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Abstract | Structural Health Monitoring (SHM) is a promising and
challenging field of research of the 21st century. Civil structures are the
most precious economic assets of any country, proper monitoring of these
is necessary to prevent any hazardous situation and ensuring safety. Fiber
Bragg Grating (FBG) sensors have emerged as a reliable, in situ, non-
destructive device for monitoring, diagnostics and control in civil struc-
tures. FBG sensors offer several key advantages over other technologies
in the structural sensing field. In this article, recent research and develop-
ment activities in SHM using FBG sensors have been presented. Some of
the strain-temperature discrimination techniques recently proposed by us
have also been discussed. Distributed strain sensing in a concrete bridge

(field trial) using FBG sensors has been presented.

1 Introduction

Civil structures such as buildings, bridges, dams,
tunnels, ports, etc. are the most valuable assets of
a modern society that need long-term functional-
ity under complex conditions, thus their constant
monitoring is pivotal in preventing catastrophe
and ensuring safety. Bridges are the lifelines of a
nation’s infrastructure, and massive investments
are being made in the Highway Sector year after
year. During the last 50 years, a number of Rein-
forced Cement Concrete (RCC) and Pre-stressed
Cement Concrete (PCC) bridges have been built
across the country, and it is estimated that about
25% of them are in some state of distress. Health
monitoring of bridges involves strict periodic
maintenance procedures, regular visual inspec-
tions, and use of conventional sensors, i.e. Electric
Strain Gauges (ESGs). Maintenance is expensive
(especially when not required) while visual inspec-
tions mostly miss out critical problems. ESGs have a
number of limitations: (i) they are prone to getting
detached from the surface, (ii) there are difficul-
ties with embedding into composites and metallic
materials, (ili) many input and output wires are
required for quasi-distributed sensing that may
compromise the strength of the structure, and are

thus susceptible to electromagnetic interference
(EMI), (iv) are not suitable for multiplexing and
long distance applications, and (v) they have lim-
ited life span. Development of fiber optics has led
to a significant growth in the field of sensors as
they offer several advantages. Fiber Optic Sensors
(FOSs) have certain advantages such as their
small size, light weight, immunity to EMI, abil-
ity to work under harsh environment, suitability
for embedding, multiplexing and remote sensing,
which make them perfect alternative to ESGs. If
protected from breakage they can operate without
degradation for decades. Amongst various fiber-
sensing technologies, Fiber Bragg Grating (FBG)
technology, though comparatively new, consti-
tutes 75% of the fiber optical sensors used in
structural health monitoring."? FBGs are generic
sensors that work through creation of strain. Mul-
tiple FBGs can be surface mounted and/or embed-
ded for quasi distributed sensing in structures for
measuring strain, temperature,’ cracks’® and vibra-
tions.® They can specify when and what corrective
action is needed to repair the structure, thereby
avoid large expenditure on unnecessary repair,
and timely warning can save damages. Normally,
conventional type of embedded sensors provide
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static response, thus real time response is obtained
using surface measurements, whereas FBG sen-
sors give real time response even under embed-
ded conditions, i.e. internal state of the material
can be determined. Experiments on FBG sensors
for real time health monitoring of various civil
structures are underway in advanced countries for
atleast last a decade,”'? whereas in Indian context
this technology is still in nascent stage. Practical
implementation of these sensors requires imme-
diate attention and efforts for their indigenous
development. FBGs are intrinsic fiber elements
inscribed in photosensitive fibers where index of
refraction in the fiber core is periodically modu-
lated by illuminating with UV light. If light from
a broadband source is transmitted through such
a fiber, one particular wavelength is scattered by
this periodic refractive index variation and will be
missing from the transmission spectrum. When a
light wave enters a medium with varying refrac-
tive indices, it undergoes minute reflections from
every interface. If all the individual reflections are
in phase, then the medium will strongly reflect
the incident wave. If the reflected waves are not
in phase, the net reflection would be weak. Since
the phase difference between adjacent reflections
is dependent on the wavelength, it implies that the
overall reflection from such a medium would be
strongly wavelength dependent. When the reflec-
tions from all interfaces add constructively, it leads
to the Bragg Condition given by

A,=2n A (Bragg condition),

where A is the pitch of the grating, n . is the effec-
tive refractive index of the core, and A, is the Bragg
wavelength. Therefore, when light from a broad-
band source is launched in FBG, the spectral com-
ponent defined by the above equation is missing
from the transmitted spectrum. The Bragg wave-
length is shifted if the effective refractive index,
or the grating periodicity is changed due to some
perturbation;'*'* in fact both these parameters are
directly influenced by strain and ambient temper-
ature. Figure 1 shows the schematic of FBG with
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Figure 1: The schematic of an FBG with back
reflection taking place at a specific wavelength
(4, = 4,) that satisfies the Bragg condition.

back-reflection taking place at a specific wave-
length (4,).

