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ABSTRACT: In this paper, we present a brief overview on the latest advances on optical fiber sensors and in-
strumentation for structural health monitoring (SHM) applications. Successful, field-proven, installations and

reliability studies that validate the technology are also discussed.

commercially available solutions and equipment

1 INTRODUCTION

Over the last few years, optical fiber sensors have
seen increased acceptance and widespread use for
structural sensing and health monitoring applications
in composites, civil engineering, aerospace, marine,
oil & gas, and smart structures. One of the most
common applications is for strain/stress sensing, but
a variety of other parameters such as temperature,
pressure, magnetic field, voltage, chemical species
and others, can also be measured using them.

A variety of discrete fiber strain sensors based on
Fabry-Perot (FP) cavities and fiber Bragg gratings
(FBGs), as well as distributed techniques based on
Raman or Brillouin scattering methods have been
developed along with pertinent interrogation
electronics and instruments, many of which are
already commercially available.

The technical requirements imposed by many
SHM applications combined with the increased
demand for practical, reliable, field-portable and low
cost equipment to perform on-line measurements,
has led to a new wave of commercial product and a
push for the development of new FOS solutions.

In this paper, we present a brief overview on the
latest advances on optical fiber sensors and
instrumentation for SHM applications. We will
also present information of successful, field-proven,
installations and reliability studies that validate the
technology. Emphasis will be placed in discussing
commercially available solutions and equipment.

2 FIBER OPTIC SENSORS &
INSTRUMENTATION

Optical fibers, because their small size and light-
weight, have the capability to be embedded within
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concrete structures—prior to curing—without af-
fecting its properties and be used as sensitive, but
rugged, transducers to measure the internal state of
stress and act as an effective on-line SHM devices.
Fiber optic sensors (FOS) have attractive features
that make them very suitable and, in some cases, the
only viable sensing solution. Some of the key at-
tributes of fiber sensors are summarized below:

Table 1. Benefits of Fiber Optic Sensors (FOS)
«  Galvanic Isolation
o Intrinsically safe
o Passive: no need for electrical power at sensor end
Possibility of remote, multiplexed operation
Small size and lightweight
Integrated telemetry: fiber itself is data link
Wide bandwidth
« High sensitivity

The basic principle behind FOS for SHM applica-
tions is that light sent through the fiber has its inten-
sity, phase, wavelength or polarization altered by
changes in the mechanical and thermal states of the
surrounding host. Fiber optic strain and tempera-
ture sensors can also be surface-mounted onto con-
crete or steel surfaces and determine parameters of
interest such as stress, strain, elongation, crack onset
and growth, delamination and several others.

Once installed, fiber sensors can provide high-
resolution temperature and strain measurements, de-
tect the onset and growth of cracks, as well as to
monitor creep and thermal stresses. In addition, the
actual location of a fault can be determined by opti-
cal time-domain reflectometry (OTDR) techniques
or by distributed-sensing systems based on Raman
or Brillouin scattering.



2.1 Sensors & packaging

Optical fiber sensor operation and instrumentation
have become well understood and developed.
However, two key areas in need of further
development and commercial maturity are that of
sensor packaging and sensor standardization.

With regard to sensor packaging, there is a need
to develop appropriate protective coatings and
housings for fiber sensors; investigate the
fundamental transfer of strains, stresses, pressure
and temperature from the host specimen or matrix to
the sensing fiber and the associated materials inter-
play; as well as the development of field installation
processes and deployment techniques suitable for
different applications and environments.

With regard to sensor standardization, there is a
need to build consensus across the industry about
the most relevant parameters to be defined for
sensors of a similar type. This in turn will open the
gate for interoperability across different platforms
and will greatly accelerate the rate of growth and
benefit this emerging industry.

