Health monitoring of a cable-stayed timber footbridge
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Abstract

This paper presents a structural health monitoring system to a timber bridge that will be
built in Skellefteå during 2011. The bridge is a cable-stayed timber footbridge spanning
130 meters. The main objectives of using the health monitoring system are to verify the
structural design and the long-term behavior of the bridge. The structural health
monitoring system consists of GNSS receivers, MEMS accelerometers, laser positioning
systems, wireless moisture content sensors, strain gauges and weather stations.
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1. INTRODUCTION
The number of timber bridges has increased a lot in Sweden during the past 20 years. In general today
the health of the bridges is assessed at regular intervals by visual inspections and if necessary some
minor local tests. Continuous measurements could complement the inspections and provide a better
basis for planning maintenance activities and evaluating the remaining service life. The overall
objective of this project is to develop monitoring tools for timber structures to guide the planning of
maintenance and to signal any urgent problems that should be addressed immediately. A timber
footbridge will be built over the Skellefteå River in Sweden 2011. It is a cable-stayed bridge with span
130 m. The building of this advanced timber structure gives an exclusive opportunity for testing and
developing monitoring methods for timber structures. The monitoring of the bridge will contribute to
wood research on specific areas such as durability of timber bridges and vibrations of wooden deck
plates, but also to research on measurement and data transmitting techniques. This research project
takes advantage in that the bridge is being built during the project period and that the measurements
are planned in cooperation with manufacturers, builders and the owner. This gives the opportunity to
install equipment during the construction of the bridge. In this way, the measurements will deliver
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complete and unique data from long-term monitoring. Wireless sensor networks will be tested for the
bridge monitoring. Temperature, wind and rain will be measured at the site. The bridge will be
monitored for temperature, moisture, movements, deflections and vibrations at different points
enabling analyses of the bridge health. Vibration measurements using accelerometers, natural
frequencies and modes will be used to evaluate the structure.

2. GOALS OF THE RESEARCH PROJECT
The two primary research goals of the project are to develop and implement a health monitoring
system in the Älvsbacka bridge and verify the bridge design. The purpose for the health monitoring
system is to improve maintenance and reduce the need for costly inspections. The system should be
used for damage detection, damage localization and lifespan prediction and alert when the bridge is
behaving abnormal. The requirements for the health monitoring system are that it should be easy to set
up and autonomous in its operation. The monitoring system should have small and easy equipment,
with low cost, that need little time for set up, with predictive equipment maintenance, and no need of
skilled labor for operating. It should also have small energy requirement, high sensitivity and be stable
and consistent, be left on site and operated autonomously. Energy awareness and low power should be
used for long life of the equipment. The bridge design regarding damping and resonance frequencies
will be verified by short- and long-term measurements of static, quasi-static and dynamic responses.
Secondary goals of the research are a scalable health monitoring system and a database. The
knowledge and data gained from the bridge monitoring as well as the testing and comparing of the
sensors and their acquisition systems will result in a database. The database will contain data, models
and tools for measuring performance and quality on timber constructions. The database will be used
for further research and development on timber structures, crack propagation, durability, etc. A
scalable health monitoring system that is applicable on all bridge sizes to a reasonable cost. The health
monitoring system cost for this bridge is in the magnitude of 2-4 % of total bridge cost, and to be able
to keep that cost proportion on even smaller bridges the monitoring system must be optimized with
regard to cost and amount of sensors while still monitoring the essential locations.

3. THE TIMBER BRIDGE
This chapter presents the bridge construction, as earlier described by Gustafsson et al. (2010). The
cable-stayed footbridge will cross the Skellefteå River nearby the city center in an area with a distinct
wood building approach. The bridge spans 130 meters. The four pylons are built of square glulam
sections (900x900 mm2) and are homogenous. The heights of the pylons are 23 meter and they are
made of untreated European whitewood. The distance between the center of the pylons across the
bridge is 8,7 meter. The pylons are connected to main beams by four parallel rods with diameters 45
and 63 mm. The pylons are anchored to anchor blocks by two parallel rods with a diameter of 80 mm.
The distance between the main beams is 4.8 meter, which gives a clear distance between the beams of
4.4 meter. The main beams are made of glulam, 645x 1100 mm2. The bridge has cross beams and a
horizontal truss that carries the deck and wind forces acting on the structure. The bridge deck is made
of 45 mm open plank deck on longitudinal beams on the crossbeams. The bridge is designed for a
uniformly distributed load of 4 kN/m2 or alternatively two axle loads, 40 and 20 kN of a maintenance
vehicle. The design maximum deflection is l/400 of the span. The damping for this bridge is assumed
to be 0,6% and is a normal value for this type of bridge. Other measurements show much higher
damping, but also that the damping is changing over time (Karoumi 2001),(Pousette 1999).

