
LICENTIATE T H E S I S

Department of Engineering Sciences and Mathematics
Division of Wood Science and Engineering Monitoring of a Timber Footbridge

Niclas Björngrim

ISSN 1402-1757
ISBN 978-91-7583-218-0 (print)
ISBN 978-91-7583-219-7 (pdf)

Luleå University of Technology 2015

N
iclas B

jörngrim
   M

onitoring of a T
im

ber Footbridge





Licentiate Thesis

Monitoring of a Timber Footbridge

Niclas Björngrim

Wood Products Engineering

Division Wood Science and Engineering

Department of Engineering Sciences and Mathematics
Lule̊aUniversity of Technology

Supervisors:

Olle Hagman and Alice Wang



Printed by Luleå University of Technology, Graphic Production 
2015

ISSN 1402-1757  
ISBN 978-91-7583-218-0 (print)
ISBN 978-91-7583-219-7 (pdf)

Luleå 2015

www.ltu.se

Licentiate Thesis
Department of Engineering Sciences and Mathematics
Lule̊aUniversity of Technology

This thesis has been prepared using LATEX

Copyright c� Niclas Björngrim, 2015.
All rights reserved

Wood Products Engineering
Division Wood Science and Engineering
Department of Engineering Sciences and Mathematics
Lule̊aUniversity of Technology
SE-931 87 Skellefte̊a, Sweden
Phone: +46(0)910 58 57 22

Author e-mail: niclas.bjorngrim@ltu.se



iii



iv



Abstract

Älvsbacka Bridge was erected in the summer of 2011. During the plan-
ning of the construction researchers from LTU and SP Trä designed a
health monitoring system that constantly measures different parameters
on the bridge. The motivation for health monitoring systems is several:
Bridge safety, verification of the design and complement during inspec-
tions. Health monitoring of infrastructure is common, many bridges are
equipped with health monitoring systems. Timber bridges are rarely mon-
itored. This research project is looking to answer what type of sensors
is suitable for bridges in order to make them smart. The smartness of
the bridge in this case is to help optimize bridge maintenance, assure
the service life and build knowledge about measurements on large timber
constructions. This thesis presents the monitoring system of the bridge,
moisture content monitoring and studies the weather effects on the bridge.
The monitoring system of Älvsbacka Bridge consists of several different
sensor systems that continuously measure temperature, moisture content,
movements, cable forces, wind velocity, wind direction. The monitoring
system had some problems with sensors not communicating. Long term
moisture content monitoring show anticipated results and the bridge deck
movements are close to the theoretical values.
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Chapter 1

Introduction

1.1 Älvsbacka Bridge

In august 2011 the Älvsbacka Bridge was erected in Skellefte̊a. The cable-
stayed footbridge span 130 meter across the Skellefte̊a River and connects
the Älvsbacka district on the north side with Anderstorp district on the
south side of the Skellefte̊a River. The bridge is for pedestrian and bicy-
cle traffic. The construction of this advanced timber structure gives an
exclusive opportunity for testing and developing monitoring methods for
timber structures. This research project started during the planning stage
of Älvsbacka Bridge. Thanks to the early involvement from LTU and SP
Trä (SP Technical Research Institute of Sweden, division of Wood Tech-
nology), researchers could start planning the measurement system before
the bridge was manufactured. This gave us the opportunity to install a
large part of the sensing equipment at the factory. The monitoring of
Älvsbacka Bridge will contribute to wood research on specific areas such
as durability of timber bridges and vibrations of wooden deck plates, but
also research on measurement and data transmitting techniques.

1.1.1 Objective

The overall objective of this project is to develop monitoring tools for
timber structures to guide the planning of maintenance i.e. a smart timber
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4 Introduction

bridge. The research question for this project is, how do we make timber
bridges smart and can this smartness be mobile? Smart in the sense that
the bridge is aware of its own serviceability.

The monitoring of Älvsbacka Bridge will be used to answer these ques-
tions:

• Are the general methods for monitoring suitable for timber bridges?

• What type of system is needed for making a bridge smart?

• Can the benefits of health monitoring bear its own cost/ be profitable?

This research is done in hope of contributing to better timber construc-
tions in the following areas:

• Optimizing inspections and maintenance

• A mobile monitoring system (for timber constructions).

1.1.2 Overview of the papers

Paper I Presents the health monitoring system of Älvsbacka Bridge. Paper
II presents some of the first results from the monitoring as well as some
preliminary results of how the shear strength of the glue line of engineered
wood is affected by cold climate. Wang had the main reponsibility for
writing and experiments, Björngrim contributed with article writing and
sample preparation. Paper III presents the long-term moisture content
monitoring of lvsbacka Bridge. Paper IV Uses multivariate methods for
finding groupings and interactions in monitoring data.



Chapter 2

Background

2.1 Timber as construction material

Man has built bridges using timber for as long as there has been a need for
bridges. Qualities such as abundance, easy to shape and good strength to
weight ratio make timber a great material for bridges among many things.
As man-made materials such as steel, concrete and masonry evolved, tim-
ber bridges fell out of favor. Even though trestles and bridges constructed
of wood were used for the railroads in the US during the middle of the
19th century, steel and concrete become the primary bridge building ma-
terials. For the last 150 years steel, concrete and masonry have greatly
out produced timber bridges (́Iñiguez-Gonzàlez et al., 2010).