The change in Bragg wavelength with strain
and temperature is given by the equation

Ay
Ay

where p_is the effective photoelastic coeff, & the
thermo-optic coeff, orthe thermal expansion coeff,
and € is the deformation in micro strains.

FBGs were fabricated by exposing core of a
photosensitive fiber (Fibercore) to intense UV
light from a KrF excimer laser at 248 nm."” To
achieve the FBG with more than 90% reflectivity
7-8 scans were applied. FBG parameter within the
appropriate design was monitored using optical
spectrum analyzer with broadband ASE source.
Figure 2 shows the experimental setup for grat-
ing fabrication. To protect the FBG from external
environment and to provide strength, the stripped
fiber section was re-coated with acrylate. Finally,
for the stabilization of FBGs over long period of
time, thermal annealing at high temperatures
(>150 °C) was carried out.

There are several laboratories in the world that
carry out SHM using FBG sensors."”” The greatest
challenge in designing a SHM system is know-
ing what ‘changes’ to look for and how to identify
them. The characteristics of damage in a particu-
lar structure play a key role in defining the archi-
tecture of the SHM system. The resulting ‘changes’
or damage signature will dictate the type of sen-
sors that are required, which in turn determines
the requirements for the rest of the components
in the system.

There are few other challenges in SHM using
FBG sensors, like strain-temperature discrimi-
nation, proper bonding and mounting on the
surface. Packaging of FBG sensor and their inter-
rogation is also a factor for SHM. In this article,

=(1-p,)Ae+(E+ )AT

Figure 2: FBG and LPG Writing System.
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some of the above issues have been addressed and
presented.

2 Packaging and Lab Study

of FBG Sensors for SHM
Packaging of FBG sensors is an important aspect
owing to its long term usability and handling
issues for SHM. FBG sensors have been packaged
using appropriately designed and precisely fabri-
cated mild steel fixture, which can respond to the
structure perturbations. Figures 3(a) and (b) show
the 3D view of FBG packaging fixture and of fabri-
cated FBG fixture made of mild steel, respectively.

We carried out finite element (FEA) analysis of
the packaging fixture to investigate the perform-
ance on Solid Works Plate form, and the result of
one such study is shown in Figure 4. As depicted
in the figure, maximum strain occurs at the centre
of the fixture when loaded at the centre, the red
portion depicts the maximum stress due to bend-
ing strain.

We fixed the FBG sensor at the middle of the
metallic fixture using glues (CN) and 2-part epoxy
(EA-2A) to ensure proper binding and protection
of sensor from the ambient. Photograph of the
packaged FBG sensor for cementitious mounting/
surface mounting is shown in Figure 5.

O _,‘ Hole Dia 3mm thru X Nos. 4

Figure 3: (a) 3D design (b) photograph of fabri-
cated FBG packaging fixture.

Conventional strain sensors and packaged FBG
sensors in distributed configuration were installed
on the surface of the beam at critical locations.
A RC beam was subjected to loading as shown in
Figure 6, and the responses of FBG sensors were
recorded. A typical strain plot by FBG sensors
installed in the beams is shown in Figure 7. The
trend of the strain variation with the applied load
on beam is compatible with strain observed from
other sensors.
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Figure 4: Result of the FE analysis for FBG

packing fixture.

Figure 5: Photograph of the packaged FBG
sensor for cementitious mounting.

