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CHALLENGES AND POTENTIAL OF FIBER OPTIC SENSORS FOR
STRUCTURAL HEALTH MONITORING OF BRIDGES: A REVIEW
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ABSTRACT

Structural health monitoring (SHM) has gained significant attention in the field of civil engineering due
to effective maintenance of structures, particularly bridges. However, traditional SHM methods have
limitations in providing accurate and continuous data, which has led researchers to explore new
technologies, one of which is fiber optic sensor (FOS) monitoring. This paper provides a comprehensive
review of the use of FOS in bridge SHM, highlighting the challenges and potential of this technology.

FOS are convenient for SHM due to their high accuracy, immunity to electromagnetic interference, and
capability of working in harsh environments. They are particularly suitable for quasi-distributive and
distributive measurement systems on capital civil engineering structures. FOS can be utilized to measure
various parameters, including deformation, temperature, and strain. In bridge constructions, FOS can be
installed in multiple locations.

Deformation measurements using FOS can provide accurate information on the displacement and
deflection of the bridge, which can help in detecting abnormalities or damages. Temperature
measurements using FOS can detect effects of thermal load on bridges, which can cause significant
damage. Strain measurements using FOS can help describe the stress distribution in the bridge, which
can be used for maintenance purposes.

FOS-based SHM systems can provide real-time and continuous data, which can help in detecting any
potential problems at an early stage and preventing catastrophic failures. The use of FOS in SHM of
bridges has been extensively researched and demonstrated in various studies. However, challenges such
as installation, calibration, and interpretation of the data require further research.

The paper will discuss the potential of FOS-based SHM systems in improving the safety and reliability
of bridge constructions. It will also highlight the challenges related to FOS installation, calibration, and
data interpretation and provide insights into future research directions for developing more robust and
cost-effective FOS-based SHM systems.
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1. INTRODUCTION

Over the past decades, fiber optic sensors (FOS) have been used both experimentally and practically for
measurements on various types of structures (bridges, dams, tunnels, towers and other large scale
structures). They have been most commonly used to monitor the behavior and physical state of structures
over time [1], [5], [17], [18], [20], [22].

FOS have been used for detecting different types of effects as mechanical strain, temperature effects,
occurrence of corrosion, rotation, displacement, acceleration etc.

Their advantage over classical electrical sensors is that they allow long-term monitoring of large scale
structures via an external database that doesn't need to be located at the structure. Some of the most
relevant types of FOS for SHM of bridges will be described.

The most important advantages that all types of FOS have in contrast to typical electrical sensors are:
lightweight (typical optical fiber is about 13 times lighter than a copper wire), small dimensions (outer
diameter of an optical fiber is approximately 250 um), immunity to electromagnetic interference, low
attenuation compared to electrical sensors, immunity to aggressive environments (can be embedded in
materials for long-term measurements), greater bandwidth (multiplexing possible for multimode fiber).

The main advantage of FOS is the ability to perform quasi-distributive and distributive measurements,
allowing the entire fiber to serve as a sensor for long range, high resolution measurements.

2. USE OF FOS IN STRUCTURAL HEALTH MONITORING (SHM) OF BRIDGES

2.1. FOS for measuring strain
FOS for measuring strain on bridges are commonly used for two purposes:

- for monitoring the effective force in prestressing cables used in suspension and cable-stayed
bridges, as well as prestressing tendons in prestressed concrete [1]-[14];[10]

- for monitoring stresses along the girders at different locations in the cross-section of steel and
concrete bridges [22], [23].

The failure of cables can have catastrophic consequences on the structure, therefore the effective force
should be monitored with the available instruments.

Currently, there are three types of FOS sensors that have been used to measure cable forces, which are
the Fiber Bragg grating (FBG) sensors, distributive FOS (DFOS) and interferometric sensors (most
commonly the Fabry-Pérot interferometer (EFPI) and SOFO sensors), [1], [2], [14].