With modern adhesives and engineered wood such as cross-laminated
timber and more importantly glue-laminated timber (glulam) that ho-
mogenizes the mechanical properties of wood, wood can be tailored to
produce practically any type of component required for a bridge hence,
bridges built of timber is once again becoming a viable option. Further-
more aesthetical and environmental values probably play a big part when
choosing a timber bridge.

Although wood as an engineering material have many advantageous
properties we have to consider that wood is a biological material with
different mechanical properties in different directions. The mechanical
properties are also dependent on the moisture content and temperature.

5



6 Background

Figure 2.1: Lejonströmsbron, photo by Mattias Hedström.

Wood is also prone to deterioration if not properly protected . Treatment
with different preservatives or constructive protection will avoid deterio-
ration and if taken care for the lifespan of a timber bridges is excellent,
Lejonströmsbron in Skellefte̊a is from 1736 (Figure 2.1).

The Nordic timber bridge project (Kleppe and Aasheim, 1996) started
in 1993 and laid the foundation for modern timber bridges in the Nordic
countries. During the last 20 years there has been a big increase of timber
bridges built in Sweden, and now there are about 1600 traffic and pedes-
trian bridges in use. The owners of the bridges are municipalities, Swedish
transport administration, forest owners, etc.

The construction of bridges in timber have many benefits, because most
of the bridge is prefabricated in a controlled, dry, indoor environment.
The prefabricated elements are usually easy to transport and only causes
minor disturbances in traffic compared to bridges of other materials. The
foundation/abutment is cheaper for the light construction as well as the
transportation costs. Ritter (1990) point out some beneficial properties
of timber as a bridge material; timber can support short-term over-loads
without adverse effects, it is not harmed by freezing-thawing cycles and
can resist harmful de-icing agents. Timber also has good fire resistance
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properties due to the charcoal layer that forms during a fire which insulates
and protects the bearing construction.

2.2 Inspections

With increasing number of timber bridges the need for knowledge regard-
ing assessment of timber bridges is a necessity. Due to the biological
properties of wood it is important to regularly monitor timber construc-
tions. 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 done 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). Today the health
of the bridges is assessed at regular intervals by visual inspections and if
necessary some minor local tests are performed. Visual inspections have
shortcomings, for instance damage detection is only available for visible
damages and does not give a complete picture of the health of the bridge.
Since wood is a natural material it is important to inspect bridges for visi-
ble damages and areas where moisture may accumulate to avoid fungi and
rot. High moisture content (MC) in a timber construction can affect the
structural integrity of the construction. If the MC of wood exceeds 20 %
for long periods there is a risk for rot, which will start decaying the tim-
ber. If the MC exceeds 30 % the risk is significantly increased (Pousette,
2008). During inspections MC is measured and rod forces are measured if
it is a stress laminated deck. Nondestructive examination methods such
as stress waves have been used for detecting decay (Pellerin et al., 1986),
(Hoyle Jr and Rutherford, 1987) and drill resistance tools are also used
for detecting decay by measuring the density profile of the wood member.

Long time monitoring can provide tools for better planning of the
inspections. A health monitoring system could eventually 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. Farrar and Worden
(2007) suggests that structural health monitoring could allow us to go
from time based maintenance to condition-based maintenance and doing
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so could also make it more cost effective.

2.3 General monitoring techniques

Structural health monitoring (SHM) originates from the space and aircraft
industry but is now often used for dams, bridges, multi-story houses etc.
SHM is the engineering branch where the serviceability of constructions
is assessed by non-destructive indirect measurements of physical proper-
ties like vibration, temperature, deflection, moisture content, etc. The
maintenance and management of a bridge should benefit from continuous
measurements compared to yearly inspections. The result of visual in-
spections can vary depending on the skill and experience of the inspector
(Moore et al. 2001). Technologies that make bridges smarter by acquir-
ing objective and quantitative data is available and offer better bridge
management system than todays subjective management (Chase, 2001).
Health monitoring of structures is also performed to learn more about the
”as built” performance of a bridge or other type of structure.

During the last two decades, the structural health monitoring field has
grown, and for newly built bridges a SHM system is often installed. Ting
Kau Bridge (Ni et al., 2008), Tsing Ma Bridge (Chan et al., 2006) both
located in China, and the new Svinesund Bridge (James and Karoumi,
2003) between Sweden and Norway are examples of large concrete bridges
with highly sophisticated health monitoring systems. Old bridges such as
Saint-Jean Bridge in France (Magne et al., 2003) and Europabrcke (Veit
and Wenzel, 2006) in Austria have been retrofitted with SHM systems.
The conclusions from more than 250 SHM projects carried out by Glisic
et al. (2009) include three important aspects: the safety of the construc-
tion, the possibility for on-site studies of new technologies and the early
detection of flaws which then can be repaired.

2.4 Vibrations in bridges

In order to monitor a structure for damage the current state of the struc-
ture must be compared against a baseline (Worden et al. 2007). The
baseline corresponds to the theoretically determined natural frequencies
acquired by finite element analysis. When an external load affects a bridge,
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be it wind or traffic or temperature related, the system will start to vi-
brate. The first natural frequency of a bridge is probably the most useful
approach for evaluation of the structure (Le et al., 1998). free vibrations
in an undamped system can be described by:

Md̈(t) +Kd(t) = F (t) (2.1)

Where M is the mass matrix, K is the structural stiffness matrix, d the
displacements, F the force and t the time.

