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Abstract To deploy an accurate safety-relevant structural health monitoring, one
must assure the utmost care and in-depth knowledge of the monitored structure, which
may present challenges such as the reliability to detect unexpected anomalies due to
the failure of a component, the correct setting of thresholds and triggers to discern
changes due to environmental conditions from critical events, and the high expense
in terms of hardware and personnel availability. The fibre optic (FO) technology
can provide integrated sensing along with extensive measurements lengths with high
sensitivity, durability, and stability, which makes them ideal for SHM of concrete
structures. Therefore, an SHM system using quasi-distributed FO FBG sensors is
proposed to continuously monitor the strain changes of a 57 m long prestressed
concrete bridge due to traffic loads and environmental changes. A total of 89 long-
gauge strain sensors were installed to monitor the strain distribution in two lines
along the complete length and five arrays in the shear direction. Additionally, 2
FO acceleration sensors and 94 FO FBG temperature sensors were installed for
correct and precise temperature compensation of the strain sensors and to correctly
detect the strain changes due to temperature variation on the bridge. In this work,
the installation processes of the FO sensors and the operational hardware is shown.
Furthermore, initial measurement values are presented to demonstrate the potential
of FO to provide a reliable SHM system to monitor large concrete structures.
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1 Introduction

1.1 Overview

The early detection of cracks in concrete structures is a common practice within
building inspection procedures, as it can be a good indicator for necessary mainte-
nance or reinforcement measures of damaged structures. Likewise, documenting any
progress of existing cracks is essential to differentiate between static and dynamic
damage states, and thus to enable the assessment of the cracks relevance concerning
durability and stability; therefore, existing and new cracks and their lengths are
recorded during periodic building inspections.

The interval of such on-site inspections is usually every six years, but it can
vary between different standards and according to the current structure condition.
Although this has worked well in the past, every year the traffic load increases on old
bridges that have been reaching its lifespan or which are known not to meet today’s
demands both on the load capacity and in terms of the construction method and the
materials used [1].

Under these circumstances, significant damage can go unnoticed between inspec-
tions, with an increasing probability every year. Also, the periodic inspection depicts
the state of the building only at the time of inspection and is influenced by the
inspector’s subjectivity [9]; hence, particularly high loads in the period between,
e.g. from heavy traffic events or temperature, are not taken into account unless this
has already caused visible damage. Periodic inspections alone are insufficient for
maintaining the health of structures and assuring the users’ safety [2].

Structural health monitoring (SHM) offers a way to supplement regular building
inspections [10]. For this purpose, sensors are installed at suitable locations on the
building, which continuously record, save and transmit information about the struc-
ture’s behaviour. Ideally, this data is automatically evaluated, and an alarm is triggered
when specified limit values are exceeded. However, this often proves to be difficult in
practice, since the real structural behaviour, particularly in the case of load redistribu-
tion and crack formation, deviates from the underlying idealised model, and therefore
cannot be evaluated solely by software. Thus, limit values are often set based on the
usual fluctuation range of the measured parameters based on the previous continuous
monitoring, and the measurement data is interpreted manually.

The selection of suitable sensors takes place in the balance between spatial reso-
lution, number of sensors and sensitivity. For example, the natural frequencies of
a building can be determined with just a few vibration velocity sensors, and global
changes in load behaviour can be inferred from this; however, damage to the structure
must already be considerable. In contrast, strain gauges, e.g., offer the possibility of
detecting the smallest changes in crack widths or local strains; however, an extraor-
dinarily large number of sensors would be necessary to be able to monitor the entire
structure.

Although the current approaches of SHM systems using traditional single-
point sensors—such as electric strain sensors, accelerometers, and GPS-based



Deployment of a High Sensor-Count SHM ... 185

sensors—have appropriate measurement precision for SHM purposes [8], they present
challenges when deployed in real scale applications [6], given the limited number
of possible points to assess the structural behaviour and the harsh environmental
conditions during operation [4]. When it comes to reinforced concrete structures,
the development of health monitoring and damage identification presents further
challenges, since this type of structure is affected by a variety of chemical, phys-
ical and mechanical degradation processes, and has a heterogeneous composition
and nonlinear behaviour [8]. On the other hand, the fibre optic (FO) technology can
provide integrated sensing along with extensive measurements lengths with high
sensitivity, durability, and stability, which makes them ideal for SHM of concrete
structures [7].