However, optical sensors have evolved considera-
bly from their beginning as experimental devices.
Packages are now more sophisticated and are analo-
gous to conventional sensors. For example, LXSix
in Canada produces FBG arrays with polyimide
coatings that bond to surfaces with the same process
as used for resistance foil strain gages. Systems
Planning and Analysis, Inc. (SPA) in the USA has a
similar packaging scheme. SMARTEC in Switzer-
land makes several types of fiber-optic sensors for
embedding in concrete to measure strain. Prime
Optical Fiber Corporation in Taiwan has an elegant
package for FBGs used for temperature sensing.
Similarly, Synet Optics and Pi Optics—both of
China—have also developed novel fiber sensors.
Micron Optics recently released temperature and
strain sensors passing strict reliability criteria.

2.2 Instrumentation

An area that has seen vast improvements and more
commercialization over the last few years is that of
electro-optic interrogators for FOS—mostly geared
for fiber Bragg gratings (FBGs) and Extrinsic Fiber
Fabry-Perot Interferometric sensors (EFFIs). To-
day, there are over a dozen or so vendors that offer a
variety of sensor interrogation systems and associ-
ated signal processing modules for use with FBGs or
EFFIs. Most systems offer anywhere from 1 to 16
input channels, addressable either by wavelength di-
vision multiplexing (WDM) or, alternatively, via
time division multiplexing (TDM). Scanning and
sampling frequencies range from 1 Hz all the way up
to 1 Mhz. To expand the capability for multiple
sensor interrogation, many systems can be used in
conjunction with switch boxes and multiplexors to

scale up the number of addressable sensors from few
tens to several hundred.

Systems readily available today address the needs
of Laboratory and those of heavy-duty rack-mount
Industrial grade environments. New, over the last
year, is the release of commercial grade interrogator
systems of a much smaller footprint that are ideally
suited for field applications that require limited
power consumption, less space, and a “black-box
OEM type configuration. These instrument models
are also finding fast acceptance into smaller budget
field applications where optical sensing did not
compete due to historic higher system costs.

New instruments are addressing growing demand
for FOS in civil structures. IDERS (Canada) for
example, are being sponsored by ISIS Canada to de-
velop an instrument specifically for strain monitor-
ing on bridges. Axsun (USA) made a splash this
year by introducing a portable FOS interrogation
device. Micron Optics, Inc (USA) a recognized
leader in FOS has more interrogators in the field
than all other manufacturers combined. Micron
Optics has released several new products in 2004 to
address the civil engineering demand for more capa-
ble, smaller, and lower cost instruments.

2.3 Installation

A critical aspect of any SHM project—Dbesides hav-
ing good quality and reliable equipment—is the in-
stallation process. Better instruments and sensor
packages have helped make installation easier, but
still about 50% of the cost of most FOS SHM sys-
tems is for installation. The knowledge base around
installation is ever improving. Engineering firms
like SMARTEC and SPA offer complete solutions to
their customers. Chris Baldwin, of SPA in the
USA (Baldwin, 2002) says that, “One of the major
issues to overcome in FOS installations is training
the contractors who are building the structure”. In
a 2002 project while installing FBG sensors in com-
posite bridge pilings, one of the workers tripped a
yellow cable that led to an array of FBG sensors —
ripping it from the structure. The worker asked, ‘Is
that a bad thing?” It turned out SPA had a backup
plan to connect to the embedded array, but it does
point out how a lack of familiarity has been a factor
affecting the rate of adoption of the FOS approach.

Organizations like I1SIS Canada are in existence to
develop and transfer expertise in this field. Their
work is making it easier for contractors to learn the
basics associated with FOS installation and over-
come their potential discomfort with the new tech-
nologies. ISIS” “Short Course on Fundamentals of
Installation of SHM Systems” is one example of
their steadfast efforts to teach practitioners how to
use FOS tools (Mufti, 2004).

In places like China, the pool of knowledge and
expertise is growing very fast and displaying broad



diffusion and acceptance. Organizations such as
the Harbin Institute of Technology (HIT) and the
Chengdu Institute of Science and Technology (ES-
TUC) are emerging as local knowledge bases for in-
tegrating optical sensing systems and SHM.