Md̈(t) +Kd(t) = 0 (2.2)

The standard solution for d(t) is the harmonic equation, where ω is the
natural frequency:

d(t) = d̄eiωt (2.3)

Inserting 2.3 in 2.2 and deriving gives:

−Mω2d̄eiωt +Kd̄eiωt = 0 (2.4)

Equation 2.4 is rewritten as:

eiωt(K − ω2M)d̄ = 0 (2.5)

Since eiωt can’t be zero:

(K − ω2M)d̄ = 0 (2.6)

If the determinant for the coefficient matrix d̄ is zero, then non-trivial
solutions exist.

|K − ω2M |d̄ = 0 (2.7)

Each structure has a natural frequency that is dependent on its mass
and stiffness, thus the frequency will be unique for each structure. These
vibration forms can be used for identification of damages in the structure.
If damage has occurred, the stiffness and by that also the vibration forms,
have probably changed, see Figure 2.2. Damage is here defined as a change
of material and/or geometrical properties (Farrar and Worden, 2007).

If a damped system is studied it can be described by the equation of
motion, where c is the damping coefficient:
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Figure 2.2: The spectrum of a ”healthy” concrete bridge (left) and a damaged bridge
(right). With permission from Wiley.

Md̈(t) + cḋ(t) +Kd(t) = F (t) (2.8)

or

M(d̈(t) + 2ζω0ḋ+ ω2
0d(t)) = F (t) (2.9)

where

ω0 =
√
K/M (2.10)

is the natural circular fequency, and

ζ =
c

2
√
MK

(2.11)

is the damping ratio. The damping ratio determines how fast the energy
of an oscillating system dissipates.

2.5 Monitoring of Älvsbacka Bridge

The material characteristics of wood make it necessary to use adapted
strategies or sensors in order to instrument the bridge correctly. In the
late 1980s the United States Department of Agriculture - forest product



2.5. Monitoring of Älvsbacka Bridge 11

labs started monitoring stress laminated timber bridges for creep, mois-
ture and rod forces in the stress laminated bridge decks. The reason of
the monitoring was to develop, confirm and improve the design and fabri-
cation of timber bridges (Ritter et al., 1990). A high level of MC in wood
affects the structural integrity. Therefore timber constructions needs to
be monitored to assure the MC are at an acceptable level. Sandberg et al.
(2011) reports how beams, posts and various buildings in different research
projects have been monitored at more than 600 locations with a commer-
cially available product. Commonly used techniques such as fiber optic
sensors that measure temperature, strain, displacement, etc. and have
the ability to be multiplexed, i.e. have several sensors on each fiber have
not been widely used in timber bridges. Wacker et al. (2010) developed
embedded fiber optic sensors in glulam beams for strain measurements.
Phares et al. (2011) plans on developing fiber optic sensors for moisture
content, lignin degradation and monitoring corrosion in fasteners by in-
direct measurements, adapted for timber bridges. Cracks in timber will
lower the strength. Since the cracks are parallel to grain it is reasonable to
assume the cracks have the biggest impact on shear strength. The size of
the crack varies with the relative humidity (RH) and it is not fully defined
how big the impact is. Linear variable displacement transducers (lvdt)
could be used to monitor the crack width but a more applied method of
quantifying the impact of cracks on the timber strength would be desir-
able. Crack occurrence is highly dependent on the paint system used.
Pousette and Sandberg (2013) compared glulam beams with different sur-
face treatments and reported that oiled or red painted glulam beams had
25 times larger crack area on the south side and up to 15 times on the
north side compared to those who were white painted. A time-lapse video
of crack propagation in glulam beams showed how difficult they are to
measure and monitor because crack length and width is highly dependent
on the relative humidity (Vorobyev, 2012).

When monitoring a timber construction, material specific parameters
must be included in the monitoring program. During the planning stage
of the Älvsbacka Bridge the parameters to monitor were defined by re-
searchers and engineers from Lule̊a University of Technology and the re-
search institute SP Wood Technology. The following parameters where
deemed the most important and interesting from a research point of view:
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• Deflections/movements in the bridge deck both instant and long term
movements.

• Moisture content in the structural members.

• Load sensors in the cables supporting the bridge deck.

• Climate measurement system in order to observe the influence of
weather conditions on the structure.

• Synchronization between systems and sensors in order to make corre-
lations.

• Visible observation (camera) to discern the cause of the monitored
effect.

• Point cloud comparisons of long-term settlements.

The health monitoring system of Älvsbacka Bridge will measure both
short- and long term deformations. Sensors that constitute the HM system
of Älvsbacka Bridge is seen in Table 2.1. Short-term displacements are in-
duced by wind, traffic, temperature etc. whereas long-term displacements
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.

Besides measuring the aforementioned parameters each sensor need to
withstand the climate. The temperatures in Skellefte̊a can vary from -

Table 2.1: Parameters to measure and the sensor type chosen for measuring them.