The Fibre Bragg Grates (FBG) based FO sensors, for instance, offer new
approaches, in particular for the detection of new cracks, since it enables high-
resolution (~1 pm) strain monitoring over discrete segments. Within these segments,
crack openings, e.g., can be detected without the previous knowledge of their
locations.

Many researches have already been done on the topic of crack detection in
concrete, but the application on real structures is still missing. This project aims
to investigate the possibilities and limits of fibre-optic building monitoring, espe-
cially concerning the detection of cracks. Therefore, an SHM system using quasi-
distributed FO FBG sensors is proposed to continuously monitor the strain changes
of a 57 m long prestressed concrete bridge due to traffic loads and environmental
changes. In this work, the installation processes of the FO sensors and the opera-
tional hardware is shown. Furthermore, initial measurement values are presented to
demonstrate the potential of FO to provide a reliable SHM system to monitor large
concrete structures.

1.2 FBG Sensing Technology

An FBG sensor is a microstructure with 5 to 10 mm in length [11] and consists
of a series of evenly spaced etchings at a tuneable distance A from each other,
written using a UV laser in the core of a standard telecom FO [5]. When the light
passes through the FO, a portion of the light is reflected at each etching, where
the spacing of the etchings causes the reflected light to have a different phase for
most wavelengths; thus, destructive interference causes the individual reflections to
cancel each other out. However, the wavelength harmonic to the etching spacing will
be reflected in phase and experience constructive interference. Hence, the reflected
spectrum hp (or Bragg wavelength) will contain essentially one wavelength, which
can be directly related to the etching spacing [3], as illustrated in Fig. 1. If the FO
is subjected to external loads, e.g., strain or temperature variation, the fibre’s length
and consequently the spacing between the gratings will change, causing a shift in the
Bragg wavelength. With the proper calibration, the external load can be quantified
from the Bragg wavelength shift.
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Fig.1 Measurement principle of the FBG sensor [13]

The long-gauge FBG sensors (LGFBG), also known as quasi-distributed FO
sensors, are characterised by their in-lie multiplexing feature, wherewith a series
of individual sensors can be connected and measured in a single fibre-array using
techniques such as wavelength-division multiplexing (WDM). When combined with
the long-gauge attribute, the integral length of a structure can be monitored with
a distributed, yet discrete, array of sensors; thus the name “quasi-distributed”. The
discretisation resolution, i.e. the smallest distance wherein changes can be measured,
is determined by the gauge’s length of the sensors, ranging from millimetres up to
10 m long [12].

More details about FBG sensors and their application can be found in [10].

2 SHM System

2.1 Monitored Structure Characterisation

The monitored structure is a prestressed hollow-core concrete bridge built in 1964.
The design load class is 60/30, according to DIN 1072. With a width of 11.08 m, it
has three continuously spans with a total length of 57.00 m (17.00-23.00-17.00 m)
without coupling joints (Figs. 2 and 3). The two centre columns are designed as
individual supports with pot bearing. On the southern abutment, the superstructure
is supported by two linear rocker bearings, and on the northern abutment, by two
roller bearings.

Like most of the prestressed concrete structures designed until the’70s in Germany,
the bridge was built with prestressing steel types St 145/60 Sigma, KA 141/40
and KA35/10, which are known for their high vulnerability to corrosion-induced
cracking.
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Fig. 3 Bridge’s cross-section (dimensions in centimetre)

In addition to the high increase in traffic loads compared to the year of construction
in 1964, and the corrosion-induced cracking risk, other critical problems may arise
due to construction methods and the design standards adopted back then. Construc-
tion failures can already appear during construction caused by misplacement of the
hollow-core bodies, and difficulties in compacting the surrounding concrete. From
the structural point-of-view, the hollow-core bodies prevent two-axis load transfer
and thus in the redistribution of forces in the transversal direction. Likewise, shear
forces and temperature loads were not taken into account to the extent that it is
considered necessary from today’s standards at the time the building was planned.
Finally, the hollow-core cannot be examined as part of the building inspection, which
means that any damage inside them may not be early detected.