3 STRUCTURAL HEALTH MONITORING

Since the condition of civil engineering works and
infrastructure around the world is in a state of dete-
rioration—due to aging of its materials, excessive
use, overloading, weathering, lack of maintenance
and proper inspection—it has become increasingly
important in the last few years to determine the
safety of a structure by the non-destructive evalua-
tion (NDE) of its strength and integrity. This as-
sessment is essential for the repair, retrofit, rehabili-
tation, life extension or replacement of the structure
in guestion. Furthermore, it would be very useful to
develop means for the feedback and control of the
state of health of a structure.

Owners must manage and ensure the safety of
their civil structures even as use of many structures
extends well beyond their design lifetime. Tradi-
tionally, most structures rely on strict maintenance
procedures, visual inspections, and very few sensors.
But maintenance is very expensive, visual inspec-
tions can miss critical problems, and conventional
sensors can fail in harsh environments.

When considering monitoring the health of civil
structures, there are really two key issues in the con-
text of this paper:

1) s structural health monitoring (SHM) useful?
2) If so, when is it beneficial to use fiber-optic sen-
sors?

Usefulness of SHM is typically more obvious for
structures that have known problems. Selections of
sensor type and placement are straightforward.
Data analysis can be tailored to investigate a man-
ageable set of hypotheses. But in a new structure,
or in an older one that does not exhibit a particular
problem, it is more difficult to justify the case for
monitoring.

Cost of adding a relatively comprehensive
monitoring system to a new structure can add ¥ to
1% to the total construction cost. This cost would
include the system hardware (instrumentation,
sensors, cables, etc.) and installation into the
structure. It does not include, however, the costs
associated with data analysis.

Sensing systems are very efficient in generating
mountains of data. What to do with the data how-
ever is a tough challenge. Typically engineers start
with a mathematical model of the structure. This
provides a baseline of comparison for the measured
data and forms the guide for sensor placement on the
structure. To date most data analyses have been
performed by universities and research centers.

Few mainstream civil engineering organizations
(e.g., local departments of transportation) are well
equipped, trained or funded to perform this type of
analysis.

What is it worth to have the model, the data, and
the answers? It’s difficult to assign a monetary
value for these endeavors. Certainly, if one avoids
a catastrophic failure, the payback is clear (Zhou,
2003). However other justifications are less tangi-
ble. For example, if more is learned about per-
formance of a certain type of bridge over years or
decades, then perhaps some design limits (i.e., costs)
may be relaxed or useful-life standards increased.
These have real value, but the payback is separated
from the investment by generations. How does the
local DOT (department of transportation) get the
funding now? As a result most of today’s monitor-
ing projects do tend to have a specific, rather short-
term objective and are justified on that basis. Ex-
amples that follow will illustrate this point. But
first, why are so many choosing fiber-optic sensors
for SHM projects?

Nevertheless, the data provided by sensors can ul-
timately be used to provide “real-time” information
on the state of a specific concrete element or struc-
ture by means of a built-in damage detection and
evaluation system based on a grid of optical fiber
sensors embedded within the structure during its
construction. Having such capability renders the
structure or building more “intelligent” and leads
into the so-called smart structures, whereby a certain
degree of self-inspection and control is provided
thanks to the use of sensors and actuators in a
closed-loop fashion.

4 FIELD INSTALLATIONS & APPLICATIONS

The fundamental applications envisioned for FOS
within the field of civil engineering can be grouped
into three main areas, namely:

« Structural monitoring and damage evaluation

« Experimental stress analysis

. Management and control of systems and ser-

vice installations

The first group explores the incorporation of sin-
gle- and multi-mode fiber sensors within structural
concrete elements such as beams, columns, arches,
slabs and others, so that stress, strain, flexure, bend-
ing, curing, cracks and creep in concrete can he
measured individually, as well as the deflection and
bending of structures as a whole.  Table 1 below,
summarizes specific applications in this area.

In the field of experimental stress analysis, fibers
would make sensitive and versatile sensors for the
measurement of mechanical characteristics of struc-
tural members in experimental studies. This might
be particularly useful with structures and members
having complex shapes for which analytical solu-



tions can be difficult to obtain. An answer can be
obtained by measuring experimentally the state of
stress in a model.

Furthermore, embedded fiber optic strain sensors
would enable structural engineers to compare be-
tween measured and designed values of stress, bend-
ing moments and deflection.