Phenomenon Sensor
Moisture content of wood Moisture content sensor
Weather (wind, temp., wind dir.,RH) Weather station
Movements Accelerometer (short term)

GNSS (long term)
Cable tension Force transducer
External forces Camera
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30◦C to over +30◦C, and the relative humidity varies from around 40% to
100%.
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Chapter 3

Materials and methods

3.1 Älvsbacka Bridge

The cable-stayed Älvsbacka Bridge spans 130 meter and is in total 182
meter long (Figure 3.1). The bridge deck is four meters wide and has a
arch height of one meter. The four pylons are 24 meters high and secure the
24 cables suspending the bridge deck. The cable diameter varies between
45 to 80 mm. The superstructure consists of two glulam beams with a
cross section of 0,65 m by 1,10 m. The pylons have a cross section of
0,9 m by 0,9 m. The glulam is made of untreated spruce (Picea abies).
To protect the glulam superstructure it is painted in a light yellow color
and covered in protective cladding panels. Cross bracing and other metal
details are made of steel and hot dipped in zinc. The bridge has an open
decking with 45 mm thick pine boards. The bridge deck was constructed
in five sections at the factory for ease of installation on site and to make
transportation of the components possible.The Älvsbacka Bridge design is
based on the BRO 2004 code. The construction has an expected lifetime
of 80 years. Skellefte̊a municipality is the owner of Älvsbacka Bridge.

3.2 Monitoring system

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

15
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Figure 3.1: Älvsbacka Bridge a cold winter day. Photo Olle Hagman

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. Figure 3.2 show the
placement of the sensors.

3.2.1 Acceleration and displacement

The bridge movements is monitored with two sensor systems; accelerom-
eters and GPS sensors.

The Mulle v.6.2 is a wireless sensor board equipped with a 3-axis Micro-
Electro-Mechanical System (MEMS) accelerometer, thermometer, ultra
low power microprocessor, on-board flash memory and wireless communi-
cation module. The sensor board is designed to use batteries for electrical
supply, but due to the placement of the sensor wired power supply was
considered a better solution. The Mulle sensor have been tested in a cli-
mate chamber to assure that the electronics can endure the temperature
differences occurring over the year. The MEMS accelerometer is encap-
sulated in an IP66 casing and was mounted on the bridge at the factory.
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Figure 3.2: Placement of sensors of the health monitoring system Accelerometers are blue
squares, GNSS recievers are red dots, the weather station is a green square and strain
gauges are black dots

MEMS accelerometers have higher resolution and sampling capacity (50
Hz) than GNSS receivers (1 Hz) and are suitable for measuring rapid ac-
celerations and small movements. The higher sampling frequency will be
used to identify structure dynamic characteristics. However the accelerom-
eter 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). To monitor the long-term displacement of the bridge an ab-
solute reference system must be used, which the GNSS have. The bridge
is equipped with three Leica GMX 901 receivers and one AS10 antenna.
The Leica GMX 901 acquires its longitudinal, latitudinal and altitudinal
position from satellite systems.
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3.2.2 Weather station

The Vaisala Weather Transmitter WXT520 weather station is mounted on
the south-east pylon. The primary measurement of the weather station
is wind velocity and direction, but precipitation, RH, air pressure and
temperature can also be measured. The wind speed accuracy is ± 3 %
at 10 m/s. The wind direction is given in degrees, where north is 0◦ and
east is 90◦ and so on. The accuracy for wind direction is ± 3◦. To assure
correct measurements during the winter the weather station is heated to
keep the sensor free from snow and ice. The weather station performs its
measurements every 2 to 5 seconds.

3.2.3 Moisture monitoring

The MC of the bridge will be measured with General Electric Protimeter
HygroTrac wireless sensors. In addition to MC of the wood the sensors
also measures the local temperature and RH. The moisture content is
measured between 8 to 40%, with an accuracy of 1%. Relative humidity is
measured from 0 to 100% with an accuracy of ± 2,5% in the 0-90% range.
Temperature is measured between −40◦C to 85◦C with an accuracy of ±
0, 5◦C at 25◦C. The MC is measured once per hour. When sampling data
once per hour the sensors have an expected battery life of 15 years (GE
2014). Four sensors are mounted on the primary glulam beam facing east
and two sensors are mounted on the south-east pylon. Of the four on the
primary beam three measures the MC on the upper part of the beam and
one is measuring the MC at the lower part of the beam close to metal
fittings holding the transverse glulam beam. The fitting is suspected to
be a moisture trap for rainwater and melted snow. In the pylon there is
one sensor mounted at the top, and one at mid height see Figure 3.3. The
measurement depth is 25mm and the highest level of MC along the 25mm
is reported.

3.2.4 Strain gauges

The strain gauges measuring cable tension are mounted near the top of
the pylon. The cable sockets have integrated strain gauges to measure
cable tension. The strain gauges are custom made for Älvsbacka Bridge.
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Figure 3.3: Placement of Hygrotrac sensors
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Four of the gauges are mounted on the cables supporting the deck and one
is mounted to an anchor cable.

3.2.5 Data acquisition

The data loggers are placed in a cabinet with controlled temperature on
top of the south abutment. In the cabinet there is an Internet connection.
To achieve synchronized measurement data the system is using one com-
puter as a Network Time Protocol (NTP) server. The NTP server uses
the time stamps acquired by the GNSS receivers to give each of the other
sensor systems a time stamp.

There are three acquisition systems, one for the GNSS and weather
station, one for the strain gauges and one for the accelerometers. The
moisture content sensors are not using timestamps and only use the Inter-
net connection for communicating with HygroTracs own servers.

3.2.6 External sensors

The Bridge have been scanned with a 3D laser scanner. The scans could
be used for tracking bridge motions in different temperatures. As well
as long term structural changes/movements. 3D scanning of a bridge site
before the errection could be beneficial. The scaning could then make sure
that the bridge ground is in level, and in the correct level.



