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ABSTRACT: Automated monitoring of structures, using modern structural health monitoring
(SHM) systems, can offer numerous benefits throughout a structure’s life-cycle relating to data
collection, analysis and reporting – particularly in terms of increased functionality, improved
efficiency and enhanced reliability. This is especially true of long or relatively complex bridge
structures such as cable-stayed bridges, for which the use of SHM systems is rapidly becoming
the norm. The early integration of SHM into a new bridge’s design and construction process can
be especially important, as illustrated by several case studies.
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INTRODUCTION

SHM systems are becoming more and more widely used on significant structures such as cable
stayed bridges, to address a wide range of challenges – such as those encountered during the
construction stage, or those associated with maintenance and life-cycle optimization. Nowadays,
bridge designers are more ready to consider the use of SHM systems in their specifications from
an early stage, and to support contractors in implementing such systems during the construction
stage. Close and timely coordination between bridge designers, contractors and SHM specialists
enables the appropriate equipment to be integrated wisely in the construction process.
The benefits of deciding at an early stage in a bridge’s design and construction process to make
use of an SHM system – and then considering the needs of such a system in a timely manner –
can be very varied. But it is reasonable to acknowledge that SHM systems are now, more or less,
a standard “component” of modern, long-span bridges, which can benefit greatly from their use
in support of construction and maintenance activities. This is quite a development; it is not long
since the use of SHM was more an afterthought to the bridge design process than an integral part
of it. But with increased awareness among bridge designers and constructors of the benefits of
using an SHM system at all, it will become more and more the norm for SHM to be part of the
planning and design process right from the start.
There are very practical reasons for assessing SHM needs in a timely manner. Not only can this
help ensure that adequate time is given to the design and specification, acquisition and delivery
of the system, but it also enables the associated work to be adequately specified and agreed in the
bridge construction contract. In some cases, early consideration of SHM requirements can allow
key bridge components, such as bearings and expansion joints, to be tailored to ideally suit the
bridge’s ongoing inspection and maintenance needs, optimizing long-term effort and expense
(Islami et al, 2016). And in other cases, it may be possible to mitigate design risks by allowing
already in the bridge design stage for an SHM system that would reduce or manage the risks – so
planning early to use SHM may enable a more efficient / cheaper structure to be designed and
built.

In the case of cable stayed bridges, it is crucial to control pylon inclinations and cable forces
during the construction stage (Caetano et al, 2015), and very useful to compare these parameters
once the bridge has been constructed (Bosch et al, 2009). Stay cable dynamics has been researched
in depth over the past two decades (Casas, 1994), and engineers now have more confidence in the
modal testing methods (Ewins, 2001) which can provide consistent results. However, it is with
today’s much advanced computing capacity that dynamic identification methods are now being
fully exploited. In the present work, automatic dynamic identification algorithms have been
developed and applied to the monitoring of static and dynamic parameters of two cable-stayed
bridges. The procedure for force identification in stay cables, implemented using Labview
software, consists of measuring accelerations, identifying the dynamic parameters (frequencies,
damping values) and converting these to forces according to the stay cable properties (Islami,
2013). The first four frequency modes of each measured stay cable are identified, and used to
derive four tension forces, the average of which is taken to apply. The procedure is repeated every
ten minutes, and the data is transmitted to the web-user interface. Since data is automatically
processed in the site computer, only a small text file requires to be transmitted to the server. A
particular benefit of this application is that stay cable tensions calculated from the vibrational
measurements can be compared with the direct forces applied at the anchorage jacks. In the case
of the case studies described in the following sections, the comparison demonstrated a high degree
of accuracy, with discrepancies of less than 5%, allowed the responsible engineers to have great
confidence in the installed system.
Further, very practical reasons for early assessment of SHM requirements include the potential
need to actually install sensors early in the bridge construction process – for instance, where
corrosion sensors or strain gauges are to be embedded in the concrete of a structure’s towers or
piers – and the potential benefits to be gained from utilizing SHM’s powerful measurement and
data analysis tools to support the safe and efficient construction process (Sigurdardottir et al,
2011). These benefits, in particular, shall be illustrated in the following sections.
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THE NEW CHAMPLAIN BRIDGE, MONTREAL, CANADA

Canada’s largest current bridge construction project involves the building of a New Champlain
Bridge in Montreal to replace the existing 1962 structure of the same name. The existing bridge
carries approximately 160,000 vehicles per day across the St. Lawrence River, with traffic
projected to grow significantly in the coming years. The New Champlain Bridge (Figure 3),
expected to be completed December 1st, 2018, will have a length of 3,400 m, including a cablestayed structure with a main span of length 240 m. The superstructure is designed as three parallel
structures, including two three-lane corridors for vehicular traffic and a two-lane transit corridor
for a planned light rail transit system. The bridge will also include a path for pedestrians and
cyclists. The cable-stayed structure’s single tower, of height 160m above the water, consists of
twin columns supporting the superstructure’s separate parts.

Credit: Infrastructure Canada

Figure 3. Representation of the New Champlain Bridge.

