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Abstract

Many bridges worldwide are approaching the end of their lifespan and it is necessary to assess their health condition in
order to mitigate risks, prevent disasters, and plan maintenance activities in an optimized manner. Fracture critical
bridges are of particular interest since they have only little or no load path redundancy. Structural health monitoring
(SHM) has recently emerged as a branch of engineering, which aim is to improve the assessment of structural condition.
Distributed optical fiber sensing technology has opened new possibilities in SHM. A distributed deformation sensor
(sensing cable) is sensitive at each point of its length to strain changes and cracks. Such a sensor practically monitors a
one-dimensional strain field and can be installed over all the length of the monitored structural members, thereby
providing with integrity monitoring, i.e. direct detection and characterization (including recognition, localization, and
quantification or rating) of local strain changes generated by damage. Integrity monitoring principles are developed and

presented in this article. A large scale laboratory test and a real on-site application are briefly presented.
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Introduction

Fracture critical members are components in tension
whose failure is expected to result in the collapse of the
bridge or the inability of the bridge to perform its func-
tion.! Fracture critical bridges are those which contain
fracture critical members. Practically, a fracture critical
bridge by design has little or no load path redundancy
with respect to fracture critical members. Thus, the frac-
ture critical bridge is not structurally deficient unless
subjected to damage or deterioration — even a new
bridge can be fracture critical (by design).
Approximately 11% of US bridges are identified as frac-
ture critical,> which corresponds to more than 60,000
bridges. Aging of these bridges and associated damage
and deterioration induced by environmental degrada-
tion, wear, and episodic events like earthquake or
impact, raise concerns about their safety and longevity.

The I35W Minneapolis Bridge was a fracture critical
bridge that collapsed due to design error (bowing of the
gusset plate due to inadequate dimensioning).® It is a
sad example which demonstrates the catastrophic con-
sequences of a failure of a bridge:* loss of 13 lives, while

145 people were injured; unavailability of the river cross-
ing generated economic losses of US$ 400,000 per day
for road-users. In addition, losses for the Minnesota
economy were estimated to US$ 17 million in 2007
and to US$ 43 million in 2008. The cost of rebuilding
the bridge was approximately US$ 234 million.’

In order to decrease the risk of failure and to help
optimize maintenance activities, a modern structure can
be made capable to ‘generate’ and ‘communicate’ infor-
mation concerning the changes in its structural health
condition and potential damage or deterioration, to
responsible operators and decision makers, in-time —
automatically or on-demand, and reliably. To achieve
this, a modern structure should be equipped with a
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Figure 1. Schematic comparison between damage detection
capabilities of short-gauge, long-gauge, and distributed sensors
(schematic representation does not refer to a real case).

‘nervous system’, a ‘brain’ and ‘voice lines’, i.e. with a
structural health monitoring (SHM) system which is
continuously in operation and able to sense parameters
reflecting structural condition. Depending on the level
of sophistication, the monitoring system should be able
to automatically detect damage (level 1), point to the
location of the damage (level 2), quantify or rate the
severity of the damage (level 3), and estimate of residual
lifespan (level 4).° The information about the damage
should be reported to bridge managers, who can act
upon its reception.

Standard monitoring practice is based on the choice
of a reduced number of points that are supposed to be
representative of the structural behavior, and their
instrumentation with discrete sensors, short-gauge or
long-gauge. If short-gauge sensors are used, the moni-
toring will give interesting information on the local
behavior of the construction materials, but might miss
behaviors and degradations that occur at locations that
are not instrumented. Using long-gauge sensors, it
becomes possible to cover a significant volume of a struc-
ture with sensors enabling global monitoring, i.e. any
phenomenon that has an impact on the global structural
behavior is detected and characterized. However, reli-
ability of detection and characterization of damage
that occurs in the locations far from the sensors remains
challenging, since it depends on sophisticated algorithms
whose performance is often decreased due to various
influences that may ‘mask’ the damage, such as high
temperature variations, load changes, outliers, and miss-
ing data in monitoring results.’