Chapter 4

Results and discussion

4.1 Monitoring results and discussion

4.2 Moisture content monitoring

In paper II 744 days of MC monitoring is presented. The long-term moni-
toring of the main beam show a stable MC curve, staying well below FSP
except for sensor 2.

The strategy was to monitor places expected to have a high MC (see
Figure 4.2), and compare with a well-protected location (see Figure 4.2).
Part of the elevated values from sensor 2 is from water pouring down on
the beam and entering the boreholes. In the pylon only one (see Figure
4.3) of the two sensors where sending data. The MC reported is a bit
higher then in the main beam and have peaks in autumn and fall when
the MC is close to FSP.

Two of the sensors stopped functioning, the sensor at the top of the
pylon only sent data for a few days and the one furthest out on the bridge
deck stopped working after 10 months. Sensor 5 on the pylon had a pair
of month long gaps where no data were recorded. The sudden gaps with
no data sent is also experienced with a sensor of the same kind mounted
at a nearby house.

21
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Figure 4.1: Data from sensor 1

Figure 4.2: Data from sensor 2

4.3 Multivariate analysis of weather impact
on bridge movements

Paper IV uses principal component analysis to visualize and classify group-
ings of monitoring data. The principal component analysis show expected
results; winds from west and east have bigger impact on deck movements
than north or south winds. Temperature is a large factor in the bridge
deck movements as well. The RH showed correlation to the bridge deck
movement. Since a change in the RH directly affects the MC of the wood
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Figure 4.3: Data from sensor 5

and thus the mass of the structure, the damping of the wood is also af-
fected. Saracoglu and Bergstrand (2014) presented some findings of the
bridge behavior regarding temperature and wind effects. A temperature
change of 5◦C will move the mid span 5 centimeters vertically, it was also
concluded that horizontal winds affected the bridge deck displacement very
little.

4.4 Engineered wood in cold climate

The geographic location of the bridge, 64◦45′N 20◦57′E, with tempera-
ture varying between −30◦C to 30◦C made it interesting to study how
engineered wood behave in sub artic climate and extreme climate. In Pa-
per II The first tests that were performed, which studied the influence of
temperature on the shear strength of glued wood joints. Samples with
four different adhesives were tested (according to EN 302-1) in a climate
chamber (Figure 4.4) at temperatures from 20◦C to −60◦C. The trend for
all adhesives where a reduced shear strength when the temperature were
decreased.
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Figure 4.4: Climate chamber for shear testing.

4.5 Other studies on Älvsbacka Bridge

Jansson and Svensson (2012) compared FEM models according to Eu-
rocode 5 and the Swedish BRO 2004 code with actual vibration data from
Älvsbacka Bridge. They found that the maximum vertical acceleration
were well under the limits for normal loading situations. They also stud-
ied the natural frequencies and the damping of the bridge and found two
damping factors 0,6% and 1,2% the difference in damping factors are re-
lated to if the cables absorb energy from traffic loads.

4.6 Malfunctioning Health Monitoring sys-
tem and sabotage

The health monitoring system has given us valuable insight to the design
of such a system. At the planning stage time stamping of the sensor data
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where seen as perhaps the largest obstacle. As the monitoring program
started it became clear that the wireless communication would be the
largest obstacle. Having several wireless sensors working parallel at the
868 MHz frequency caused communication problems between the different
sensors. The accelerometers were suffering from bandwidth problems and
package losses. And the data the accelerometers measured were mainly
noise. The frequency for one of the sensors was fine-tuned in order to get
rid of the communication problems. Sensors from a nearby multi story
wood building where turned off for four hours per day to not interfere
with the measurements on the bridge. The accelerometers have not been
able to deliver any accurate data.

The HM system generates large amounts of data. And the storage
of data and what data to save is still a problem to solve. The Database
for the Hygrotracs is the only one as of now that is able to communicate
to researchers or bridge owners if a measured value is out of a defined
threshold.

In Paper I a laser positioning system was reported. The system was
never put in place due to economical reasons.

The HM system was vandalized in june 2012, and electrical cables
were cut off, leaving the strain gauges powerless. The wiring is difficult
to access and hasn’t yet been repaired. The vandalism has led to a more
secure fencing for the cabinet where the data loggers are.
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Chapter 5

Conclusions

5.1 Conclusions

The monitoring of Älvsbacka Bridge has been going on since February
2012. The projects have given us lot of insights in the different aspects
of health monitoring. The large amount of data is difficult to handle,
together with the different sampling frequencies of different sensors. The
software solution is very important and something that we will have to
revise in the near future.

Wireless sensors are advantageous from a cost and ease of installation
point of view. But we have encountered some problems as well: data
loss, frequency clashes between sensor systems and malfunctioning sensors.
Perhaps some of the problems with the wireless communication could be
associated with interference due to the vicinity to water?

The sensors used for the health monitoring system are the same as for
bridges made of other types of construction materials. For timber bridges
with pre-stressed decks there are sensors available to monitor rod forces.
Lvdt:s used for measuring cracks in concrete might not give the complete
picture of a crack in glulam since the cracks often follow the curvature of
the annual rings.

Proven systems, as the moisture sensors, are not unflawed either. Two
of six sensors stopped transmitting data and similar behaviour is seen on
the MC monitoring of a nearby multistory building. Increasing the number
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of MC sensors would be a way around the problem, but still that’s just an
ad hoc solution.