Figure 1 – Älvsbacka bridge

Aerodynamic analyses made by COWI show that:
- The steady state wind load coefficients of the girder cross section are in reasonable agreement
with figures known from other bridges of similar design.
- The flutter analysis yielded critical wind speed of approximately 35-37 m/s depending on the
mass condition for the girder cross section in the in-service condition for horizontal and the
flutter will be dominated by torsion. The required minimum wind speed at deck level for
aerodynamic instability is reported to be 28,6 m/s. The galloping wind speed is estimated to be
51 m/s and higher than the flutter wind speed, but is not expected to become a problem.
- The lock-in wind speed was high, above 39 m/s. The lock-in wind speed for torsion
oscillations was lower and depending on the moment of inertia, 15,4-27,6 m/s. This may lead
to vortex induced torsion oscillations with moderate peak deflection in order of 0.2º and
depending on the actual installation mass. Vortex induced oscillation of the girder is not
considered to become a problem even as the lock-in wind speed is close to the design wind
speed.
- Vertical and horizontal buffeting responses to turbulence at the design wind speed of 22 m/s
are small, 10-100 mm.

4. HEALTH MONITORING
Wood as a construction material has several advantageous properties; good weight to strength ratio,
renewable, sustainable, aesthetics, etc. But wood is also prone to deterioration by decay, fungi and
insects. Therefore it is important to regularly monitor timber bridges with modern inspection
measures. Bridges in Sweden are inspected and cleaned at least every year, and bridges with heavy
traffic load even more often. A more thorough major inspection is every six years. The major
inspection should predict the performance of the bridge for the coming ten-year period and decide if
any repairs must be done (Pousette 2008). Long time monitoring can provide tools for better planning
of the inspections. A good health monitoring system should decrease the frequency of inspections
needed to assure the structural integrity of the bridge. New sensor technology provides continuous
measurements suitable for health monitoring. These sensors provide more information than visual
inspections and could reduce the maintenance cost.
4.1.

Health monitoring system for the Älvsbacka Bridge

The health monitoring system will measure both short- and long-term deformations. Short-term
deformations are induced by wind, traffic, temperature etc. whereas long-term deformations are due to
stress relaxations, foundation settlements, local deformations caused by moisture changes, behavior of
connections, etc. The wind load is the dimensioning load on the bridge. Vertical loads induced by
traffic will be small, only a handful of pedestrians or bicyclists will cross the bridge at the same time.
With a limited amount of sensors it was decided to monitor only the southern half of the bridge. By
monitoring half the bridge the density of the sensors will be higher and give a more detailed view of
that part of the bridge behavior during deformations. Another strategy would have been to place the
sensors along the whole bridge, which would give a more complete view, but poorer measurement
resolution. To get a good understanding of the bridge behavior, existing mobile sensor equipment will
be used to make reference tests. A service utility vehicle will be used for the reference tests, and both
static and dynamic measurements will be performed. The sensors of the health monitoring system will

measure the following parameters: wind velocity, wind direction, temperature, moisture content (MC),
relative humidity (RH), wire tension, acceleration and deflection.
The locations of the sensors are shown in Figure 2. The different systems will be evaluated with
regard to accuracy, reliability, long-term stability and cost. The maintenance software shall alert when
the bridge is behaving abnormally and should be easy to interpret for the user and present useful and
reliable data to the bridge owner. The application should show the status of individual elements as
well as the whole construction. The bridge will also be equipped with a web camera, which besides
exposing the bridge will be used to measure the amount of traffic on the bridge.

Figure 2 – Schematic picture of location of the sensors (not drawn to scale). The sensors depicted on the deck
will be mounted beneath the bridge deck.

4.1.1. Weather stations
The microclimate surrounding the bridge varies considerably between the pylons and under the bridge
deck. To measure the differences two weather stations will be placed on the bridge, one on top of the
south pylons and the other below the bridge deck at the middle of the span. The weather station for the
pylon is a Weather Transmitter WXT520 from Vaisala (Vaisala 2010). The primary measurement of
the weather station is wind velocity and direction, but precipitation, RH, air pressure and temperature
will also be measured. The weather station to be placed beneath the bridge deck will measure wind
directions in both vertical and horizontal direction. To assure correct measurements during wintertime
the weather stations can be heated to keep the sensors free from snow and ice.
4.1.2. Moisture monitoring
High MC in a timber construction can affect the structural integrity of the construction. If MC of wood
exceeds 20% for longer periods there is a risk for rot, which will start decaying the timber and reduce
the structural integrity. If MC exceeds 30% the risk is significantly increased (Pousette 2008).
Important structural parts to monitor are among others: the bridge deck modules and the ends of the