Distributed sensing technology offers solutions for
improved and reliable damage detection. The qualita-
tive difference between the monitoring performed using
discrete and distributed sensors is the following: dis-
crete sensors monitor strain or average strain in discrete
points, while the distributed sensors are capable of one-
dimensional (linear) strain field monitoring. Distributed
sensors can be installed along the whole length of
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Figure 2. Schematic representation of a distributed sensor.

structure and in this manner each cross-section of the
structure is practically instrumented. The sensor is sen-
sitive at each point of its length and it provides for
direct damage detection, avoiding the use of sophisti-
cated algorithms. In this manner integrity monitoring
of structure can be reliably performed. A schematic
comparison between damage detection capabilities of
sensors with varying gauge-length and spatial arrange-
ment is given in Figure 1.

Distributed sensing

A distributed sensor (or sensing cable) can be repre-
sented by a single cable which is sensitive at any point
along its length. Hence, one distributed sensor can
replace a large number of discrete sensors. Since the
cable is continuous, it provides for monitoring of a
one-dimensional strain field, i.e. it provides a distribu-
tion of the measured strains along the sensor. Another
advantage is that it only requires a single connection
cable to transmit the information to the reading unit,
instead of a large number of connecting cables required
in the case of wired discrete sensors. Finally, distributed
sensors are less difficult and more economical to install
and operate. A distributed sensor is schematically rep-
resented in Figure 2.

Distributed sensing has been made possible through
recent developments in the domain of fiber optic sensing
technologies. There are three main physical principles
used in distributed sensing: Rayleigh scattering (e.g. Ref.
8), Spontaneous Brillouin scattering (e.g. Ref. 9) and
Stimulated Brillouin scattering (e.g. Ref. 10). Techniques
based on Rayleigh scattering and Spontaneous Brillouin
scattering are limited to short length, while the techniques
based on Stimulated Brillouin scattering allow for moni-
toring of very long structures. For this reason, it is pre-
sented here in more detail.

The active stimulation of Brillouin scattering is
achieved by using two optical light waves. In addition
to the optical pulse, usually called the pump, a continu-
ous wave optical signal, the so-called probe signal, is
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used to probe the Brillouin frequency profile of the fiber.
The interaction leads to a larger scattering efficiency,
resulting in an energy transfer from the pulse to the
probe signal and an amplification of the probe signal.
Brillouin scattering is simultaneously sensitive to both
strain and temperature, and in order to discriminate
the strain it is necessary to perform temperature com-
pensation. For this purpose a separate distributed tem-
perature sensor is installed in a close proximity of the
strain sensor, assuming that both sensors will be sub-
jected to the same temperature variations. The temper-
ature sensor contains the optical fibers that are placed in
an internal tube which accommodates extra lengths of
the fibers. This makes fibers strain free and practically
sensitive only to temperature. The strain is discriminated
from the measurement as a linear combination of strain
sensor measurement and temperature sensor measure-
ment at each point along the sensors, using calibration
coefficients provided by manufacturer. Monitoring sys-
tems based on stimulated Brillouin scattering are less
sensitive to cumulated optical losses that may be gener-
ated in sensing cables due to manufacturing and instal-
lation, and allow for monitoring of exceptionally large
lengths."! For example, in the case of strain monitoring,
a single reading unit with two channels can operate mea-
surement over lengths of 10km, while in the case of
temperature monitoring, lengths of 50km can be
reached. Remote modules can be used to triple the mon-
itoring lengths. Typical performance of the system used
in monitoring of bridges is given in Table 1."

The typical performance given in Table 1 is defined
based on the real application presented later in the
text.'> However, the performance can be modified
depending on the project requirements, since the accu-
racy of measurement, the range of measurands, and the
measurement time per channel are interdependent. The
strain range can be extended from —10,000 pe to +
10,000 we, and temperature range from —40°C to
+85°C (—40°F to +185°F), but as a consequence the

measurement time per channel should increase propor-
tionally to the increase of range of measurands, or the
accuracy of measurements should decrease proportion-
ally to the range of measurands.

The spatial resolution and the spatial sampling inter-
val are measurement parameters that are explained in
the next section. They are usually determined based on
the project requirements and set into the monitoring
system by the user, through the user interface. Since
the stability of the speed of the light in the optical
fibers is very high and the stability of the light source
(laser) as well, the error of the system in defining spatial
resolution and spatial sampling interval is negligible.

