoptic extensometer is embedded in concrete For the sensing sysftem, we cut and connect a single
and the coupler loop length remains constant, then as the mode optical fiber, forming\ segments. The length of the

matrix deforms, the optical path of the sensing fiber gaugé'ber sensing gauge i1, ---,ly, respectively, as shown
length L, will be varied due to the fiber physical length in Fig. 9. The intensities of optical reflective signals is illus-

extension(or compressionand the change of refractive in- trated by Fig. 10. Assume thdj changes tdl+A.|1’|.2
dex of the fiber core. changes td,+Al,,---,Iy changes tdy+Aly, as distrib-

Thus, the average strain of the optical fiber with theuted stress is applied. Then the distribution of strains is mea-
gauge Iehgth_o can be measured by sured ase; = (Al /11), €= (Al2/15), -+ en=(Aln/In).

For the case of a fiberoptic strain sensor in series, a
%ensing arm is formed by a series of finite length fibers as
strain sensors. The other arm is a measuring arm in which an
ptical fiber coupler loop is used as a balance fiber line for
atching the length of each sensor of the system. The cou-
Ql_er loop length is nearly equal to the fiber strain gauge

_ AL, fds  AS 12 B. Fiberoptic strain sensors in parallel
Lo Mequivatenbo  Nequivatent-o’ Using the principle discussed above, we have designed a
whereAS can be measured by displacement of the scanningistributed strain sensing system, in whicha N fiberoptic
mirror as shown in Fig. 7. star coupler is used @ distributed strain sensors. The sche-

matic of this distributed sensing system is illustrated in Fig.
V. WHITE LIGHT INTERFEROMETRIC MULTIPLEXING 11. One of the two branches of the interferometer is con-
FIBEROPTIC SENSING SYSTEM nected with a XN star coupler, to whictN sensing fiber

segments are attached. The two ends of each fiberoptic seg-

The use of low coherence interferometric multiplexing ant are polished and coated with reflectiity andR, as
techniques for distributed strain or temperature sensing in

advanced composite or other structural elements has been
discussed in several recent articles. For fiberoptic Michelsor lcf;'pslzf +
interferometer systems, multiplexing is a key issue. Scheme:

based on coherence tuniff® time division?’ and

Reflective
signal 1

Reflective

signal 2 Reflective

signal N

GRIN
lens E Scanning

ik

i Sensor N !
T 1 Coupler loop length L
1

mirror

Sensor 1 | Sensor 2 .
1 -
1

Fiber optic segment in series Translation moving direction

FIG. 10. Reflective signals flow illustration of fiberoptic multiplexing ex- FIG. 11. XN star coupler with multiplexing fiberoptic strain sensors in
tensometer sensing part. parallel which is improved by a coupler loop.
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Reflectivity R, Reflectivity R,
]

Yuan, Zhou, and Jin

/élOOmm 7/
Optical signal 2 7
Optical signal 1 Lrinsmutve 100mm
__ optical signal A
P — e 300mm
| Fiber optic gauge Lead in/our
Yr————— x| fiber optic
{ I | cable
FIG. 12. Reflective and transmissive optical signals flow illustration of each . Fiber optic extensometer
fiberoptic sensor. Fiber attached on the concrete
optic FC specimen with epoxy
connector

shown in Fig. 12. Each of thH fiber arms of the XN star

Conventional

coupler function as one strain sensor. The other branch is

extensometer

connected with a coupler loop as a balance measuring arm
and is terminated with a GRIN lens. Perpendicular to the
GRIN lens, a reflective mirror is mounted on a linear posi-
tioning translation stage. It is used for scanning a small dis-
tance which can measure the absolute elongation of eadby epoxy and localized at the center of the part as shown in
sensing fiber length. In Fig. 11, th¢length of arms of the Fig. 13. The compression test results compare well with a
1XN star coupler is equal tolL;=lg +I3,Lo=lp,  conventional extensometer plotted in Fig. 14. In this test, the
+l2,....Ly=lg +In, respectively, asN sensors. Assume epoxy-glued fiberoptic extensometer de-bonded when the
that I, changes tol,;+Al;,l, changes tol,+Al,,... |y  concrete deformation was over 6000 microstrain.

changes toly+ Aly, as distributed stress loads the fiber

sensing gauges. Then the distributed strain is measured

as  e(1)=(Al/1y),e(2)=(Al,/1,),....e(N)= (Al /1),

wherel;(i=1,2,...N) is embedded gauge length of the sens-

ing optical fiber arms. In order to avoid confusion caused by2. Testing result of embedded in specimen

signal overlap in time, the fiberoptic lengths should satisfy

FIG. 13. Concrete specimen for testing.

For an embedded fiberoptic extensometer, a length

il j=12..N, (13 (104.32 mm of straight single-mode fiber with polymer pro-
Negelli = ljlmax<D 1,j=1,2,...N, (14)  tect coating was mounted at the center of steel mold with the
and aid of a thin string which fixed at the center of mold shells
(100X 100 mm) as shown in Fig. 15. FC connector was in-
Neglli = 1l min™> €max(K) 1k 1,7, k=1,2,..N. (19 stalled and polished at the ends of the extensometer pigtail

Here,ny is the effective refractive index of the fiber cof.

is the longest motor stage scanning distance endk) rep-
resents the maximum strain for all of the sensors.