In order for a system to be considered smart it should be able to
compare a monitored value with a defined maximum value and alert if
that value is surpassed. Hence Älvsbacka bridge can not be called a smart
bridge as of now.

The moisture content monitoring of the bridge verifies that the con-
structive protection is working as it should. The sensor showing high val-
ues ,sensor 2, have been mounted on a spot where water will pour down
the beam. But if there would be no boreholes for the sensor there wouldn’t
be high MC values either.

The multivariate data analysis showed that RH have some influence on
the bridge deck movement. This is probably due to the fact that a change
in RH will change the MC of the wood which will lead to change in the
mass of the structure, and by that the damping will change.

The budget for the monitoring system was approximately four percent
of the bridge cost. Four percent of the total bridge cost was considered
reasonable as the cost for a health monitoring system on future bridges.
The HM system on Älvsbacka Bridge has not been profitable. But the
system is not yet 3 years old and monitors a newly built bridge. The older
our infrastructure get, the bigger is the need for assuring the safety of it.
One way to lower the cost is to construct a mobile monitoring system, for
new bridges and smaller bridges this could have several benefits: small
bridges can not carry the cost for a full fledged HM system, but with a
mobile HM system the cost can be divided among several bridges. New
bridges won’t need a permanent HM system for safety reasons, and for
evaluation of the design measurements for a few weeks per year will suffice.



Chapter 6

Future work

6.1 Future work

The design of a mobile, and modular HM system would besides the reduced
cost also help avoid the enormous data that a HM system generates.

Short and midterm monitoring to gather a baseline from the natural
frequencies (see Figure 2.2 and Equation 2.7) and then validate the health
after a certain time interval.

The occurrence of cracks in glulam can be a discriminatory factor when
architects, bridge designers, etc. are choosing construction material for a
bridge. There is a need of finding better ways to measure wood cracks and
quantify the impact of crack size on the material strength.

Since the accelerometers mounted on the bridge never gave good data a
thorough investigation of the natural frequencies have not been performed.
Short term tests where performed to determine the damping and natural
frequencies of the bridge but the time for data collection was short. A
more thorough analysis of the damping properties with operational modal
analysis should be performed.

The bridge is situated at a location where the temperature is rather
extreme, during the coldest days of winter the temperature is below -30◦C
and surfaces exposed to the sun can reach temperatures well over 50◦C.
Making the study from paper II interesting to resume and further explore
how a timber construction is affected by this extreme climate.
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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.  

 

 
Keywords Timber bridge, Structural health monitoring (SHM), MEMS, GNSS, Mulle 
 
 
 
 
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 (Handa 1998), (Karoumi 2001) & (Pousette 
1999). 
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Figure 1 – Älvsbacka bridge 

Aerodynamic analyses made by COWI (2010) 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 set 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 to measure bridge behavior over the whole bridge and then used to 
calibrate our data. 
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Reference tests, both static and dynamic, will be conducted to test the vertical loads where a snow 
removal vehicle will be used.  
 
 
 
To make the health monitoring system more cost effective it is assumed that the bridge behaves 
homogeneously, and that the structural behavior can be mirrored, the sensors are therefore located on 
the south half of the bridge. This will also ease the installation of sensors as well as the wireless 
communication. However the moisture content sensors will be placed bridge wide. 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 
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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). In addition to MC in the wood the sensors also measures the 
local temperature and RH.  
 
Protimeter HygroTrac 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. 
2010). 
 
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 
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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 24-
channel 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 idea when choosing the sensors for the health monitoring system was to build a system 
that would give a detailed view of the bridge dynamics while not exceeding 4% of the budget of the 
bridge. Upcoming challenges will be the time synchronization between the different systems and the 
big temperature differences during the year. 
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Abstract. Engineered wood is increasingly used in large structures in Europe, though little is known 
of its behavior in cold climate. This paper presents the structural health monitoring (SHM) system of 
a newly built suspension bridge with a deck of glulam timber as well as a bond stability study 
regarding cold climate performance of engineered wood. The bridge is located in Skelleft

river. In this ongoing study of the timber-bridge, a structural health monitoring system is employed to 
verify structural design and long-term performance. This 130m-span bridge is monitored using GNSS 
receivers, MEMS accelerometers, laser positioning systems, wireless moisture content sensors, strain 
gauges and weather stations. Data from the monitoring systems is analyzed regarding accuracy, 
complexity, costs and reliability for long time use. Engineered wood application in bridges, sports 
centers and timber buildings are discussed. Bond stability of glulam structures in cold climate is also 
examined in a range of experiments ranging from small glued wood joints to full size glulam bridge 
performance over time. From an engineered wood material point of view, the study is relevant to cold 
regions such as Scandinavia, Canada, Alaska, Russia, and the northern parts of China and Japan etc. 
The engineered wood constructions in these areas will be exposed to low temperature in a quite long 
period each year. The goal is to determine how engineered wood behaves when exposed to 

-  

Introduction 

Wood construction is increasingly using engineered wood products. Engineered wood application in 
bridges, sports centers and timber buildings are common in Europe and North America. Adhesives 
are the key part of these engineered wood products and play an important role in the performance of 
engineered wood products. How do the bond lines of engineered wood behave under extreme cold 
climate? The concern is stronger in regions like Scandinavia, Canada, Alaska, Russia, and North 
China and Japan etc. The bond of most adhesives is more brittle than wood. The performance of bond 
lines at elevated temperatures is well documented [1, 2, 3], but not much information is available on 
the stability of bond lines at low temperatures and especially under extremely cold temperatures. 