When strain sensing is required, the optical fiber
must be bonded to the host material over the whole
length. The transfer of strain is to be complete, with
no losses due to relative motion. Therefore, an excellent
bond between strain optical fiber and the host structure
is to be guaranteed. To allow such a good bond it has
been recommended to integrate the optical fiber within
a tape, similarly to how reinforcing fibers are integrated
in composite materials. To produce such a tape, a glass
fiber reinforced thermoplastic with polyphenylene sul-
fide (PPS) matrix has been selected.'® This material has
excellent mechanical and chemical resistance proper-
ties. Since its production involves heating to high tem-
peratures (in order to melt the matrix of the composite
material) it is necessary for the fiber to withstand this
temperature without damage. In addition, the bond
between the optical fiber coating and the matrix has
to be guaranteed. Polyimide-coated optical fibers fit
these requirements and were therefore selected for this
design. The details of thermoplastic composite tape
with integrated optical fiber are given in Figure 3.

Crack detection with distributed sensor

Although a distributed deformation sensor is sensitive
to strain at every point of its length Lp, it measures at

Table I. Typical performance of the distributed sensing system used for monitoring of bridges

Strain resolution 3 e

Strain accuracy 21 pe
Strain range

Crack detection

—5000 pe to + 10,000 pe
Opening of 0.5 mm over 100 mm (1/50” over 4”)

Temperature accuracy +1°C (£1.8°F)

Temperature range —30°C to +85°C (—22°F to +185°F)
Spatial resolution I'm (3'-3")

Sampling interval 0.1m (4")

Total bridge length equipped with sensors
Measurement time per channel < [0min

Measurement time for whole system

Several kilometers, depends on application

< 2h, depends on the number of channels and the number of reading units




164

Structural Health Monitoring | 1(2)

Optical fibre

/ / I

13.00 g

Thermoplastic tape

Figure 3. Distributed sensor details, units in millimeters (mm).

(a) “smooth” strain change over (b) significant strain change (c) significant strain change over
Lgp, av. strain measurement over L>Lgn/2, detected L<Lgp/2 (crack), “invisible”
within accuracy specifications by av. str. measur. as Ag; p, in av. strain measurement

€X y Ex Ex &I

i,real — —
bbbt dp B S M T_TAEX I )
'8 5 i,m. e
H Ximeasured Xi measured Xi medsured
< Lsp Sl = < Len
B I I I 3 X [ I I > X | I I > X
Xo Xig X X PiXp Xoii Xpg X Xig 1iXg Xoit Xiq X Xigr PiXp
SLg 7S Lgi” Slg 7SLg = SLlg 7<Lg =

Figure 4. Simplified presentation of the principle of distributed sensor measurement.

discrete points that are spaced by a constant value,
called the sampling interval and denoted with Lg;,
and the measured parameter is actually an average
strain measured over a certain length, called the spatial
resolution and denoted with Lgg.'* Coordinates x; of
discrete measurement points (defined by the sampling
interval) are defined as follows: x; = xo + i-Lg,
i=1,2,3,. . . ,n, where x; is the coordinate of the first
point on the sensor and n=integer(Lp/Ls;) —1, unless
X coincide with the beginning of the first interval Lg;,
in which case n=integer(Lp/Ls;). The spatial resolution
can be considered as a gauge length over which the
strain is averaged. Thus, the strain measurement
values are given in discrete points with coordinates Xx;
which are spaced by sampling intervals Lg; Value at
each point x; is actually an average strain obtained by
integration over the length of spatial resolution Lgg.
Both parameters are set by the user depending on proj-
ect requirements, and in order to include entire length
of the sensor in the measurements it is recommended
for sampling interval not to be larger than a half of the
spatial resolution (see Figure 4). These parameters and
the principle of distributed sensor measurement are pre-
sented, in a simplified manner, in Figure 4.

Let the real strain distribution along the sensor with-
out crack be as presented in Figure 4(a). For each point
with coordinate x;, the strain is averaged over the seg-
ment (x-Lgsg/2, x;+ Lsg/2) as presented in Figure 4(a)
(gray area represents equivalent average strain), and the
value of the measurement is attributed to the point x;.
The difference between real and measured strain at
point x; is small (ex; measured™€X;rea1) and depends on
the strain change along the length of the spatial
resolution.