Figure 6: Photograph of RC Beam under test in
the laboratory.
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3 Strain-Temperature Discrimination

Technique for SHM
Cross sensitivity for strain and temperature
measurement in FBG sensors is an important
issue. Accurate measurement of strain and tem-
perature requires elimination of cross sensitivity
effect. FBG sensor is becoming an integral part of
smart structure health monitoring. A consider-
able number of techniques for temperature and
strain discrimination involving FBG sensors has
been proposed and demonstrated,'®* such as
the hybrid FBG/long period fiber grating sensor,
superimposed FBGs sensor, using birefringence
effect in FBG, etc. There is another type of FBG
based sensor that combines FBG with other tech-
niques, such as the FBG cavity sensor,” combined
fluorescence lifetime decay and FBG technique,*®
extrinsic Fabry—Pérot interferometer combined
with chirped in-FBG, using a single-fiber Bragg
grating and an erbium-doped fiber amplifier,” etc.
A simple technique could be the implementation
of a combination of two FBGs of different fiber
diameters. James et al. (1996) proposed a design
by writing grating at the junction of two spliced
fibers of slightly different diameters.”® The spliced
FBGs have different thermal and strain sensitivi-
ties which make the strain—temperature discrimi-
nation model complex.

In the following section, we discuss a single
FBG sensor with two sections having significant
differences in diameters and a simple analytical
model for strain and temperature discrimination
with enhanced strain sensitivity. The model is
based on one variable of function with diameter of
the fiber, and it exploits different strain responses
of the gratings due to large mismatch in diameters
made by partial etching of the FBG in HF solution.
The enhanced strain sensitivity should reduce the
error in strain and temperature discrimination.
The measured strain and temperature obtained

Axial Strain

a wme=

Etched Section

Figure 8: Schematic diagram of the partially
etched FBG sensor under longitudinal strain.

(r;, A,) and (r,, A,) denote radius and area of cross
sections of non-etched grating (FBG-1) and etched
grating (FBG-2) fiber, respectively.

experimentally using our model closely match
the applied values. The sensor also has potential
to discriminate nano-order strain from tempera-
ture depending upon the reduced diameter of the
etched part of the fiber.

The design of the proposed FBG sensor is sche-
matically shown in Figure 8. Bragg wavelength of
the FBG is chosen as 1550.568 nm. A section, one
half of the length of the FBG, is etched in 48%
HF solution to reduce its diameter. The diameter
of the etched part is monitored by etching time
with an etching rate of 3.1 um/min at room tem-
perature. The area of the cross sections of the
non-etched and etched part is denoted by Al and
A2, respectively. It is understood that the strain
response of the grating in the etched part will be
different from that of the non-etched part due to
the difference in diameter in two sections. The
working principle of the proposed sensing scheme
is based on the relation Ag o<1/mr?* between strain
and radius of the FBG.

Therefore, the shift in center wavelengths for
FBG-1 (Section-A,) and FBG-2 (Section-A)) due
to both change in longitudinal strains (Ag) and
temperatures (AT) can be given as®

Ady =k A& + kAT (1)
Ady, =k, A& + kAT (2)

where k_and k are the same for both section of
FBG as it is fabricated on the same fiber, and A7‘m
and AA are the shifts of Bragg wavelengths, A
and 7‘32 for FBG-1 and FBG-2, respectively. Since
the strain varies with the radius of the fiber as
A€ o<1/mr? and r is the radius of the fiber, one can
propose a relation between longitudinal strains in

two sections of the fiber as*
e _4 o
Ag, A

where A (=7tr}) and A (=7tr?) denote area of cross-
sections for non-etched and etched fiber segments
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respectively. Subtracting Eq. (1) from Eq. (2) and
using Eq. (3) we get:

(Adg —Adgy) = kg(l - i]Agl (4)
Ay

Knowing the value of k, Eq. (4) can be used to
determine Ag, for given known diameters of the
fiber in etched and non-etched sections, provided
the shifts AL, and AL, are found experimentally.
The calculated strain value could be substituted in
either Eq. (1) or Eq. (2) to determine the change
in temperature. Thus, the sensor can be used to
measure strain as well as temperature changes.

As the working principle of the design is based
on dependence of strain on area of cross section
of the fiber, in order to validate Eq. (3), we first
present our experimental results on the measure-
ments of strain response of FBG under a suit-
able load while reducing diameter of the fiber
inscribed with Bragg grating. The diameter of
the optical fiber is continuously reduced by etch-
ing in HF solution. Figure 9 presents strain and
Bragg wavelength shifts as a function of radius of
the fiber containing the Bragg grating. The Bragg
wavelength shift is continuously monitored dur-
ing etching of the FBG in 48% HF solution. One
end of the grating is connected to FBG interroga-
tor to record the wavelength shifts, while the other
end of the fiber carrying a suitable mass hangs
inside a plastic tube containing the HF solution.
The plastic tube contains certain amount of glyc-
erin at the bottom of the tube; since HF solution is
lighter, it floats over the glycerin layer in the tube.
The mass hanging from the end of the grating
fiber remains inside the glycerin, and, therefore is
unaffected by the corrosive HF solution. Finally,
etching rate is used to find the respective diameter
during the etching period. We used the same mass
to theoretically calculate strain as a function of
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Figure 9: The variation of Bragg wavelength and
the microstrain with radius of the fiber, showing

that the shift in wavelength is proportional to the
applied microstrain.