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.  

river in Sweden 2011. It is a cable-stayed 
bridge with a span of 130 m. The monitoring of the bridge contributes 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 deliver complete and unique data from 
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long-term monitoring. Wireless sensor networks are tested for the bridge monitoring. Temperature, 
wind and rain are measured at the site. The bridge is 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. 

Timber suspension bridge and health monitoring program 

Timber suspension bridge. This part presents a timber bridge construction, as earlier described by 
Gustafsson et al. [4]. The cable-stayed footbridge crosses river nearby the city center in 
an area with a distinct wood building approach (Fig. 1). The bridge spans 130 meters and was 
designed and constructed by Martinssons, Bygdsiljum, Sweden. 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 the 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, 645x1100 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% which is a normal value for this type of bridge. Other measurements 
show much higher damping, but also that the damping is changing over time [5, 6, 7]. 

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 made 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 [8]. 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. 
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Figure 1 lvsbacka timber suspension bridge in Skellefte  

Health monitoring program.There are two goals for the health monitoring: first, acquire data, 
models and tools to measure quality and performance of timber structures; second, verify the bridge 
design. The health monitoring system measures 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 design load on the bridge. Vertical loads induced 
by traffic are small here, only a handful of pedestrians or bicyclists cross the bridge at the same time. 
The sensors of the health monitoring system measures 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 Fig. 2. The different systems are 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 is also equipped with a web camera, which besides 
exposing the bridge is 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 are mounted beneath the bridge deck.
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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 are 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 (Fig. 3a) from Vaisala [9]. The 
primary measurement of the weather station is wind velocity and direction, but precipitation, RH, air 
pressure and temperature are also measured. The weather station placed beneath the bridge deck 
measures 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. 

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 [8]. Important structural parts to monitor are among others: the bridge deck modules and 
the ends of the primary beams. The MC of the bridge is measured with General Electric Protimeter 
HygroTrac wireless sensors (General Electric 2010), as shown in Fig. 3b. In addition to MC in the 
wood, the sensors also measures the local temperature and RH. 

 

(a) 
 

(b)  

 

(d) 

 

 

(e) 

 

Figure 3 - Picture of sensors: (a) Weather Transmitter WXT520; (b) General Electric Protimeter 
HygroTrac Wireless Moisture Sensors; (c) Strain gauge mounted on cable socket; (d) MEMS 

accelerometer wireless sensor board (Mulle v6.2); and (e) Leica GMX 901 receiver. 

3) Strain gauges. The strain gauges measuring cable tension are mounted near the top of the 
pylon. The cable sockets have integrated strain gauges (see Fig. 3c) to measure the cable tension. The 
strain gauges are custom made by HBM (HBM 2010). Four of the gauges are mounted on cables 
supporting the deck and one is mounted to an anchor cable. 

4) Acceleration and displacement. The bridge movements are 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 [10]. 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 are positioned together with accelerometers to get a good comparison of performance. 
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a) MEMS accelerometersThe Mulle v6.2 (Fig. 3d) 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 should be located at positions that are hard to reach for changing the 
batteries, wired electricity is used. The Mulle have been tested in a climate chamber to assure that the 
electronics can endure the temperature differences occurring over the year. 

b) Global Navigation Satellite Systems (GNSS). The bridge is equipped with four Leica GMX 
901 receivers (Fig. 3e) 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 is also able to use Galileo, the European 
satellite system, when this is put in function that 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 uses the bridge 
as a platform in their research on time and frequency transfer in GNSS systems. 

c) Laser positioning system. 
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 are angled so the reflectors position 
changes 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 are 
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 are 
made of aluminum sheets and they have a heating mechanism on the back to prevent coating from ice 
and snow. 

Data acquisition. In the south abutment there is a small room where the data acquisition 
equipment is placed. A 24- channel 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. 

Preliminary results. The measured natural frequencies of the bridge correspond rather well to 
the theoretical values. The first three theoretical (vertical) natural frequencies are: 1.45, 1.47 & 2.72 
Hz and the corresponding  measured (vertical) natural frequencies are: 1.4, 2 & 3 Hz. In Fig. 4, some 
coordinate differences against time are given.  It can be seen that he daily temperature changes affect 
the arch height with about 0.1 m for a 24-hour period. The horizontal deformations are in the order of 
some 20 mm during the same period in March 2012. 

 

 

Vertical and horizontal deformations against time. 

51



Engineered wood in Cold Climate 

The main objective of this part project is to determine how engineered wood behaves when exposed 
to temperature - .  

Study the influence of cold temperatures (T = -
small samples of glued wood joints (according to EN 302-1). A total of 375 Norway spruce 
specimens (size: 150 mm x 20mm x 10mm) with four types of adhesives (PUR, PVAc, EPI and 
MUF) at five temperatures (20, -20, -40, -50 and - for shear strength according to 
the European Standard EN302-1 Adhesives for load-bearing timber structures. The Machine and test 
specimen are demonstrated in Fig. 5. 

 

 Machine and test specimen according to EN302-1. 