The bridge is being built as the main element of a $4.2 billion project which also includes the new
Île-des-Soeurs Bridge. A consortium consisting of SNC-Lavalin, ACS and Hochtief is responsible
for design, construction, financing, operations, maintenance and rehabilitation of the associated
infrastructure, under a public-private partnership agreement with the Government of Canada.
Overall design and construction is by SNC-Lavalin, Dragados Canada, Flatiron Constructors
Canada and EBC Inc., with design of the New Champlain Bridge the responsibility of SNCLavalin, TY Lin International and International Bridge Technologies. The Owner’s Engineer is
headed by Arup Canada, and Independent Engineer services are provided by Stantec and Ramboll.
The SHM system selected for use by the design team is described below.
2.1

The bridge’s SHM system

A permanent Robo-Control SHM system is currently being installed, covering both the new
Champlain Bridge and the new Île-des-Soeurs Bridge. This system will provide, on an ongoing
basis, instant data which will enable the bridge’s performance, maintenance and rehabilitation to
be optimized and its service life to the extended. It will report specific load responses, measured
at specific structural components distributed across the bridge structure, providing all processed
data over time in graphical format. The system will also raise suitable notification alerts, or alarms
as appropriate, should pre-defined threshold values be exceeded. This functionality shall enable
the system to serve a range of purposes, including: providing the basis for long-term forecasting
of maintenance activities for monitored components; providing the data needed to undertake
special inspections if deficiencies are detected and/or if an extreme event occurs; facilitating the
identification of deterioration; provision of historical data relating to loading conditions and the
bridge’s associated responses; and enabling remaining service life to be evaluated.
When fully installed, in accordance with a schedule that is dictated by the bridge’s construction
process, it will incorporate over 200 sensors, as follows.
 36 displacement sensors (28 at expansion joints, 8 at bearings). The combination of
bearing and joint monitoring will allow individual bridge sections to be accurately
monitored, and enable underperforming components to be quickly identified.
- Bearings: Positioned on the outer bearings – where the most significant movements
are likely to occur, and enabling any torsion of one side relative to the other to be
identified. All structurally independent deck sections (as limited by expansion joints)
are monitored, enabling any blockage of bearings or joints to be identified.
- Expansion joints: All expansion joints on the south and north corridors are equipped
with displacement sensors at the mid-span of the joints, allowing for the most
accurate/average measurement of gap width at each joint.
 13 tri-axial accelerometers (frequency 100 Hz):
- Located at base of piers and pylon: To detect base acceleration (e.g. due to seismic
events and eternal impact).
- Located at top of piers: To compare the traffic vibration influence with data from
sensors on the girders, and correlate tilting of piers with vibration measurements.
- Located in girders: To measure vibration levels due to traffic, and for comparison
with the vibrations due to base accelerations in case of seismic events.
- Located on cables (outermost ones): Enabling vibrations to be converted into cable
tensions, and excessive vibrations and high damping values to be detected.
 6 tilt meters (on tower columns and piers).
 138 strain gauges (54 embedded and 84 glued). Each, with other sensor data, will allow:
- conversion of strain readings into forces and moments
- derivation of creep strains and shrinkage strains at monitored temperatures
- derivation of the magnitude of traffic loads








4 Global Positioning System (GPS) units (one at tower base, two at tops of tower
columns, one at base station). The conversion of GPS and tilt-meter readings to real-time
coordinates will facilitate global analysis and the derivation of stresses.
2 weather stations (at top of tower and superstructure of main span), measuring air
pressure, temperature, humidity, rainfall, wind speed and wind direction.
2 pyranometers (located at tower columns).
18 temperature sensors (8 for pavement, 10 for structure) – some embedded.
18 corrosion sensors (all embedded). All have the ability to record open circuit potential,
corrosion current, resistivity, linear polarization resistance, ingress of chlorides and
carbon dioxide, temperature and relative humidity.
- Located at lower part of piers, on water: Positioned between low and high water level,
throughout the bridge, to take account of freeze-thaw conditions and decalcification.
Where possible, located at pier corners (more probable locations for ship or ice sheet
collisions and hence concrete cover loss).
- Located on lower pier, on land: Positioned in the car splash zones (prone to chloride
concentration and degradation).
- Located on upper pier: Positioned right below steel pier-cap (critical location due to
water flowing down from pier-cap and deck which may contain de-icing chemicals).
Also located below the drainage system exit to monitor any leakage/corrosion.
- Located in deck: Positioned in the deck slab stitch on the low side lanes where water
accumulation is more likely, to monitor deck degradation due to de-icing salts,
chlorides, and freeze-thaw.

A number of sensors – those embedded in the structure’s concrete – have already been installed
in late 2016 (Figure 4). The optimal use of the appropriate corrosion sensors requires that they
be embedded in the structure’s concrete when the concrete is poured, and the same applies to
strain gauges in many cases, depending on the distance from the surface at which the strain should
ideally be measured at any particular location on the structure.

Figure 4. Corrosion sensors (embedded).