Significant strain changes that occur over lengths
shorter than the spatial resolution (e.g. strain concen-
trations at locations of geometric imperfections, change
in cross-sectional properties, or at locations where a
concentrated load is applied), but not shorter than its
half, are detected and localized, but not accurately mea-
sured, as shown in Figure 4(b) (0<|Aex; | <<|Aex;,.]).

This principle, however, is not valid for abrupt strain
changes or concentrated strains in sensing optical fiber
such as generated by cracks, see Figure 4(c). In these
cases the measurement resulting from a distributed
sensing system can possibly lead to important measure-
ment errors. Even very high strain changes that occur
over lengths shorter than one-half of the spatial
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Figure 5. Main peak of Brillouin frequency generated by strain change in one point of the sensing optical fiber, and both main and
secondary peaks generated in case of crack occurrence (courtesy of Omnisens SA, Switzerland).

resolution are practically ‘invisible’ for the system in
common mode of functioning, as shown in Figure
4(c). In addition, high local strains can lead to physical
rupture of sensing optical fiber.

In order to deal with these issues, two important
improvements are made: (1) advanced algorithms
allowing detection of events that occur over length
shorter than one-half of the spatial resolution and (2)
appropriate sensor design and installation procedures,
allowing for controlled strain redistribution over a
length compatible with algorithm requirements and
sensor mechanical properties, have been developed.
These improvements were tested in laboratory and
on-site, and presented in Ref. 15. They are briefly sum-
marized in this article.

The distributed temperature and strain monitoring
system is based on the change in Brillouin frequency of
the scattered light in optical fiber. For every point of a
distributed sensor, an average Brillouin frequency dia-
gram is created by resolving the integral of amplitudes
for different scanning frequencies over the spatial reso-
lution. An example of an average Brillouin frequency
diagram in a point of sensor, obtained with spatial res-
olution of 1m, is given in Figure 5(a).

If the event that changes Brillouin frequency (strain
or temperature change) occurs over a length which is
shorter than the spatial resolution, but longer than half
of the spatial resolution, this event will be detected and
localized by main peak, but not accurately measured.
However, should the event occur over the length that is
shorter than half of the spatial resolution, but still
longer than a tenth of the spatial resolution, then due
to small integration length this event will not be
detected within the main peak, but will create a second-
ary peak in the Brillouin frequency diagram.'® An
example of a secondary peak created with spatial reso-
lution of 1m, and localized strain of approximately
4000 e applied over 10cm is given in Figure 5(b).

Crack opening is a typical event that may create
localized change in Brillouin frequency, thus the dia-
gram presented in Figure 5(b) actually corresponds to
the crack opening of 0.4 mm that acts over the length of
sensing fiber of 10cm. The secondary peak is not
detected directly, using the same detection scheme as
for the main peak and it is not visible in the diagram
of the main Brillouin trace. It is detected using a special
identification algorithm implemented in software and
presented in diagram in form of spots.'® These spots
will be referred to as ‘crack spots’ in the further text.

Several laboratory tests under controlled conditions
were performed in order to evaluate the performance of
the implemented algorithm. Tests consisted of tension-
ing 10cm of optical fiber for different pre-defined
values using the set-up presented in Figure 6(a). The
tests assumption is that the crack opening does not
involve only one point at the optical fiber, but it
rather redistributes over 10cm length, and creates a
uniform strain along these 10cm. The reason for this
approach is explained later in this Section. Tests con-
firmed excellent performance in terms of detectable
crack opening, which was better than 0.35mm over
10cm, and in terms of reliability — all the simulated
crack openings were successfully detected and localized.
Summary of results is given in Figure 6(b).

Provided that the sensor is continuously bonded to
the structure along its length, a crack in the structure
generates concentrated strain and stress in the sensor at
the crack location. The stress generated by the crack is
very high and there is a risk of breakage. On the other
hand, the crack identification algorithm functions only
if local stress is redistributed over a minimum length of
10 cm.