From this information more accurate design fac-
tors can be determined which would make structures
safer and more economical to build.

The third set of applications considers that build-
ing services and installations (such as heating, air
conditioning, lighting, electricity distribution and
consumption, security, fire alarms, etc.) can be oper-
ated more efficiently and economically using fiber
optic sensors that monitor and measure the state of
affairs of pertinent parameters. For instance, reading
of the pressure, flow and temperature of water pipes
could be used to regulate the temperature and distri-
bution of running water by controlling valves,
pumps and boilers as required. Similarly, the tem-
perature in rooms, hallways and offices could be
monitored and controlled automatically. Electric
currents could be controlled and regulated according
to demand. Fibers coated with special heat-sensitive
coatings could be used as distributed heat sensors
for use in fire alarm systems. And the list goes on.
In this fashion, integration of all the information
supplied by a network of fiber and regular sensors
into a single processing center within the same facil-
ity would result in a “smart building”

Table 2. Applications of fiber optic sensors for SHM

Bridges:
«  Sressnonitaing o long goens (>1km) with hundreds of sersars
« Tradding behavior in high stress conditions (earthoueke, heavy trffic, Highwind)
o  Longtemsiress&vitrationmornitaing
«  Brbedded sensorsin conorete bearrs and plings
«  Brbedded/aurface sersors on catles for ugpension strudiures
o Sufacemounted sensars onsted conponentsin eqersionjaints
o Sransedingongted grrders
Dars:
o Sress&vibraionnonitaing
«  Foding setflement
o Tenperature nornitaing duing auing
Tunnds:
«  Moitaingdf srainsand stresses
o Qackdetedion and moritaring
o Seflements

Resenvoirs:
« Predseresavar water level nornitaing for demflovoontrd
« Rverled andflovmonitaing farinproved flood corird
Hillsides:
o Moitaing of gradiel shift in sail and rock
o Detedtion and predidiion of possible lancHlides

4.1 Case examples & field installations

One intent of this paper is to present several exam-
ples of the practice of SHM using fiber-optic sen-
sors. Each example helps illustrate the motivations
behind the project and the benefits of using fiber op-
tic sensors.

4.2 Monitoring of High Performance Bridges

The East 12" Street Bridge crosses Interstate High-
way 1-235 in Des Moines, lowa, USA (Figure 2).
Although its appearance is similar to other highway
bridges in North America, it is actually quite special.
It is constructed using high-performance steel (HPS)
girders and is the first use of HPS in the State of
lowa (Doorminck, 2004).

The Bridge Engineering Center at lowa State
University has been working with the lowa DOT to
improve methods of managing bridge infrastructures.
Specifically, the Bridge Engineering Center is de-
veloping and utilizing short-term and long-term
SHM systems to measure bridge behavior. Thus,
quantitative information is being used to evaluate
bridge performance, rather than just using more
qualitative information typically provided from
bridge inspections. Typical examples of short-term
health monitoring include load tests performed to
load rate an aging or deteriorated structure, or to
study a complex phenomenon in a structure that re-
quires advanced, atypical analyses. For this type of
testing, the Bridge Engineering Center uses acquisi-
tion systems that utilize conventional electric strain
gage technology, and the measured performance
data is used to calibrate analytical models that are
developed for each test. Cost of this type of test
ranges from $2,000 to $10,000, depending on the
bridge size, type, and location, as well as the degree
of investigation and desired product. After each
short-term test, the sensors are removed and em-
ployed for the next test. These sensors are not well
suited for outdoor environments, they drift over time,
and electromagnetic interference can be a problem.

The East 12 Street project represents the dawn of
a new approach. In early 2004, the lowa DOT
completed construction the bridge through the Fed-
eral Highway Administration’s (FHWA) Innovative
Bridge Research and Construction (IBRC) program.
When compared with conventional steels, HPS has
improved weldability, weathering capabilities, and
fracture toughness.

