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Abstract

In many civil structures like bridges, tunnels and dams, the deformétions are the most relevant
parameter to be monitored in both short and long term. Strain monitoring gives only loca
information about the materia behavior and too many such sensors would therefore be
necessary to gain a complete understanding of the structure’ s behavior.

We have found that fiber optic deformation sensors, with measurement bases of the order of
one to afew meters, can give useful information both during the congtruction phases and in
the long term.

This paper presents the measurement principle of such a system as well as examples of
application to the monitoring of concrete bridges, tunnels and dams.

K eywor ds: structural monitoring using fiber optic sensors
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1. Introduction

The security of bridges, tunnels, dams requires periodic monitoring, maintenance and
restoration. Excessive and nonstabilized deformations are often observed and athough they
rarely affect the globa structurd security, they can lead to serviceability deficiencies.

Furthermore, accurate knowledge of the behavior of the structures is becoming more
important as new structures become lighter, as new building techniques are introduced and an
increesing number of exiding bridges are required to reman in service beyond their
theoreticad service life. Monitoring, both in the long and short term, helps to increase the
knowledge of the red behavior of the structure and in the planning of maintenance
intervention.

In the long term, static monitoring requires an accurate and very stable system, able to
relate deformation measurements often spaced over years.

On the other sde, dynamic andysis of bridges, or short term monitoring, require of a
system capable of measuring deformations occurring over relaively short periods of time.

Currently avalable monitoring transducers, such as inductive and mechanica
extensometers, GPS, microbending sensors or accelerometers are only suitable for
peforming measurements in a short range of frequencies. Moreover, some of these
techniques are till in the development stage and are only used in laboratory experiments (for
example, GPS). Other systems do not offer enough information about the desired parameter
(for example, an accderometer gives the frequency of vibration, but displacements
cdculations are not aways accurate).

Thus, there is a red need of a unique system capable of covering structural deformation
requirements in wide range of frequencies.

1.1 Longterm fiber optic monitoring system
In recent past years, fiber optic sensors have gained in importance in the field of structura
monitoring. They are theided choice for many gpplications, being easy to handle, didectric,
immune to EM disturbances and able to accommodate deformations up to afew percents.
The IMAC laboratory at EPFL has developed a norincrementd, long term monitoring
system based on low- coherence interferometry, which has successfully been used in severd
bridges, tunnels, dams and other civil engineering structures.
This system is named SOFO® (the French acronym of “Surveillance d Ouvrages par
Fibres Optiques* or structural monitoring by optica fibers).

1.2 The SOFO system
The functiond principle of the SOFO system is schematized in Figure 1.

The sensor consgts of a par of single-mode fibers ingtdled in the structure to be
monitored. One of the fibers, caled the measurement fiber, isin mechanica contact with the
host dructure, while the other, the reference fiber, is placed loose near the measurement
fiber. All deformations of the structure will then result in a change of the length difference
between these two fibers, while atemperature change will affect both fibersidenticaly.

To make an absolute measurement of this path unbaance, a low-coherence double
Michelson interferometer in tandem configuration isused. The first interferometer is made of
the measurement and reference fibers, while the second is contained in the portable reading
unit. This second interferometer can introduce, by means of a scanning mirror, a well-known
path unbalance between its two arms.
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Because of the reduced coherence of the source (the 1.3 micron radigtion of a LED),
interference fringes are detectable only when the reading interferometer compensates the
length difference between the fibersin the structure to better than afew microns.
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Figure 1: Setup of the SOFO system

If this measurement is repeated at successve times, the evolution of the deformations in the
Sructure can be followed without the need for a continuous monitoring. This means that a
single reading unit can be used to monitor severd fiber pairsin multiple structures.

The signd detected by the photodiode is pre-amplified and demodulated by a band- pass
filter and adigit envelope filter.

The precison and gability obtained by this setup have been quantified in |aboratory and
fidd tests to 2 micron, independently from the sensor length over more than four year. Even
a change in the fiber transmisson properties does not affect the precison, since the
displacement information is encoded in the coherence of the light and not in its intengity.

Fig.2

Figure 2 shows a typicd sensor for length up to 10 m. This sensor is adapted to direct
concrete embedding or surface mounting on exigting structures.  The passve region of the
Sensor is used to connect the sensor to the reading unit and can be up to a few kilometers
long.