To solve both issues, it was decided to create a mech-
anism of sensor delamination at the crack location. The
adhesive used is carefully selected in order to allow
delamination of the sensor over a length not shorter
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Figure 7. Delamination testing set-up before crack simulation (a) and during the crack simulation (b).

than 10 cm in the case of a crack opening of 0.5mm or
more. Delamination will help avoid breakage of sensor
by redistribution of the strain over a minimum 10 cm;
in the case of a crack opening of 0.5mm this amounts
to 0.5%, which is within the strength limits of both
components of sensor, composite tape and optical
fiber. Delamination also provides necessary strain
redistribution for correct functioning of the crack iden-
tification algorithm.

The delamination mechanism, selected adhesive and
installation procedures were tested in the laboratory in
order to evaluate their performance. A special set-up
was built. The sensor was glued to metallic supports
that were then exposed to relative translation move-
ment simulating crack opening. The relative translation
movement was ensured by special metallic holders that
forced the metallic supports to slide over straight lines
and prevented all types of rotations. One metallic sup-
port was immobilized while the other was movable.
Translation was imposed by a micrometric screw and
the relative displacement between two metallic supports
was controlled using a dial gauge. The set-up is pre-
sented in Figure 7(a).

The gap, simulating a crack, was opened to 0.5 mm.
Delamination was noticed by characteristic noise, and

verified visually. The initial delamination length was
between 130 and 140 mm, i.e. bigger than tenth of spa-
tial resolution of the system. After initial delamination
was formed, due to strong forces in the testing set-up,
the gap opening slowly increased by 30%, while the
length of delamination increased slowly in time by
50% approximately and stabilized after a few days,
when the shear stresses at adhesive interfaces drops
below the adhesion resistance. The increase of delami-
nation length causes a decrease of the force in the
sensor and consequently a decrease in the shear stresses
at adhesive interfaces, leading to eventual stabilization
of delamination after a few days. Further increase in
the crack opening may cause increase in delamination
length, however this does not decrease performance of
the monitoring system. Should the length of delamina-
tion exceed the half of the spatial resolution, the crack
will be detected not by ‘crack spots’, but by main trace
(see Figure 4, and also large scale test presented later in
the text).

The results of delamination tests proved the delam-
ination mechanism and confirmed good selection of
adhesive and installation procedures. The results of
the delamination test reflect the adhesive behavior in
laboratory conditions and in short-term. The selected
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Figure 8. Schematic representation of integrity monitoring (schematic representation only, does not refer to a real case).

adhesive was proven over several years in the other on-
site applications carried out by authors.'* Although it is
impossible to predict the long-term behavior of adhe-
sive for every bridge site, based on tests and previous
experiences it is reasonable to assume its good perfor-
mance. An example of a delaminated sensor after
removal of protective aluminum tape is given in
Figure 7(b).

It is important to highlight that the redistribution of
the 0.5mm crack opening over the delaminated length
of the sensor creates a localized strain change in the
sensor of several thousands of microstrains, depending
on the true length of delamination (see the difference in
magnitude between the main trace and the crack spots
in Figure 6, gauge factor is approximately 5-10~> GHz/
microstrain or.001 GHz ~ 20 microstrains). This high
localized strain change provides with high reliability
in crack detection, since it cannot be overwhelmed
(‘masked’) by the strain changes induced by usual live
loads and environmental influences (e.g. thermally
induced strain). In a non-impaired structure, the usual
live loads and environmental influences generate signif-
icantly lower strains, and the strain distributions do not
feature localized strain concentrations. The strain
changes due to live loads and environmental influences
that reach the range of thousands of microstrains or
feature localized concentrations are per se the indica-
tors of unusual structural behaviors (e.g. damage or
overloading).

After a series of successful laboratory tests that con-
firmed the capability of the system to detect and local-
ize crack occurrence with opening not smaller than
0.5mm, the system is installed on the bridge and full-
scale crack tests were performed.'” The results of tests
confirmed good performance of the implemented crack
detection method. Detailed description and analysis of
the full-scale tests is presented in a separate journal
paper.'’