3

THE KOTA CHAMBAL BRIDGE, INDIA

The Kota Chambal Bridge, currently under construction in Rajasthan, northern India, carries a
bypass highway of the city of Kota over the Chambal River, just outside the city. It has been
designed with a main span of 350 m, spanning the full width of the river to avoid any impact on
wildlife in this designated sanctuary area, and lateral spans of 175 m at either side of the river.
The bridge (Figure 5), which is being built by a Hyundai-Gammon joint venture, is the first axial
suspension cable-stayed bridge ever built in India, and the geometry of the layout presents
particular challenges for the design and construction, so it was decided to use an SHM system to
assist already during the bridge construction phase, and subsequently, permanently, for inspection
and maintenance purposes.

Figure 5. The Chambal Bridge during construction and after completion.

3.1

The bridge’s SHM system

The SHM system is designed to continuously record the dynamic movements and stresses in the
bridge, along with the environmental factors (including traffic, seismic, wind, etc.,) that may
cause or affect these, and, in real time, process, analyse, and interpret the data, display the data
and analysis results, and provide warnings when there is a safety risk.
A key focus of the system is the bridge’s stay cables, whose performance is critical to the
construction and service life of the structure. The cable monitoring system is designed, with
accelerometers attached to selected cables (Figure 6), to ensure that the structure’s load
distribution is not distorted by thermal, traffic, seismic or any other earthquakes, and to provide
information on the cables' damping coefficients and remaining service lives.

Figure 6. Accelerometer attached to a stay cable to assist during the bridge’s construction by enabling
correct load distribution to be confirmed (left), and cable vibration due to forced excitation (right).

2D inclinometers at the pylons measure inclinations with high resolution, enabling deviations due
to non-uniform load distribution or cable malfunction to be identified, and linear displacements
are measured at the expansion joints at both ends of the bridge at a high accuracy of less than 0.1
mm – for checking the designed displacement values and observing the behaviour of the bridge
under varying environmental and traffic conditions.
Automated dynamic identification is included, to determine the natural frequency of the structure
and of the stay cables (Figure 7). The determined frequency values are displayed in timefrequency graphs, in order to continuously record the behavior of the structure and detect any
possible damage, and the values are used to derive the tension forces in the cables (Figure 8).

The sensor functionality varies as the structure is built, as follows:


During bridge construction phase (temporary):
- Accelerometers on cables: Vibration frequency and force in cable
- Structural accelerometers (3D) at deck: Measuring frequencies of deck vibration and
determining natural frequencies
- 2D Inclinometer at pier: Inclination of pylon during construction phase
- 2D Inclinometer at deck: Inclination of deck during construction phase
- Air temperature and humidity: For correlation with structural parameters



When the bridge is in service (permanent):
- Accelerometers on cables: Vibration frequency and force in cable
- Structural accelerometers at pier and deck (2D and 3D): Vibration frequency
- 2D Inclinometer at pier: Inclination of pylon when bridge in service
- Displacement sensor at expansion joint: Movement of deck at its end
- Wind speed and direction at piers and deck: For correlation with structural parameters
- Air temperature and humidity: For correlation with structural parameters
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Figure 7. Stay cable natural frequency (above), and vibration damping effect after forced excitation (below).
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Figure 8. First natural frequency of one stay cable (above) and the derived associated tension force (below).

Figure 9 represents the results of verticality measurements (inclination to X and Y axes) of one
of the bridge’s pylons. These measurements are important for the correct execution of works
related to load distribution at each side of the pylon. A non-balanced situation would mean an
increase of inclination (longitudinally) of the pylon for the sensors positioned both at the top and
at mid-height of the pylon. The figure shows that, during the six months period covered, tilting in
the longitudinal direction is always due to temperature or to temporary unbalanced loading
scenarios resulting from the addition of cast-in-place segments to the main span. Analysis of the
transverse direction shows that changes here are due not only to temperature but also to wind and
to loading from the crane which is attached to the pylon during construction. In both cases, the
daily inclinations due to night and day temperature fluctuations are clearly visible.
The importance of the role played by the SHM system already during the bridge construction
stage illustrates the need, in many cases, to consider the need for, and the needs of, an SHM
system early in the bridge design and construction process.
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Figure 9. Monitoring of verticality of a pylon to support the bridge’s construction by ensuring correct load
distribution: Data from six months (top), 10 days (bottom left) and temperature correlation (bottom right).
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CONCLUSIONS

It is important that bridge engineers recognize not only the potential benefits to be gained from
using SHM, but also the need to consider the appropriate SHM needs, and plan accordingly, at an
early stage in the bridge design and construction process. As illustrated by the referenced case
studies, this is essential, for example, where components of the SHM system require to be
embedded in a structure’s concrete during the construction stage, or where the system will play
an important data measurement and assessment role in the construction process as a whole.
Measurements taken during the construction phase can be very useful in confirming the correct
execution of works, e.g. in checking the verticality of pylons and the correct distribution of
tensions among a cable stayed structure’s cables. And with monitoring continuing for a number
of years following construction, the installed systems can be used to monitor deck deflections,
creep and shrinkage, longitudinal deformations, pylon deflections, corrosion and stay cable
tension forces, and correlate these with the many environmental parameters. This can provide the
responsible engineers with great confidence in the ongoing condition of these important
structures, and to efficiently and effectively manage their maintenance throughout their long
service lives.
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