The reading unit is portable, waterproof and battery powered, making it ideal for dusty and
humid environments as the ones found in most building Stes. Each measurement takes about
10 seconds and al the results are automaticaly analyzed and stored for further interpretation
by the externd laptop computer.

The measurements can ether be performed manudly, by connecting the different sensors
one after the other, or automatically by means of an optica switch. Since the measurement
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of the length difference between the fibers is absolute, there is no need to maintain a
permanent connection between the reading unit and the sensors. A single unit can therefore
be used to monitor multiple sensors and structures with the desired frequency.

1.3 Data Analysis Algorithms
The data andlyss packages interpret the data stored by the acquisition software in the

database. Some of these packages are generd and can be used with each type of Structure,

while others are amed to a precise structure or structure type. Examples of such tools are:
Displacement evolution analysis: This generd-purpose package extracts the results
concerning a sngle sensor and digplays them as a function of time or load. The data can
than be exported to other software packages, like spreadsheets or other graphica tools
for adequate representation.
Curvature: In beams, dabs, vaults and domes, it is possble to measure the loca
curvature and the position of the neutral axis by measuring the deformations on the tensle
and compressive sides of agiven dement. In many cases, the evolution of the curvature
can give interegting indication on the state of the structure. For example, a beam, which
is localy cracked, will tend to concentrate its curvature at the location of the cracks.
Furthermore, by double integration of the curvature function, it is possble to retrieve the
displacements perpendicular to the fiber direction. Thisis particularly interesting Sncein
many cases the engineers are interested in deformation that are at a right angle to the
natura direction in which the fiber sensors are inddled. For example: in a bridge the
fibers are ingdled horizontaly, but vertica displacement are more interesting. In atunnel
the fibers are placed tangentidly to the vault, but measurement of radiad deformation is
required. In a dam the fibers are ingdled in the plane of the wall but displacements
perpendicular to it have to be measured. Application examples of these data andlysis
techniques will be given in the gpplication section.
Satistics Another software package alows the andysis of deformation data from
Structures undergoing statisticaly reproducible loads (such as traffic).

2. Application examples: long term monitoring

In the next paragraphs, we will present a choice of gpplications of the current SOFO system
for different monitoring purposes in bridge, tunnel and dam maintenance.

2.1 Versoix bridge: interaction between new and old concrete

The North and South Versoix bridges are two pardld twin bridges. Each one supported
two lanes of the Swiss nationd highway A9 between Genevaand Lausanne. The bridges are
classca ones consgting in two pardle pre-stressed concrete beams supporting a 30 cm
concrete deck and two overhangs.

In order to support athird traffic lane and a new emergency lane, the exterior beams were
widened and the overhangs extended. The congruction progressed in two phases: the
interior and the exterior overhang extendgon. The fird one began by the demoalition of the
exigting interna overhang followed by the recongtruction of a larger one. The second phase
conssted to demolish the old externd overhang, to widen the exterior web and to rebuild a
larger overhang supported by metallic beams. Both phases were built by 14 m stages.
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Figure 3: The Versoix bridge during works

Because of the added weight and pre-stressing, aswell asthe differentid shrinkage between
new and old concrete, the bridge bends (both horizontaly and verticaly) and twists during
the congtruction phases. In order to increase the knowledge on the bridge behavior, the
engineer choose low-coherence SOFO sensors to measure the displacements of  the fresh
concrete during the setting phase and to monitor the long term deformations of the bridge.
The bridge was instrumented with more than hundred SOFO sensors.
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Figure 4: The Versoix bridge, Section

Figure 5 shows the concrete deformations measured in one sensor during the first year.
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Figure 5 Deformation measurement of the bridge

All the optica fiber sensors of a same concrete pouring stage indicate a same behavior. On
the graph, four phases are distinguishable: the firgt is the drying shrinkage (phese 1), followed
by a gdahilization phase (phase 2) and findly there is a zone of vaiation (phase 5)
corresponding to the therma eongation of the bridge. Phase 4 is due to the decrease of the
bridge temperature during the month of November 1996. These variations are consstent
with atemperature variation of about 10°C that was actualy observed.
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Figure 6: Horizontal displacement of the bridge

Figure 6 shows the horizonta displacement of the two spans of the bridge as caculated by
the double integration agorithm and for different times ratively to the line Abutment-Pile 2.
The observed 'banana effect is due to the shrinkage of the concrete of the new exterior
overhang. This effect stabilizesto avaue of 5 mm of horizonta lateral displacement after one

month.