radius. The Young’s modulus of the fiber is taken
as Y'=7.18 x 10" N/m? for theoretical strain cal-
culation.” In Figure 9, we note an excellent match
between the two curves showing the variation of
wavelength shift and the microstrain with radius
of the fiber, showing that the shift in wavelength is
proportional to the applied microstrain. In order
to validate the relation Ag o<1/mtr?, we plotted the
area of the cross section with change in strain as
shown in Figure 10; a linear response is observed.
In our experiment, for discrimination of strain
and temperature, the FBG is stretched between two
holders of a strain measuring station. The applied
tension is displayed on a monitor attached to the
station. The two ends of the FBG are connected to
an Optical Spectrum Analyzer, ANDO-6319 and a
light source, respectively. The fiber passes through
an aluminum channel which is heated externally.
A digital thermometer is attached to the Alumi-
num channel, close to the FBG, to read tempera-
ture of the grating. Wavelength shifts for FBG-1
(AM,,) and FBG-2 (AA,)) are noted, with changes
in temperature and strains.

Figure 11 compares measured strains with
the applied strains; Figure 11(a) and 11(b) corre-
spond to A /A, ~ 4 and ~ 17 respectively. The half-
filled circles on dotted straight lines are applied
strains at different temperatures, while the empty
circle point nearest to the half-filled circle point is
the respective measured value of the strain. The
errors in two cases are within £13 and +7ue over
a range of 1700 ue and 1400 e respectively. The
temperature sensitivity is 8 pm/°C, as determined
from the experiment for the FBG; the measured
temperature matches closely with the applied
temperature with maximum error of +1 °C over
60 °C range.
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Figure 10: The variation of change in strain with

area of the cross section of the fiber, to establish
the relation Ag o<1/mr?.
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Figure 11: Comparison between applied and
measured strains by the proposed model. The
half-filled circle points on solid lines are the applied
strains at different temperatures. The empty circle
point nearest to the half-filled circle point is the
respective strain obtained from the model.

4 Field Studies Using FBG Sensors

The girder bridge model was prepared to study
the behavior of the bridge under loading condi-
tions on the Solid Works Plateform, and simulated
for loading at the center of the bridge using finite
element (FEA) analysis. The result of the simula-
tion is shown in Figure 12; the red portion in the
figure depicts the maximum stress due to bending
strain.

A field study was carried out at the girder
bridge near Hapur where conventional and FBG
sensors in distributed configuration (arrays/mats
pattern) were installed (surface mounted). The
schematic layout of the FBG sensors mounted on
the surface of the vertical girder at critical loca-
tions is shown in Figure 13. The responses of FBG
sensors and conventional sensors were recorded
under the bridge loading conditions. A photo-
graph of installed sensors on the bridge and the
response of FBG sensor at one specific location

wdT—
AEea
| ——

L

Figure 14: Photograph of the close view of the
mounted FBG and other conventional sensors.

for different loading under bridge running condi-
tion are shown in Figures 14 and 15 respectively.
The shift in wavelength of FBG sensor at differ-
ent locations due to random loading of the bridge
whenever heavy vehicles pass through the bridges
is shown in Fig. 16.
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- Response of packaged FBG (1548 nm) near the pillar
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Figure 15: Response of FBG sensor for different

loading under bridge running condition.
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Figure 16: Shift in wavelength in the FBG due to

heavy vehicle movement in the specific location.

5 Conclusion

A review of the research and development carried
out at CSIR-CSIO for structural health monitor-
ing using FBG sensors is presented. The technol-
ogy and use behind fabrication, packaging and
installation of FBG sensors in the concrete struc-
tures have been analyzed. Strain-temperature dis-
crimination technique using a single FBG sensor
with two sections of different diameters has been
discussed. Field trials with packaged FBG sensor

in distributed configuration on concrete bridge
have also been demonstrated.
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