VI. APPLICATION EXAMPLES

fiber cable, in order to lead in the light source and lead out
the reflective optical signals. The compression test results for
the deformation measurement from both fiberoptic exten-
someter and the average of two external conventional exten-
someters are plotted in Fig. 16. The deformation measured

by the fiberoptic extensometer is in agreement with that from

) i L the average of external two traditional extensometers.
The optical fiber extensometer is either structurally em-

bedded during production of a test specimen or attached to
the surface of the test piece by way of adhesives. In order to

A. Concrete strain measurement

. . 600
test the performance of the fiberoptic extensometer system, -
both approaches were tested. Specimen mix proportions by —
weight of the concrete used in this study were g 40 Conventional
1:0.5:1.767:1.593 cement: water:sand:aggregate. Type 400 Tt‘:;im' = extensometer
cement and maximum coarse aggregate size passing 9.5 mm 9 200 1 Fiber optic
and retained on a No. 4 sieve were used. Specimens were 100 |+ & © extensometer
cast in 10x 100X 300 (mm) steel molds. The specimens ._‘f" , ,
were cured in a curing room for about four weeks before 0 2000 4000 6000 8000

testing. Deformation (microstrain)

1. Testing result of attached on specimen surface
. . . FIG. 14. Concrete compression testing results of fiberoptic extensometer
The optical fiber extensometer with length 105.6 MMypich is attached on the specimen surface compared with conventional ex-

was attached to the cleaned surface of the concrete specimensometer.
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Fiber connector 500
. . 4501 —O—y=10497x-419.78
Fiber lead in/out cable String mounted on 5
the mould center E 00y y=10497x - 419.78- B
used for fixing and o 330}
N / loca;tmg the fiber g o | e y=10497x - 41978+ B
! / optic extensometer £ % 300 2Es
o \ o | sensing gauge H E 250 95.4% probability Resoluti
.- esolution :
]
.2 200 .
\ zE &= 2Es 0687
E 150 Sy
Fiber optic extensometer 8 10l For sensing fiber
sensing gauge a length 925 mm
a %95 Lo
FIG. 15. Installation of fiberoptic extensometer at the concrete mold center 0l il : , ;
aided with a thin string. 35 5 55 65 75 85
Temperature (°C
B. Temperature o
. . . . . . FIG. 17. Fi ti t t libration.
If the white light Michelson fiberoptic extensometer is G iberoptic sensor temperature calibration
used as a temperature sensor, the temperdtwan be ex-
pressed a
2Es
AS £= —-=0.687°C). (17)
(T-To)= (16) St

L(Ton(To)[ar+Cy]”

Here, &t and C; are the thermal expansion coefficient and
the refractive index temperature coefficient of the optical fi-C. Dual use for monitoring temperature and
ber, respectively. For the standard commercial communicameasuring CTOD
tion single-mode fiber at wavelengxh:717390 nm the param- The embedded optical fiber sensor can be employed as a
eteris are n=14681, ar=5.5x10/°C, Cy=0.762  {ansducer for measurement of the temperature of fresh con-
xX107°/°. _ crete at early age. The embedded fibers do not degrade dur-
To test the sensor performance, the coupler loop withng cyring and they bond strongly to the matrix. The perma-
reference fiber length. was coiled and maintained in & npenty embedded fiberoptic sensors offer the opportunity to
chamber at the constant temperatufg=38.5-0.1(°C),  mgonjtor the strain or displacements associated with the open-
while the fiber sensor coil was heated in an oven. A thermog,g of the microcracks of the concrete. In this application, a
couple located near the fiber sensor was used to indepegyjipration procedure is developed by which the optical sig-
dently monitor its temperature. As the sensor coil was heatef]y is converted to displacements. The temperature test re-
or cooled,_ the opti.cal path variation was recordeq. The fibegts are compared with a conventional thermocouple. Ex-
sensor coil length is 925 mm and the wavelength is 1300 NMyariments involved embedding the optical fiber in concrete
The displacement of the scanning mirror versus the tempergseams in order to investigate microcrack opening displace-
ture given by the thermocouple over range from 38.5 tOnent characteristics. Specimens were center-edge notched
80 °C is plotted in Fig. 17. The relat|onsh|_p is linear as ex-5n4 the fiberoptic sensor with a gauge lengttvas embed-
pected from Eq.(16). The system resolution strongly de- yeq at the tip of the notch. This arrangement allowed for
pends on the length of sensing fiber. For this experiment, th§irect measurement of displacements associated with the
sensitivity of the system is measured aSr  gpening of microcracks at the crack tip. Experimental results
=10.497 (um/°C) and the one standard of dgwatmn value isy g presented and crack-tip opening displaceni€moD)
calculated a&s=3.605 (um), thus the resolution of the sys- eqits are compared with crack-opening displacements

tem is given by (COD) measured by conventional transducers at the crack
mouth in Ref. 33
0 To examine the feasibility of using the above fiberoptic

sensor system in measuring the temperature in concrete at
early ages, and to calculate concrete maturity by using the

§, 0 __ Conventional temperature data, the 24 h temperature monitoring experi-
§ 100 | extensometer ments have been done after a length 172 mm fiberoptic sen-
- Fiber optic sor embedded in the concrete beam. Near the fiber, a ther-
50 ® extensometer mocouple was embedded and used to independently monitor

o fe , . , its temperature. The testing results of fiberoptic sensor com-

0 50 1000 1500 2000 2500 3000 pared with the thermocouple are shown in Fig. 18. After 24
Deformation (microstrain) h of temperature monitoring the specimens were cured in a

. . , . curing room for about four weeks before fracture mechanics
FIG. 16. Concrete compression testing results by fiberoptic extensometer ™ . . . .
which is embedded in the center of the specimen compared with converi€Sting, then the sSame optical fl_bel’ sensor was used again as
tional extensometer. a CTOD sensor in the three-point bend téfts.
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