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Abstract

The concept of structural health monitoringshaeen the subject of research over the last few gigaarticularly in civil and structural
engineeing where ageing infrastructure is of major concern. These studies have led to initiatives towards the development and deployment
of new sensing technologies. Owing to the harsh environments found in the construction industry, and the large size of civil engineering
structures, such sensors should be robust, rugged, easy to use and economical. Fiber Bragg grating (FBG) sensors offer a viable such sens
approach with a number of advantages over traditional sensors. These include immunity to electromagnetic interference, light weight, smal
size, multiplexing capabilities, ease of installation and durability. This paper reports some results from a multi-disciplinary research program
on FBG sensors involving the School of Civil and Structural Engineering and the School of Electrical and Electronic Engineering at Nanyang
Technological University in Singapore. Novel FBG strain sensors have been developed and deployed on highway bridges to measure dynam
strain, static strain, and temperature. Results of these studies indicate that, if properly packaged, FBG sensors can survive the severe conditic
associated with the construction environments of civil infrastructure.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction structual behaviour and performance. Anomalies include,
and are often defined as, deterioration and damage resulting

Sccio-economic pressure to install structural health from changes in material properties, geometric properties,
monitoring (SHM) systems on civil infrastructure in boundary conditions, system connectivity and the loading
order to improve safety, and to optimize maintenance environment of the structure.
strategies, is @wing. The demand for SHM systems A typical SHM system comprises an array of sensors,
has largely been driven by deficiencies in structural sensor excitationdrdware, a host computer and communi-
performance arising from ag® phenomena, and the need  cation hardware and software. Sensors play the important
to increase the load-carngncapacity of structures t0 4|6 of providing information about the state of strain, stress
enatl:_)le thelm to coped_thn ineased _Ioadltng {egwnes. BY  and temperature of the structure. Their selection for a par-
continuously or periodically measuring structural reSponse 4, application is governedly application, sensor sensi-
to live loading and environental changes such as stress, .. . . -

. . . tivity, power requirements, robustness and reliability. Most
strain, tenperature, and vibration, and applying relevant SHM tems reported in the literature have f dontr
data analysis procedures, one can detect anomalies in-, . syste S eporte 'e erature have gcuse ,0 a

ditional sensing technologies such as electrical resistance
train sensors, vibrating wirdrain gauges and piezoelectric
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E-mail address: pmoyo@ebe.uct.ac.za (P. Moyo). strong enough for civil engineering applications they often

0141-0296/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.engstruct.2005.04.023


http://www.elsevier.com/locate/engstruct
Administrator
高亮


P. Moyo et al. / Engineering Structures 27 (2005) 1828-1834 1829

require many cables to support them, and for long distancefactors on an FBG are considered, neglecting higher-order
monitoringthese cables suffer from electromagnetic inter- cross-sensitivities, then the amount of Bragg wavelength
ference (EMI). Also only sparse populations of electrical shiftis given by p]

resistance (ER) sensors cae instdled due to costs. In _

recent years there have been a number of research initiatived*8 = Kee + KTAT + KpP 2)
towards thedevelopment and deployment of fiber Bragg where K., Kt and Kp are coefficients of wavelength
grating sensors (FBG) for sensing applications in civil and sensitivity to strain, tempetare and pessure (force per unit
structual engineering I-3. The interest in FBG sensors area) for an FBG given by

as a viable sensing approach for civil infrastructure has 1 B B

been motivated by the advantages they offer over traditional Ke = [1—05Nefi(p12 = v(p11 = p12)) 128 (3)

sensors. FBG sensors anetrmune to electnmagnetidnter- Kr =[1+£&lrs (4)
ference, lightweight, small isize, easy to install, corrosion 1-2v n?
resistant, durable and can be multiplexed. The multiplexing KP = E T E(l = 2v)(2p12+ p11) | 2B ®)

capabilities of FBG sensors mean that many sensors can
be instéled on a structure with minimum wiring. However ~Where p11 and p12 are the components of the fiber optic
these sensors are fragile and their packaging should ensurétrain tensor and is Poisson’s ratio for the fibeg is
that the sensors are robust and rugged enough to withstandhe fiber hermo-optic coefficientg is Young's modulus
the harsh environment found in the construction industry. for the fiber,n is the refractive inde of the fiber. Most

A number of FBG based strain monitoring programs have 0f these properties are known experimentally and remain
been reported in the technical literature. Todil demon- fairly constant for the different fibers. For a common bare
strated the sensing capabilities of FBG sensors by installingFBG, they areK, = 1.15 pmyue, Ky = 11 pny°C and
anumber of sensors on a steel girder in a bridge. Sctijlz[ Kp = —3.0 pnyMPa, respectively, at.55um waveength.
reported the application of long gauge FBG sensors for mon-
itoring civil structures. Tk paformance of FBG sensors
has also been demonstrated in the laboraténg[ Most

of these studies focus on sensing and multiplexing capabil-
ities of FBG sensors. Little attention has been paid to the
packaging of these sensors for application in civil engineer-
ing where onditions are harsh. This paper reports the de-
sign and gperimental evaluation of FBG sensors carried out
at Nanyang Technological University (Singapore), with par-
ticular emphasis on packagin§sensorgor applications in
concrete structures.