In summary, damage that occurs in the form of local
strain changes can be detected using a distributed
sensor either as a change in strain measurement
(change in main trace), if it affects a sensor segment
that is longer than half of the spatial resolution of the
system (see Figure 4(b)), or by ‘crack spots’ if the
damage affects a sensor segment with length between
one-tenth and one-half of the spatial resolution (see
Figure 4(c)).

Integrity monitoring

By term ‘integrity’ we refer to the quality of being
whole and complete, or the state of being unimpaired.
A distributed deformation sensor can be installed over
the whole length of the monitored structural member,
and therefore provide for direct detection and localiza-
tion of local strain changes generated by damage. Thus,
it provides for the integrity monitoring of the instru-
mented locations over entire length of the structure.
The principle of integrity monitoring is schematically
presented in Figure 8.'*

In Figure 8, two distributed sensors are installed
along the length of a bridge, one sensor at the top of
the cross-section and the other at the bottom (dashed
lines). Let us assume that the expected strain distribu-
tion due to some usual load (e.g. dead load) at the time
of installation of sensors is as shown in the figure. This
strain distribution cannot be measured by sensors (since
generated before the sensor installations). Let us
assume that an event (e.g. crack) causes a strain con-
centration in the sensor installed at the bottom of the
cross-section as shown by small circle in the figure. If
the damage is small to cause the change in static system
of the structure, then it will be identified by crack spots
(as shown in the figure) or by very localized strain
change detected by the main trace (as shown in
Figure 4(b)). However, if the damage is big enough to
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Figure 9. (a) Distributed sensor bonded to pipe, (b) plane view of test bed, and (c) results of test with detected damage (indicated
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cause the change in the static system of the structure,
then the strain distribution along the bridge will change
(e.g. as shown by dark gray line in the figure) and dif-
ference between two strain distributions will be mea-
sured by the sensors in addition to event (crack)
detection.

Thus, besides the integrity monitoring, the distrib-
uted sensors can be used for curvature and deformed
shape monitoring. Two parallel distributed sensors
installed parallel to the elastic line of the girder provide
for curvature monitoring,'* and deformed shape can be
then determined by double integration of curvature.
Typical bridge structural members that are candidates
for integrity monitoring are long beams, girders, decks,
and suspension cables. Integrity monitoring can be also
applied to other large structures such as dams, dikes,
tunnels, and pipelines.

Large-scale test on concrete pipe

A large scale test was performed on a pipeline with the
aim to develop a method for implementation of a dis-
tributed fiber-optic system and to provide a reliable
means for real-time, automatic or on-demand, assess-
ment of pipelines subject to earthquake-induced perma-
nent ground displacement. Besides the primary aim, the
test helped evaluate the performance of distributed sen-
sors in close-to-real conditions and their ability to
detect damage. A detailed description of the test

exceeds the scope of this article and can be found in
literature;'® only results relevant to the contents of the
article are presented.

An approximately 13-m long concrete pipe with
outer diameter of 30.48 cm (12inch) consisting of five
segments was buried in the soil and exposed to shear
ground movement. The distributed sensor was bonded
along the pipe. Its position in the cross-section was at
—90° (0° is top of the cross-section). A photograph of
sensors installed onto the pipe is given in Figure 9(a)
and a plan view of the pipe with sensors is shown in
Figure 9(b).

The installation of sensor was challenging for several
reasons: (i) the sensors had to be handled without twist-
ing in order to avoid the damage of the sensor; such a
handling was not easy taking into account large length
of the sensor; (ii) both the surface of the structure and
the sensor had to be cleaned before gluing in order to
provide for good bonding of the sensor to the structure;
this happened to be time consuming especially in dusty
environment of the pipe; (iii) sharp edges at the pipe
joints (see schematic drawing in Figure 9(b)) had to be
bridged with plastic supports in order to avoid concen-
trated optical losses in the sensors; (iv) small bending
radii of the sensor had to be avoided in order to ensure
satisfactory strength of the optical signal and the dura-
bility of the installation.

All these issues were not a real obstacle for imple-
mentation of the system; however, the installation of
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the sensor is identified as a challenge that is to be solved
by proper detailed planning depending on structure’s
shape and material, and the site conditions in general.
Improper installation may cause damage to sensors and
significantly decrease their performance. Similar expe-
rience was gathered from the on-site application on the
bridge presented in the next section.