Al3 A1l4
Date

2.01

0.00 1
0 ; v ; y
19.029 Q’n:\q 31039 20049 10059 300509

-0.01
N S —
\/ —— A14

-0.02 T
—& A13

Shrinkage [%]

Figure 7: Differential shrinkage between the old and new concrete
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Figure 7 shows an example of the measurement of shrinkage for two sensors, A14 (new
concrete) and A13 (old concrete). All the compared sensors indicated the same behavior:
ovadl the differentid shrinkage is zero, indicating a good coheson between the two
concretes.

During a load test, performed in May1998 after the end of construction works, were al'so
monitored the vertica displacement of the bridge.
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Figure 8: Vertical displacement, case A

Figure 8 shows the measurement with SOFO sensors (Verticd Displacement Calculated)
compared to those obtained with the dia gages (invar wires under the bridge) during the load
test. This case of load test (Case A) conssts in 6 trucks on the second span of the bridge
(position 73 in the graph). The error of the dgorithm is estimated consdering a 5 nm
accuracy of the SOFO system.

The dgorithm (Verticd Displacement Caculated) retrieves within the error uncertainty, the
position of the piles and the vertica displacement measured with the dia gages.
Figure 9 shows the measurements during the load test for the case B. The case B consistsin
6 trucks on the third span of the bridge (podition right, out of the graph).
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Figure 9: Vertical displacement, case B

In this case the possble error is very smdl because the torson is not sgnificant ard the
condition “the plain sections remain plain” for the agorithm is better respected.

The dgorithm with 4th degree polynomid retrieves the postion of the piles and the directly
measured vertica displacement (series 5). Only position 19 of the mechanica gages doesn't
match wdl: this is because this mechanica gage is placed on the side of the bridge, where
torson is more important.

2.2 Luzzonedam
The Luzzone dam is placed in addl vdley in the south of the Swiss Alps.

This 30 years old arc dam is 208 m high, with a crown length of 530 m and produces 1000
million of kWh per year. In order to increase the energy production, the holder company
decided in 1990 to heighten the structure by 17 m. During the heightening, the concrete block
number 24 was instrumented with 10 SOFO sensors and about 200 thermocouples.

Figure 10 shows a photo of the raised Luzzone dam, the location of the 3 considered
SOFO sensors and of the 6 thermocouples. The monitoring of this block alows the engineer
to acquire information on the thermo-mechanica behavior of the dam. The am of the project
isin afirg phase to understand the influence of the nonlinear therma gradients induced during
the hydration process on the dam deformations and in a second phase to sudy the
mechanica behavior of the dam under different environmenta conditions.

Fig. 10

The positions of the six thermocouples (T1 to T6) are shown in Figure 10 b) and ¢). From

the recorded loca temperature evolution, temperature profiles dong the width of the
concrete lift can be obtained. Figure 11 shows temperature profiles a 8 sdlected times. The
highest temperatures in the lift were reached at about 65 hours after pouring. From this time,
the temperature in concrete decreases very dowly in the centra part of the lift for aquite long
period. The large dimensions of the concrete eement can explain this behavior. In this case
the center of the lift is under quasi-adiabatic conditions. At the same time the outer surfaces
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exposed to the surroundings ol down. This Situation induces high temperature gradients
between the center and the outer surfaces of the lift. At very advanced times the entire
element cools down gradualy, the heat produced by the ongoing hydration process of the
cement is much lower than the hest loss through the exposed surfaces (see figure 11 curves
11.5d, 46 d, 73 d). It must be outlined that the temperatures at the right outer surface (x =0
cm) are higher than the temperature on the left surface (x = 700 cm). This is due to the fact
that the right Sde of the lift is exposed to south and is consequently more influenced by solar
radiation.