The main objectives of the monitoring and
evaluation portion of the HPS Bridge include:

e Continuously evaluate local and global bridge struc-
tural performance

e  Monitor the bridge over time to develop a baseline re-
cord for identifying structural performance changes

e Conduct a detailed fatigue evaluation

By using the SHM system to continuously moni-

tor bridge behavior, at any point in time, the overall
condition of the bridge can be evaluated.
The HPS Bridge SHM system consists of compo-
nents developed from several different manufactur-
ers. When possible, standard off-the-shelf compo-
nents were utilized to maintain minimum cost for the
system. The primary components of the SHM sys-
tem are as follows:



e  Sensing equipment: Micron Optics si425-500 Interrogator

e  Strain sensors: 30 FBG sensors

e Video equipment, networking components, and three
computers for web service, data collection and data stor-
age

Figure 1. East 12"" Street Bridge as seen from the SHM site camera

The SHM system collects strain information at
critical bridge locations, uploads the strain data to
the internet where it can be viewed from anywhere
in the world in real time, and automatically transfers
the data to the Bridge Engineering Center at lowa
State University for analysis. Typical data is pre-
sented in Figure 2.
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Figure 2. Typical strain data — bottom flange of girder

Due to some delays in getting materials, the
bridge was open to traffic for about 45 days before
the SHM system was installed. The team was able
to install 28 of 30 of the first set of sensors without
problems; the remaining two sensors were damaged
during installation and were in need of replacement.

However, ten more sensors were later installed
with no problems. To investigate the performance of

the optical sensors, the Bridge Engineering Center
team performed independent short-term tests to ver-
ify that the optical sensors were accurate relative to
their conventional sensors.

From experience with SHM, the Bridge Engineer-
ing Center team encourages sensor manufacturers to
have supporting information available that not only
provides proven sensor performance, but also infor-
mation to make installation easier (e.g., recom-
mended epoxy for attaching the sensor to various
material types). In addition, instrumentation pro-
viders need to continue to reduce the cost of their
sensor interrogation systems.

The success of the project thus far clearly identi-
fies applications for FOS and represents a significant
advancement in the field of SHM.

4.3 Soil Movement Monitoring

Understanding of the soil characteristics and land
movements under support columns, footings, pier
anchors, structural foundations and several others is
of importance to ensure the safety and longevity of
the structures they help support.

An illustrative example of land movement moni-
toring applications is the research work being con-
ducted by AVP-Optical Sensing Business Unit and
Prime Optical Fiber Corp. in China. Jointly, they
have developed a long-gauge bending deformation
sensor that employs a discrete array of FBG sensors.
Figure 3 is a photo of the basic sensing element.
These bending sensor elements can form arrays by
attaching them to support tubes and discrete dis-
tances as depicted in Fig. 4. In this fashion, it is
possible to measure deformation in a quasi-
distributed fashion over several 10s of meters.

v,

&

EORC RO

Figure 3. Aspect of POFC’s FBG bending sensor
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Figure 4. 2m-long bending sensor array

One ideal application for such bending sensor is
the monitoring of soil deformation and shifting un-
der a bridge pillar. This project was conducted in
China in 2004 and monitors de land movement at
depth of 4mts. Tubular sensors were rammed into



the soil at an appropriate depth. The sensor array is
encased in a steel pipe provided with anchoring
wings (Fig. 5a).

The FBG sensors inside the pipe were interro-
gated via a Micron Optics’ si425-500 sensor scan-
ner. Data was stored offline and processed to ar-
rive at the quantitative values of deformation and a
graphical representation of the soil deformation pro-
file.

Figure 5. a) 4m-long FBG deformation sensor array inside
pipe. b) Deformation sensor installed bridge footing.

5 CONCLUSIONS

A common aspect of many SHM applications is the
reliance on fiber optic sensors to perform measure-
ments in ways that were not possible with other
technologies. In general, sensors, interrogation in-
struments, and installation methods are improving,
but need to continue to improve for widespread,
mainstream adoption. The numbers of both FOS
gear manufacturers and FOS systems integrators are
increasing as the SHM market emerges. Clearly,
the degree of success with high visibility projects,
like those in this paper, will continue to accelerate
the pace of the growth of market acceptance for fi-
ber-optic solutions in civil structures.
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