3. FBG sensing systems

Installation of bare FBG sensors on components of
civil structures may result in a high rate of sensor failure
owing to thefragile naure of the glass fiber and the harsh
environment of the construction industry. Also handling
problems resulting from the small physical size of the fiber
add to the difficulties associated with attaching bare FBG
sensors to structural components. As noted above, a bare
FBG sensor is sensitive to temature, strain and pressure.
An ideal sensor should be sensitive to only one parameter
2. Principle of FBG sensors and be immune to others. Thus there is a need to develop

techniques for minimizing cross-effects in FBG sensors.

A Bragg grating is a periodic structure fabricated by The elimination of cross-sensitivity may be achieved by
exposing photosensitized fibecore to ultraviolet light measurements at two different wavelengths or two different
(Fig. ). When light from a broadband source interacts optical modes, for which the strain and temperature
with the grating a single walength, known as the Bragg responses are differentl(—13. Fernande/aldivielso
wavelength, is reflected. The Bragvavekength is related to et al. [14] proposed temperature discrimination based on an
the grating period/, and the &ective refractive index of = FBG sensor and thernochromic material where the strain
the fiber by is measured through the variations of the FBG wavelength
i — 24N 1) whi_le the temperature is measured using thg changg in

B eff- optical power reflected by the thermochromic material.
Both the effective refractive index and the grating period However these témiques suffer from system complexity,
vary with changes in strairg, temperéure, T, andpressure limited measurement range and limited multiplexing
P, imposed on the fiber. An applied strain and pressure will capabilities. A simpler way to correct a strain measurement
shift the Bragg wavelength through expansion or contraction for the effect of temperature is using physically separated
of the grating periodicity and through the photoelastic sensrs, where the one for temperature compensation is
effect. Temperature affects the Bragg wavelength throughisolated from the strain field. The following sections
thermal &pansion and contraction of the grating periodicity describe novel strain FBG sensors and temperature FBG
and through thermal dependence of the refractive index.sensrs designed for applicatioin civil and structural
These effects are well understood and, when adequatelyengineering. The important aspect of the design of these
modelled, provide a means for predicting strain, pressure andFBG sensors is their packiag for civil engineering
temperature. If onlytte dominant linear effects of these three applications.
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Fig. 1. FBG fabrgation process.

Fig. 2. FBG temperature sensor.
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Fig. 3. Calibréion of a temperature sensor.

3.1. Temperature sensor

The temperature sensor consists of an FBG sensor,

packaged into a 35 mm long metal tubEid. 2. The

metal tubing protects the FBG from external stress and

increases the temperature dagsrange and sensitivity by
enhancing the FBG dilationlp]. The Bragg wavelength
shift of the FBG terperature sensor is only related to
the chage of ambient temperature. A typical calibration
curve for the temperature sensor is shownFig. 3. The
wavelength—temperature coefficient is 25 pie, with a
sensitivity of Q04 °C, and the accuracy is®°C.
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Fig. 4. Embedded FBG strain sensor.

3.2. FBG strain sensor

The embedded strain sensor consists of an FBG
sandwiched between layers of carbon composite material
(Fig. 4 and is about 50 mm long and 0.5 mm thick.
The accuracy and sensitivity of the sensor are dependent
upon the optical interrogation system. The function of the
optical interrogating system is to detect the wavelength
shift in relation to external grturbation and to deduce the
measurands using Eq2)( The interrogating system used
for strain measurements dedird here had a sensitivity of
1 ue and an accuracy of he. It should be noted that the
strain sensois not immune to temperature variations and
would therefore indicate strain due to thermal expansion.
The sensor described Bection 3.3llows for minimization
of strains related to temperature change.

3.3. Temperature compensated FBG strain sensor

The temperature compensated sensor consists of two
FBGs written in close proximity. One FBG is encased in
a metl tube to form a temperature sensor while the other
is sandwibed in carbon composite as described above. The
assembly of the two sensors is then encased in a specially
designed dumb-bellFig. 5. The sandwiched sensor is
bonded to the dumb-bell using an epoxy glue and the
temperature sensor is left loose. The design of the dumb-
bell is such that the strain sensor is isolated from pressure
effects. This sensor was designed for strain and temperature
measurements in mass concrete.