primary beams. The MC of the bridge will be measured with General Electric Protimeter HygroTrac
wireless sensors (General Electric 2010). The MC will be monitored along the entire bridge. In
addition to MC in the wood the sensors also measures the local temperature and RH. Protimeter
Hygro Trac sensor is a well-known sensor that has been used in other projects by SP Trätek (SP
Technical Research Institute of Sweden, division of Wood Technology) at more than 600
locations in beams, posts and various buildings in different research projects (Sandberg et al.
2011).
4.1.3. Strain gauges
The strain gauges measuring cable tension will be mounted near the top of the pylon. The cable
sockets have integrated strain gauges (see Figure 3) to measure the cable tension. The strain gauges
are custom made by HBM (HBM 2010). Four of the gauges will be mounted on cables supporting the
deck and one will be mounted to an anchor cable.

Figure 3 - Picture of the strain gauge mounted on the cable socket.

4.1.4. Acceleration and displacement
The bridge movements will be monitored with three sensor systems; Microelectromechanical system
(MEMS) accelerometers, Global Navigation Satellite Systems (GNSS) and laser positioning system.
MEMS accelerometers have better resolution than GNSS receivers and are suitable for measuring
quick accelerations and small movements. However they can only be used to measure relative
displacement. The combination of accelerometers and GNSS gives us a system that can register both
small movements and have the ability to monitor long-term deflections (Roberts et al. 2001). The
strain gauges in the cables can be seen as an integrated part of the acceleration measurement system.
To monitor the long term displacement (several years) of the bridge an absolute reference system must
be used, which only the laser and GNSS have. The GNSS receivers will be positioned together with
accelerometers to get a good comparison of performance.

4.1.5. MEMS accelerometers
The Mulle v6.2 is a wireless sensor board equipped with a 3-axis MEMS accelerometer, thermometer,
ultra low power microprocessor, on-board flash memory and wireless communication module (Eistec
2010). The sensor board is designed to use batteries for electrical supply, but since they will be located
at positions that are hard to reach for changing the batteries wired electricity will be used. The Mulle

have been tested in a climate chamber to assure that the electronics can endure the temperature
differences occurring over the year.
4.1.6. Global Navigation Satellite Systems (GNSS)
The bridge will be equipped with four Leica GMX 901 receivers and one GMX 902 reference station
(Leica Geosystems 2010). The Leica GMX 901 acquires its longitudinal, latitudinal and altitudinal
position from GPS (American) and GLONASS (Russian) satellites systems. The receiver will also be
able to use Galileo, the European satellite system, when this is put in function, which will further
increase the accuracy of the measurements. The GNSS monitoring is a part of a research project
together with SP Metri (SP Technical Research Institute of Sweden - Division of Measurement
Technology and Calibration.), which will use the bridge as a platform in their research on time and
frequency transfer in GNSS systems.
4.1.7. Laser positioning system
SP Trätek is developing a laser positioning system for acceleration and displacement measurements.
The idea is to measure long-term deflection by aiming the laser beam on reflectors mounted to the
bridge. The targets will be angled so the reflectors position will change together with the bridge deck
deflection, causing a shorter distance for the laser beam. The distance between the reflecting target and
the laser is calculated by measuring the time of flight. Because the targets are angled relative to the
laser beam they must be coated with a diffusing paint in order to reflect the beam back to the laser. To
achieve an absolute reference system the lasers will be mounted to the abutment. The laser source used
is a Micro-Epsilon ILR 1181 that is a 650 nm red laser designed for distance and displacement
applications (Micro-Epsilon 2010). The reflectors will be made of aluminum sheets and they will have
a heating mechanism on the back to prevent coating from ice and snow.
4.1.8. Data acquisition
In the south abutment there is a small room where the data acquisition equipment is placed. A 24channel data logger collects data from the strain gauges, weather stations and laser positioning system.
The data from the Mulle sensors are wirelessly transmitted to a Mulle sensor in the data acquisition
room. The Protimeter HygroTrac is wirelessly sending the moisture content data via a gateway to a
webpage from where data can be accessed.

5. CONCLUSIONS
In this paper the design and sensors for the health monitoring system for the Älvsbacka footbridge is
presented. The sensors have been chosen to create a health monitoring system that will provide a
detailed view of the bridge dynamics while not exceeding 4% of the budget of the bridge. An existing
mobile sensor network will be used for reference tests to verify the health monitoring system.
Upcoming challenges will be the time synchronization between the different systems and the big
temperature differences where the bridge is located.
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