Fiber Bragg Grating sensors for measuring strain in cables (FBG sensors)

Bragg gratings in FBG sensors experience wavelength changes in reflected light signal under both
temperature cahnge and mechanical strain. These sensors are typically used in pairs for the sole purpose
of isolating mechanical strain and temperature change. However, when FBG sensors are used solely for
temperature measurement, they must be isolated from mechanical strain to provide quality data, [10].

The optical fiber’s structure for measuring strain of cables is modified in multiple ways for the purpose
of protecting the fiber from harsh environments and for mounting it on the cables in different ways.
Common modifications are shown in Fig. 1 where it can be seen that the basic structure of the optical
fiber remains intact, and that additional protective layers are added to it. These layers influence the
sensitivity of the sensor, the transmitted effective strain and its design work life.
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Fig. 1. Different type of FBG structure modifications: (a) protection with a polymer coating only, (b) protection
with a localized layer of FRP, (c) protection using a steel tube, [10]

Mounting of FBG sensors for measuring strain in cables

According to the type of modification used in the FBG sensors structure, three types of mounting
methods have been generally used in practice. In the first method FBG sensors are attached to the surface
of the cables using only adhesives Fig. 2(a), [1], [2]. In the second method the FBG sensors are placed
inside the bundle of the cable wires Fig. 2(b), [3]-[6], and in the third method the sensors are clamped
to the cables Fig. 2(c), [7]-[9].

FBG sensor Adhesive Steel wire FBG sensor ﬁ Steel wire

FBG sensor Clamps Steel wire

-

()

Fig. 2. Mounting of FBG sensors on tendons and cables: (a) attached to the surface by adhesives, (b) bundled by
the wires of the tendon, (c) clamped to the cable [10]

Clamping of the sensors to the cable is only suitable when the cable is not located in the duct (stayed
cables and suspenders) because the sensors can slide or un-bond due to friction with the tendon’s duct.

Assessing the force in the cables

Some external effects on the FOS that may result in erroneous measurements need to be monitored, such
as: wavelength shift of the FBG due to coupled temperature and mechanical strain, reduction of strains
in the FBG sensor due to the shear lag effect of the polymer coating Fig. 3, [10].

953



Polymer coating
Glass fiber
Polymer coating ) Polymer coating Polymer coating
Glass fiber Glass fiber
Polymer coating Y Polymer coating 2 «— Deformed
Host cable Host cable Host cable
(a) (b) (©)

Fig. 3. Shear lag in FBG sensors: (a) attached to the surface, (b) bundled by the wires (c) clamped to the cable
[10]

Temperature effects can be isolated by using another FBG sensor that is not exposed to mechanical
stress, or even by using different types of sensors to monitor temperature, such as thermocouples. With
these phenomena in mind, the stress in the cable can be determined from the relationship between the
observed wavelength change in the Bragg grating and its mechanical strain. These FBG sensors can be
used to assess the effective amount of prestress in prestressing tendons [11], [12], as well as for
experimental confirmation of prestress losses predicted by calculations.

Distributed FOS sensors for measuring strain in cables

Two types of measuring technologies have been mostly used, both based on Brillouin scattering, the
Brillouin Optical Time Domain Analysis (BOTDA) and Brillouin Optical Time Domain Reflectometry
(BOTDR). The main difference between these two methods is that BOTDA uses a light wave to
stimulate acoustic waves in the optical fiber (with the goal to scale the intensity of the Brillouin
scattering), and BOTDR does not use light stimulating but relies solely on spontaneous waves. [2]-[10]

Brillouin frequency

Intensity

o

A B Distance along the fiber

Fig. 4. Brillouin frequency (wave length) shift caused by external effects, [10]

Assessing the force in the cables

Since DFOS sensors have the simplest possible structure, it can be foreseen that all of the mounting
methods shown in Fig. 2 can be applied to deploy DFOS on the cables. The first two methods are the
most used, as shown in Fig. 5, since the third method includes a large number of clamps.