The test bed consisted of two parts, immobile and
mobile. Relative translation with angle of approxi-
mately 50° between two parts was generated by
means of hydraulic jacks. This relative ground move-
ment of 25.4mm (1 inch) damaged the pipe at the joints
No. 2 and No. 3. The test bed is schematically pre-
sented in Figure 9(b). Measurements were performed
before and after the relative ground movement was
imposed. The results are presented in Figure 9(c).

Two unusual strain changes are observed, high ten-
sion close to joint No. 2 and high compression close to
joint No. 3. These unusual strain changes actually cor-
respond to locations of actual damage on the pipe. The
damage was detected directly by strain measurement
since the affected length of the sensor was longer than
half of the spatial resolution of the monitoring system
(the length of the sensors around bell-and-spigot joint
was approximately 50 cm, while the spatial resolution
of the system was 1m). The results demonstrated the
ability of the system to detect cracks in close-to-real
conditions and in real-time. Although the test was per-
formed on pipe, the distributed sensor would bring the
same performance if applied on bridges.

On-site application on a bridge

Gotadlvbron,' 314 the bridge over the Gota River,

was built in the 1930s and is now more than 70 years
old. Being one of the three communication lines that
connect the two sides of the Gota River, Gotadlvbron is
a bridge of high importance for the city of Gothenburg
(Sweden). The bridge is more than 1000m long and
consists of a concrete slab poured on nine steel

continuous girders supported on more than 50 col-
umns. During the last maintenance work, a number
of cracks were found in steel girders, notably in the
zones above columns where significant negative bend-
ing moments are present. These cracks are conse-
quences of fatigue over the many years of service and
mediocre steel quality. A view of the bridge is presented
in Figure 10.

The bridge is now repaired and the traffic authorities
of the city of Gothenburg (Trafikkontoret) would like
to keep it in service for the next 15 years, but new
cracks due to fatigue can occur again. These new
cracks can lead to the failure of cracked girders,
which may occur suddenly since damage is generated
by fatigue. That was the reason to perform continuous
bridge integrity monitoring.'?

The monitoring system selected for this project must
provide for both crack detection and localization and
for strain monitoring. Since cracks can occur at any
point or in any girder, the monitoring system should
cover the full length of the bridge. These criteria have
led the traffic authorities to choose a truly distributed
fiber-optic monitoring system based on stimulated
Brillouin scattering.

Summarizing, the monitoring aim has been to per-
form long-term integrity monitoring of the bridge. Split
into single tasks, the following specifications of the
monitoring system have been requested:

1. to detect and localize new cracks that may occur due
to fatigue;

2. to detect unusual short-term and long-term strain
changes;

3. to detect cracks and unusual strain changes over the
full length of five girders, in total 5km;

4. to perform one measurement session every 2 h;

5. to perform self-monitoring; that is, to detect mal-
functioning of the monitoring system itself;

6. to allow user-friendly and understandable data
visualization;
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7. to send warning messages automatically to respon-
sible entities;
8. to function properly for 15 years.

The monitoring system was installed and success-
fully tested in 2007-2009. The tests included three site
acceptance tests'>!” followed by 1 year trial period. The
traffic authorities of the city of Gothenburg, the con-
sultant company in the project, and an independent
supervisor company approved the tests and the
system was officially commissioned in 2009. At the
best to authors’ knowledge the system is currently
fully operational.

Conclusions

Distributed sensing technologies have the unique capa-
bility of monitoring one-dimensional strain fields rather
than simple strain in a large number of discrete points.
Consequently, they can be installed over all the length
of the structure and provide for direct damage detec-
tion, localization, and quantification. Besides the high
measurement performance, they require simple connec-
tion to the reading unit, which significantly simplifies
work related to cabling of the system.

A novel method for integrity monitoring of fracture
critical bridges using distributed fiber optic technology
based on Stimulated Brillouin scattering has been devel-
oped and presented. The integrity monitoring method is
based on a crack or local deformation identification
algorithm and a sensor delamination mechanism.

The method was successfully tested in laboratory
and on-site, and implemented in monitoring of
Gotaidlvbron, Gothenburg, Sweden.
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