2.2 Monitoring System

A fibre-optic monitoring system based on long-gauge FBG (LGFBG) sensors were
installed to continuously monitor strain and temperature changes, and vibration of
the bridge superstructure.

The strain monitoring consists of two parallel measuring lines, each with 27
LGFBG sensors along the complete longitudinal direction, and five measuring lines
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in the shear direction, with seven LGFBG sensors each. For every LGFBG strain
sensor, an embedded temperature sensor is present for temperature compensation on
the FO. Besides, the concrete temperature is monitored at five different points in the
middle bridge field, and the acceleration is measured at 2 locations. The sensors were
divided into eight quasi-distributed arrays equipped with redundancy connection
fibres, which enable measurements to be continued if a primary connection cable
fails. A schema of the sensors is given in Fig. 4 and overview photos are shown in
Fig. 5. The following sensors are installed on the structure:

— Strain in the longitudinal direction - sensors S01-S54 and S80-89: For monitoring
in the longitudinal direction, two distributed strain sensor-measuring lines are
attached to the bottom of the bridge, located in the area of the prestressed cables.
The sensors S80 to S89 were installed on the side of the structurer at about 50 cm
above the lower surface. The sensors SO1 to S54 have a gauge length of 2.05 m,
and the sensors S80 to S89 a gauge length of 0.50 m.

— Strain in the transverse direction — sensors S55-S79: Five strain sensor-measuring
lines across the cross-section were installed on the underside of the bridge in the
area of the maximum bending moments and on the two supports. These sensors
have a gauge length of 1.35 m.

— Temperature sensors TO1-T05: temperature sensors in the middle of the bridge,
transverse to the direction of travel.

L 17m | 23m L 17m %

S01 to S27

S28 to S54

= S80 to S89
® Ac01,AC02
® T01to TO5

Fig. 4 Schema of the sensors’ configuration (bottom view of the superstructure)
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a. Overview of the bridge. b. View of the configuration of the sensor

c. View of the configuration of the sensor d. An LGFBG sensor with 2.05 m gauge.

Fig. 5 Overview of the bridge and the monitoring system

— Acceleration - sensors AC01-AC02: Two accelerometers with a vertical measuring
direction in the middle of the main field each centred between the main axis and
the edges of the support plate.

The optical interrogator was installed together with an industrial computer with an
embedded LTE modem, a power bank supply to sustain power cuts up to 30 min, and
additional components in a temperature-controlled control cabinet on the southern
abutment. The measuring system can be entirely operated via remote access, which
also enables the transfer of all stored files.

The measurement has been running continuously since 8th October 2019, with a
measurement frequency of 200 Hz. All measurement data are available at any time
for live visualisation. The data saving is only carried out if the measured change
in strain is higher than a specified trigger. Also, a report is automatically generated
every 15 min, in which the maximum, minimum and average values of all sensors
are documented.

The monitoring system generates a considerable amount of data, given its high-
frequency rate and the high sensor-count. To improve data management and the anal-
ysis of the results, the measured data is automatically stored in a MySQL database.
The SQL database is accessed using customised MATLAB scripts written specifi-
cally for this application, where all the analysis and results, including graphics, are
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automatically processed. After that, older measured data can be deleted to free up
memory space.

3 First Measurement Data

The strain-variation measured by the longitudinal sensors during the crossing of a
truck over the bridge is shown in Fig. 6. The graphics Fig. 6a—c represent the line
of sensors at one side of the superstructure, while the graphic Fig. 6d—f the line of
sensors on the opposite side (refer to). The vehicle was travelling in the direction from
S01 to S27. The total duration of the measurement is 4 s, and it was acquired with
a frequency of 200 Hz. Each curve presented in the graphics can be understood as
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Fig. 6 Dynamic strain measurement of the LGFBG sensors located under the spans in the
longitudinal direction during the crossing of a truck over the bridge
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the strain influence line of the bridge sections corresponding to each of the installed
Sensors.