The prediction of therma gradients in the concrete dam can be caculated with FE
program. A fairly good corrdation between experimental measurements and numericdl
smulationsis generdly found.

SOFO® sensors have been embedded in concrete in order to measure the evolution of the
locd deformations in the lift induced by temperature variations. The postion of the three
sensors is shown in Figure 10 b) and ).
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Figure 11: Measured time dependent temperature distribution

Figure 12 shows the recorded relative therma deformations as function of time. The
therma strain relative to the centra part of the lift (line O.1) increases qute quickly during a
period of about 64 hours. This duration corresponds roughly to the heating up (induced by
the hydration process) of the center of the lift (see Figure 11). From this time onwards, the
centra region of the lift contracts dowly as the temperature decreases.
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Figure 11: Deformations measured with SOFO sensors 0.1, 0.2, 0.3

The same observations can be made in case of the evolution of the thermal strainsin the outer
regions as it is shown in Fgure 11 by lines O.2 and O.3. In both cases, the contraction
occurs suddenly (pesks of the curves) and the decrease is much steeper than in the case of
the center. This sudden drop is directly correlated to the sudden drop of the temperature in
these regions, which is induced by the demaolding of the lift. In this case the low thermaly
conductive wood framework does not reduce the hesat loss through the outer surfaces
anymore. Notice that the peak of the curve O.3 in Figure 12 is shifted with respect to the
peak of the curve O.2, because the denolding of the right side of the lift took place some
hours later than those of the left sSide. The behavior of the observed deformation is clearly
reflected by the measured time-dependent temperature profiles shown in Figure 11.

2.3 TheMt. Terri tunne

SOFO sensors were ingaled in the Mt. Terri tunne to evauate the rock decompression
during excavation with a tunne-boring-mechine. The generd am of the experiment is the
sudy of the rock (opdinus clays) cracking and its loss of impermesbility. This daais
particularly important to evauate the suitability of such rock formations for the storage of
nuclear waste.

Nine sensors were ingaled by grouting in a borehole executed from an exigting tunnel
pardle to the new one. The active length of the sansors was chosen to have a higher data
dengity in the proximity of the new tunnd. The firg four sensors are 250 mm long, the next
two are 500 mm long and the other are 1Im, 2m and 4m long. All the sensors and cabling
could be comfortably ingtdled in the same 100 mm borehole (Figure 13).
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Figure 13: Sensor installation in the Mt. Terri tunnel.

Figure 14 shows the observed drains (given by the measured deformations divided by the
sensor's active length). It can be seen that no significant deformation was measured before
the arrival of the tunnd- boring-machine at the location of the extensometer. After the passing
of the machine, large drains are measured on the first 4-5 sensors, while the other show
much smaler (but ill essly measurable) strains: The large value registered on sensor 453
can be explained with the formation of acrack.
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Figure 14: Strain measurement in the Mt. Terri Tunnel

This application takes advantage of the peculiarities of the SOFO sensors. On one hand, it is
possible to adapt the active length to the phenomenon to be observed. On the other hand,
the high precison and the dynamic range of the sysem dlow the measurement of
deformations over a large spectrum of magnitudes and little apriori knowledge on the
expected deformationsis required. Finaly, the absence of moving partsin the sensors greetly
reduces the risk of sensor mafunctioning in the case of large transverse deformations.
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3. Conclusion

The benefits of structura monitoring are obvious. A continuous or a least regular monitoring
of a dructure increases the knowledge on its behavior and help to guarantee its safety and to
plan for maintenance interventions.

Besides short-gage dtrain sensors that measure directly the loca properties of the
condruction materias, long-gage length deformation sensors can give additiond and
complementary information on the global behavior of the sructure.

The SOFO monitoring system is composed of a portable reading unit (adapted to field
conditions), of series of sensors (that can be either embedded into concrete or surface
mounted on metdlic and other exigting structures) and of a software package (dlowing the
treatment of the large data-flow resulting from these measurements). This system has been
goplied to a large number of new and existing bridges as wel as to other civil Structures in
order to monitor their short and long-term behavior.

The combination of adequate monitoring techniques and numerica smulationsis a powerful
tool that enables the understanding of complex structural phenomena. In this way the design
of more durable structures can be enhanced.
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