Fiber optic cable

Cable Cable packaged by FRP
—_— / —— —

Optical fiber Optical fiber
(a) (b)

Fig. 5. Application of DFOS on cables: (a) Fiber attached to the surface of the cable and (b) fiber bundled by the
wires of the cable, [10]

Unless attachment of the fiber to the cable surface can be done automatically, it is much more convenient
to bundle the optical fiber together with the prestressing strands as shown in Fig. 5 (b).
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Since the DFOS sensors are sensitive to both temperature and strain changes, temperature compensation
is required in real practices. For this cause two methods are generally used: (1) using another sensor that
is isolated from mechanical strains, (2) using two different distributed sensing technologies for
analyzing light scattering — for example coupling Optical Frequency Domain Reflectometry (OFDR)
and BOTDA or BOTDR.

As with FBG sensors, strain transfer effect need to be had in mind with DFOS also. DFOS are often
subjected to highly nonuniform strain fields which is mainly a consequence of the long measurement
length. These sensors have been used for measuring cable forces for prestressed concrete tendons and
bridge cables, [13]. When considering measurement of the bridge cable forces, DFOS were bundled
with steel strands of the cable for the measurement of strain distribution along the cable, [14].

FBG and DFOS sensors for measuring strain in the cross section

The strain distribution in the cross-section needs to be measured at multiple locations for a detailed
cross-section response, but along the dominant moment direction when the number of sensors is limited.

These sensors were used for SHM of a pedestrian bridge constructed at Princeton University in 2009-
2010, [22]. The sensors installed were long-gauge FBG sensors and optical fibers for BOTDA sensing.
In [23], FBG sensors were used for measuring strain distribution in welded joints of steel bridges at the
connection of longitudinal and transversal stiffeners, Fig. 6.
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* 5 Steain measurement point
« s Tempemnre compensainn point

Fig. 6. Measurement points of FBG sensors for measuring strains near welds, [23]

Sensor layout

Proper sensor layout is required to obtain quality data that can be used to confirm theoretical behavior.
In [22], fiber optic sensors were coupled with discrete sensors to compare the results of different
technologies, Fig. 7. The sensors shown in Fig. 7 were placed at the most heavily loaded sections, above
the pier sections, and in the center of the spans. All sensors were attached to the rebar with ties prior to
concreting.

Fig. 7. Position of sensors in the cross-section of pedestrian bridge — Black arrows point to discrete sensors and
grey arrows to distributed sensors, [22]

Conclusions of monitoring

Monitoring the strains in the section of the Princeton University Bridge allowed for high quality SHM
of the structure, as well as for conclusions about the effective stiffness caused by cracking due to
temperature and other loads. It was found that cracking occurred in the deck above the piers as a result
of thermal effects during concrete curing, which reduced the effective stiffness of the section, Fig. 8a.
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Fig. 8. (Left) Strain evolution showing early age, cracking, post tensioning and formwork removal; (Right)
Bridge curvature diagram due to applied dead load, comparing measurements and FEM results, [22]

Curvature measurements at the sensor locations were used to fit a parabolic line and compared to the
FEM curvature diagram. Measurements showed that the stiffness of the joint above the pier was
approximately 30% less stiff than obtained by the original FEM model.

Monitoring the strains in steel plates near the welded joints described in [23] showed high resolution of
data. After data analysis and separation of mechanical and temperature strains, live loads and stress
caused by them could be monitored in real time, Fig. 9.
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Fig. 9. Live-load induced stress time history in 1 h (left) , in 1 minute (right) [23]

2.2. FOS for measuring temperature

Measuring temperature distributions is as important for bridges as it is for any other structure. Because
of the need for continuous temperature measurements on large objects, there has been intensive research
of the use of distributed temperature sensors (DTS) based on Raman scattering. Other types of FOS
researched for measuring temperature are quasi-distributed FBG sensors, and the Fabry-Pérot
interferometric sensor. [15],[16],[19]

Distributed FOS for measuring temperature (DTS)

DTS sensors are mainly based on the principles of Raman light scattering. In contrast to Brillouin
scattering, Raman scattering practically isn’t dependent on mechanical strain. Temperature can be
measured with Raman scattering by determining the ratio of the temperature dependent Anti Stokes
component and temperature independent Stokes component of Raman scattering spectra.