When the vehicle enters the bridge, the sensors SO1 to SO7 and S28 to S34, located
under the first span, displayed peaks of positive strain, while the sensors S10 to S18
and S37 to S45, located in the middle span, measured negative strain, and, finally,
all the sensors under the last span displayed values close to zero. When the vehicle
passes over to middle span, it can be noted an inversion of the values’ signal for all
sensors, where now the sensors in the middle span display positive peaks and the
sensors on both side-spans negative peaks.

The sensors also tend to converge to zero at the same timestamp when the vehicle
passes above the two columns, around timestamps 400 and 700 ms, which is expected
since the columns absorb the vehicle’s load when it is standing over the column. At
last, it is observed symmetric behaviour between the sensors in Fig. 6a—d on the first
span and the sensors in Fig. 6¢c—f on the last span, as the vehicle crosses it and leaves
the bridge superstructure.

In Fig. 7 is shown the maximum and minimum strain diagram for the longitudinal
sensors. The two lines of LGFBG longitudinal sensors are represented separately
in Fig. 7a for sensors SO1 to SS27, and in Fig. 7b for sensors S28 to S54. The
amplitude, i.e. the difference between the maximum and the minimum strains, is
plotted vertically for each sensor. Three positive strain peaks occur in the central
region on each of the three spans, whereas the two negative peaks arise where the
two centre columns are located. The maximum measured strain is 44.11 pm/m on
sensor S14, the minimum -24.36 um/m on sensors S34, and the maximum strain
amplitude is 50.5 pm/m on sensor S25.
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Fig. 7 Maximum and minimum strain diagram for the longitudinal LGFBG sensors during the
crossing of a truck over the bridge
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Fig. 8 Influence of the temperature variation on the measured strain during four days

Figure 8 shows an example of the measured strains and temperatures on sensor
S41 over four days. It can be seen that the strain variation follows the temperature
curve. The phase shift and the damping of individual measurement peaks from solar
radiation are a consequence of the temperature inertia of the reinforced concrete.
So far, it has been found that the changes in elongation at all sensors due to the
temperature fluctuations, with a maximum of 180 pwm/m so far, are significantly
bigger than the strains from traffic loads with a maximum of 40 um/m so far. For each
Celsius temperature increase, the bridge stretches approx. 8 um/m in the longitudinal
direction, meaning a coefficient of thermal expansion of 8 x 1076 °C~!, which is in
the range of the literature value for concrete according to DIN 1045-1 (between 5
and 14 x 10°°°C™1).

Figure 9 shows the single-sided amplitude spectrums for the sensors ACO1 on two
different events where a large truck drove over the bridge. The FFT was done using
1024 samples taken from a measurement at 200 Hz and smoothed using a Hanning
window. It can be seen two prominent peaks at 45.3 Hz in the first event and 43.4 Hz
in the second event.

The authors believe that the reliability and precision of the measure data combined
with the continuously high-frequency measurements will allow an in-depth analysis
of the structure’s actual condition and remaining lifetime. With algorithms such
as the rain flow analysis it is possible to access the more repetitive, with smaller
amplitude load cycles due to the traffic and the more spaced, with greater amplitude
load cycles due to the temperature shift along the year. The comprehensive strain and
temperature distribution in both the longitudinal and the transversal direction enable
the calibration of numerical models to identify local degradation of the structure’s
stiffness, and thermos-energetic models to a better understanding of the temperature
influence within the bridge.
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Fig. 9 Single-Sided Amplitude Spectrum for sensor ACO1 during the crossing of a truck over the
bridge in two different instances

4 Conclusion

This work presented the deployment of a large-scale application of fibre optic-based
sensors for structural health monitoring of a prestressed concrete bridge, and its
initial results obtained during operation.

The use of long-gauge FBG sensors has the potential to delivery in-depth knowl-
edge of the strain distribution and the structural behaviour of large civil infrastruc-
tures. The dynamic measurements allow the representation of the strain influence
line in each section of the bridge covered by a sensor and can be used for the detec-
tion of local damages, such as crack openings and the rupture of prestressed cables,
as well as the influence of temperature variation loads and the structure’s remaining
lifetime.
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Due to the continuous monitoring, the system can be set-up to notify extreme
events, such as an abrupt shift of the strain measurement, increasing public safety.

The high resolution of the measurement data along with numerical analysis would
allow an estimation of the actual traffic loads and damage state on the bridge after
calibration.
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