4. Experimental evaluation of FBG sensors

Embedding the FBG sensors in carbon composite
material or encasing the EBin a metal tbe altes its
sensitivity coefficients making it necessary to calibrate the
sen®rs. To this end experiments were carried out where
the enbedded FBG strain sensors were installed alongside
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Another aim of the experiment was to establish a simple
procedure for installing FBG sensors in concrete structures.
Importantissues considered were: bonding sensors to rebars,
protecting sensors during damy and isolating pressure
effects.

Two 3000 mm long, 300 mm deep and 150 mm
wide doubly reinforced concrete beams were used. (7).

Each beam was instrumented with six FBG strain sensors
alongside ERS gauges on top and bottom rebars and at mid-
spans andjuarter-spans. All FBG sensors survived concrete
pouring and compaction.

The beams were simply supported and first loaded to
the serviceability limit state and then to failure. Test results
show good linearity Fig. 8) between FBG sensor strains and
electrical resistance strains.

Fig. 5. Temperature compensated strain sensor.

4.3. Monitoring the curing process of a concrete beam
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v ESG Two FBG tempeaiture sensors described $ection 3.1
1500 - L 1500 were attached to top and bottom rebars of the 3000 mm,
300 mm deep, 150 mm wide reinforced concrete beam
described inSection 4.2alongside FBG strain sensors. The
process of curing of the beam was monitored over a few
days.Fig. 9 shows the temgrature changes from the FBG
temperature sensors attechto top and bottom rebars
together with air anadoncrete surface temperature changes
(measured using a thermistor) during the curing process. The
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Fig. 6. Tensiletest load—strain curve.

conventional foil strain gauges and then subjected to various
kinds of loads. In addition>g@erimental evaluation sought 4.4. Dynamics tests
to establish simple procedures for installing FBG sensors in

concrete structures. Areinforced concrete beam 5500 mm long, 150 mm deep

and 300 mm wide was used for these vibration experiments
4.1. Tensiletests (Fig. 10). Six strain FBG sensors were installed in the beam.
Minimum protection was provided for a set of three sensors.
Tengle tests were performed on a steel rebar instru- Of these sensors only one was damaged during casting. A
mented with both FBG sensorand etctrical resistance  se of four FBG sensors and four demountable electrical
strain gaiges (ERS) attached to the rebar in close proxim- strain gauges was installea the surfice of the beam. The
ity. Fig. 6 shows the lad-strain curves for both FBG and peam was excited using an instrumented impulse hammer
electrical strain gauges. Clearly there is a linear variation gnd signals acquired by relevant interrogating systems. The
between electrical FBG sensor strains and electrical resis-sampling rags for the sensors were FBG sensors at 17.5 Hz,
tance strains. The correlation between FBG sensor strainsdynamic strain gauges (DSGs) at 100 Hz. The natural

and electrical resistance strains was about 0.99. On thefrequency of the beam was then extracted from the strain
basis of the tensile experiments, the wavelength-strainsjgnals.

coefficient of the embedded FBG strain sensor was found The maximum amp"tude of the dynamic strain recorded

to be 106 pryue (Fig. 6). by DGSs at beam mid-span is 58 microstrains while the
FBG sensor recorded 55 microstraifsg; 11). This slight
4.2, Satic tests on concrete beams difference can be attributetd the low sampling rate used

for FBG sensors. The power spectrum density of all signals
The objective of this experiment was to study the shows very close agement with the maximum power at
performance of FBG sensors in quantifying strains. about 7.9 HzFig. 12).
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Fig. 9. Monitoring conrete curing process.

the strain sensor indicates change in wavelength of the
4.5. Tests on a temperature compensated sensor FBG with increasing compression.

The temperature compensated FBG sensor was placed in
an oven and temperature increased from 22 t6@5The 5. Concluding remarks
wavelength shift was measured every 6 change Fig. 13).
The sensitivities of the strain and temperature sensors were The results of these studies demonstrate that, if properly
found to be 1374 pny°C and11.67 pny°C resgctively. The installed, FBG sensors canrsive the severe conditions
sen®r was embedded in a concrete cylinder and tested inassociated with the construction of concrete structures and
compression.Fig. 14 shows the response to the compression yield accurate measurement$ strains and temperature.
load of the temperature compied sensotClearly, only The potential applications for these FBG sensors include
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Fig. 11. Dynamic strains: (a) dynamic strain signal recoragthe FBG; (b) dynamic strain signal recorded by the DSG.
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Fig. 14. Response of temperature compensatestsenloading: (a) strain sensor response to corsgioe; (b) response of temperature during loasting.

long term structural health monitoring, short term condition

assessment of structures, vibration and seismic response

structues and traffic loading assessment on bridges. The
deployment of these sensdsscurrently limited by lack of
portable, rugged data acquisition systems with low power
consumption.

(20]
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