A distributed FOS has also been used to measure temperature based on Brillouin scattering, but in these
cases it is necessary to isolate the fiber from mechanical stress.

Fabrication of DFOS sensors

These sensors have been used in numerous experiments to measure the temperature of the structure
during normal use or during accidental fires. Since DFOS are used, no special treatment of the fiber
structure is required, although they are usually additionally protected with a buffer and a polymer sheath
to increase the longevity of the fiber and to protect it from mechanical damage, abrasion, environmental
exposure and stress as depicted in Fig. 10.
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Fig. 10. DTS structure, (a) fiber appearance ,(b) cross section of the fiber with protective layers, [16]

Dimensions of the fiber layers gave a total outer diameter of 880 um which is roughly 3.5 wider than
the DFOS used for measuring strain (about 250 um).

Measurement of temperature with DFOS

Temperature measuring DFOS shown in Fig. 10 was used in papers [15] and [16] where steel-concrete
composite slabs and beams were exposed to high temperatures from a simulated fire as shown in Fig.
11.
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Fig. 11. (a) Layout of DTS in the concrete plate, (b) Fibers under temperature load [15]

In [15], the temperature measurement was based on the Brillouin frequency shift along the fiber with a
bandwidth of 10.82 GHz to 11.67 GHz corresponding to a temperature range of 20°C to 1100°C. The
DTS measurements were compared with discrete thermocouple (TC) measurements, and the comparison
showed that the separate measurements were almost identical.

Quasi-distributed FOS for measuring temperature based on Bragg gratings

Fabrication of FBG sensors

Conventional FBG sensors, consisting of a core (with written Bragg gratings), cladding, and outer
coating, can withstand temperatures of 300°C to 400°C before annealing. This temperature range is
perfectly adequate for the design temperatures of most structures, but it cannot withstand the
temperatures of fires. In [18], Bruno et al. tested three types of FBG sensors embedded in concrete and
exposed to fire. While a regular FBG sensor annealed at 420°C, a regenerated type of FBG measured
temperatures above 1000°C with high accuracy.

Measurement of temperature with FBG

These sensors have been used on many occasions. In [17], FBG sensors were used to measure
temperature in a scaled tunnel and the measurements were compared with thermocouple results and
predicted values. In [19], FBG sensors were used for road surface monitoring. It was concluded that
temperature played an important role in measured deformation of asphalt layers. In bridges, when
measuring strain in cables or within the cross section, these sensors are often used for temperature
compensation of strain monitoring sensors or for direct temperature measurement, [10].
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The most common resolution of FBG sensors for temperature measurement is 0.1°C with 1% accuracy,
although higher resolution types are available for specialized measurements. In this regard, it appears
that FBGs are more practical for shorter measurements than DTS because they have better resolution
for shorter measurements.

2.3. FOS for detection of corrosion in reinforced concrete

Bridges, as structures, are always exposed to aggressive environments. They are exposed to snow, rain,
chemicals from vehicles, high concentrations of salt poured on the asphalt, and other various types of
chemicals. Different types of fiber optic sensors have been researched for corrosion detection and they
can be classified as discrete corrosion sensing (FBG, LPFG, EFPI) and distributed corrosion sensing
(BOTDR, BOTDA, OFDR), [20], [21].

FBG sensors for detecting corrosion

These sensors have an advantage that measurement can be performed using only one end of the optical
fiber, because the reflected signal is used for demodulation. FBG sensors for detecting corrosion are
classified in three groups according to process that is monitored: FBG sensing chemical reaction of
corrosion, FBG monitoring expansion of steel bar and FBG sensing the expansion of concrete.

Chemical reaction detecting FBG

FBG sensors that detect chemical reactions have been intensely researched in the past two decades. They
either directly sense the chemical reactions around the fiber or monitor the changes in the chemically
altered cladding of the fiber. In the last modification of these sensors cladding is removed from a part
of the fiber and replaced with a layer of polymer and hydrogel that is reactive to -pH values, Fig. 12,
[20]. This protects the fiber and increases its sensitivity. The measurand in this type of sensor is the
strain of the fiber due to the expansion of the corroded reinforcement. This causes strain in the fiber in
the grating, resulting in a wavelength shift of the reflected light.

PDMS « Hydrogel Couted PDMS+Hydrogel Coated
Cladding-etched FBG Cladding-etched FBG

Intensity

l%. :
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Rebar Expansion Reflected light

Rebar Corrosién products strain force

Fig. 12. Sensing principle of FBG corrosion sensor based on a chemical reaction — FBG coated with a layer
of PDMS and Hydrogel, [20]

Steel rebar corrosion detecting FBG

These sensors work on the principle that the formed corrosion products have 2-6 times the volume of
the original non corroded steel. Many types of modifications of this type of sensor have been used and
have been explained in detail in [20]. The measurand of rebar corrosion detection FBG is the strain in
the fiber caused by the expanding rebar located near the sensor or attached to the sensor as shown in
Fig. 13.
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Fig. 13. Sensing principle of FBG corrosion sensor based on sensing steel rebar corrosion — FBG optical
fiber periodically attached to the rebar, [20]
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The sensitivity of this type of FBG sensor is highly dependent on the method and type of installation, as
well as the chemical properties of the steel and surrounding concrete.

Distributed FOS for detecting corrosion

Two widely used distributed fiber optical sensing technologies are BOTDR and BOTDA, which are
based on Brillouin backscattering. The advantage of BOTDR is that measurements can be made using
only one end of the fiber, while BOTDA requires light waves to be injected into the fiber from both
ends. While BOTDR is easier to use, the intensity of the backscattered light is much lower than that of
BOTDA.

BOTDR/BOTDA fiber optic corrosion sensors

Since Brillouin wavelength shift depends on the strain and temperature change in the fiber, measurand
of the fiber in both technologies is the corrosion-induced strain due expanding of the corroded steel or
concrete covering it. This sensor was deployed by Sun et al., [21], to monitor corrosion initiation and
concrete surface cracking in an concrete column using BOTDR demodulation technology (Fig. 14).
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Fig. 14. Brillouin backscattering sensors: (Left) OF wrapped around cylindrical column, (Right) OF encased
grout [21]
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These sensors detect corrosion indirectly by measuring volume expansion. Their spatial resolution
depends on the way they are installed, parallel or wrapped around a steel bar. It is usually about 0.5-1m.
Their sensitivity depends on the chemical properties of the steel and the surrounding concrete, as well
as the thickness of the coating.

3. EXISTING CHALLENGES WITH FOS AND OPPORTUNITIES IN THE FUTURE

Based on the above review, some challenges can be identified from the existing studies on fiber optic
sensors as follows:

- The number of sensors that can be multiplexed in a row is limited by the number of channels of
the interrogator (the device that collects data from the FBG FOS fiber). The use of FBG sensors
requires advanced data processing and analysis, and therefore requires highly skilled engineers.

- Durability of FOS under realistic environmental conditions is unknown. Degradation of sensors
and their mounting packages needs to be considered in harsh environments. Methods for
maintenance and repair of fibers need to be researched.

- More research needs to be conducted with the goal to investigate which type of FOS and what
type of analysis is the best for specific applications of FOS.

- Even though FOS are much easier to use than traditional sensors, their high cost is one of the
main obstacles for use in practice, as well as for research topics.
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