Preliminary results 

Table 1 and Figure 6 show the shear strengths of wood and adhesive bonds at different temperatures. 
Table 2 demonstrates results from paired t-tests for shear strengths at different temperatures. 
Solid wood specimens: The shear strength of tested solid wood specimens decreased with decreasing 
temperature. There are significant differences between 2 - - -  The mean 
value decreased from about 7.2 to 6.5 MPa. 
Glued wood specimens: The PVAc bonds were in the range of solid wood strength and the wood 
failure percentage was comparatively low. The PUR and MUF showed somewhat lower shear 
strength than solid wood and PVAc. There is no significant difference -
types of adhesives bonds tested (PUR, PVAc, EPI and MUF). No matter of how the temperatures 
changed, MUF showed the lowest shear strength among all. The significant lower shear strength 
demonstrated at - -50 C depends on the adhesive type. 

Table 1 Shear strengths of wood and adhesive bonds at different temperatures 
Temperature 

 
Shear strength (MPa) 

 Spruce PUR PVAc EPI MUF 
20 Mean 7.19 5.98 7.03 6.32 5.09 

Std. Dev. 1.78 0.95 0.63 0.99 1.41 
-20 Mean 7.04 5.85 6.82 6.07 4.87 

Std. Dev. 0.81 1.41 1.51 1.00 1.03 
-40 Mean 6.51 5.42 6.25 5.84 5.12 

Std. Dev. 1.37 0.93 1.41 1.64 1.01 
-50 Mean 6.13 5.35 5.61 5.27 4.58 

Std. Dev. 1.29 1.74 1.69 1.43 1.15 
-60 Mean 6.45 5.04 6.09 5.78 4.89 

Std. Dev. 0.88 1.77 1.87 0.85 1.52 
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Table 2 Paired t-tests results for shear strengths at different temperatures 
Glue type Variable1 Variable2 Difference tValue DF1 P Value2 

Wood  -  -  2.458 15 0.03 
Wood -  -  - -  3.206 15 0.01 
Wood -  -  - -  2.099 14 0.05 
PUR  -  -  2.708 15 0.04 
PVAc  -  -  1.854 14 0.05 
PVAc -  -  - -  2.003 15 0.05 
PVAc -  -  - -  1.867 14 0.04 
EPI -  -  -  vs. -  1.918 15 0.05 

DF1: Degree of freedom; P Value2: Probability value which is significant at level of 0.05. 
 

 
 Shear strength of all tested specimens against temperature. 

Investigation of -6
tension strengths. Tests will be carried out on medium size samples (1500 mm x 1500mm x at least 
100mm) made by glulam, LVL, SCL or CLT.  These real existing engineered woods with different 
adhesives from different producers from Sweden and partners will be tested under cold temperatures. 
The CT scanner should observe the stability and failures as well. The statistical models should predict 
for strengths and failures. 
Testing and evaluation of glulam beams full-scale vulnerability to fluctuations in temperature 

- . Tests have been followed for 5 years with respect to temperature, cracking 
and flexural strength of beams and columns in Sweden [11]. 

Assessment of Bridges in collaboration with CSUFT 

Monitoring, asses
of Technology. Concrete bridges have been studied in collaboration with the Central South 
University of Forestry and Technology in Changsha by He et al. [12, 13], Zou et al. [14] and 
Sabourova et al. [15]. Know-how and guidelines are presented in the reports from two European 
research projects: Sustainable Bridges [16] and Mainline [17]. Linked to this is the capacity to build 
crack-free durable concrete structures, see e.g. Jonasson et al. [18].  

Concluding Remarks 

In the first part of this paper the design and sensors for the health monitoring system for the 

system was to build a system that would give a detailed view of the bridge dynamics while not 
exceeding 4% of the budget of the bridge. Upcoming challenges are the time synchronization 
between the different systems and the big temperature differences during the year.  
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In the second part of this article, the engineered wood behaviour is discussed when exposed to 
- .  Different sizes of specimens and different load combinations 

were tested. Some significant lower capacities for shear strength and wood failures were founded by 
the preliminary tests of small glued samples at low temperatures. 
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Abstract 
Construction of modern timber bridges has increased a lot during the last 20 years in Sweden. Wood as 
a construction material has several advantageous properties, its renewable, sustainable, aesthetically 
pleasing, etc. but is also prone to deterioration. To protect the wood from deterioration and assure the 
service life of the construction, the wood is either protected with some surface treatment and/or 
constructive protection. The objective of this work was to evaluate a technology to monitor the 
moisture content in wood constructions. Monitoring the moisture content is important both to verify the 
constructive protection and for finding areas with elevated levels of moisture in the wood, since critical 
levels of moisture might lead to microbiological attack of the wood. In this work, a timber bridge was 
studied. The structure was equipped with six wireless sensors that measure moisture content of the 
wood and relative humidity of the air once every hour. 744 days of moisture content measurements of 
the Älvsbacka Bridge are presented in this paper. Some sensors had communication problems and one 
stopped working completely after just a few weeks. Results showed that the technology used to 
monitor the bridge generally works, however, there were occasional issues with the data collection due 
to communication problems and actual malfunction of sensors.  
The overall conclusions were that this technology is promising for monitoring the state of wood 
constructions. However, the data collection showed a few failures and an even more reliable sensor 
technology is wanted since the technology is intended to be used as continuous remote monitoring of 
wood bridges during (very) long periods of time. 

Keywords 
Wireless sensors, Timber bridge, Monitoring, Moisture content 

1 Introduction 
 
 During the last 20 years approximately 1600 modern timber bridges for traffic and pedestrians have 
been built in Sweden. Advantageous properties such as: abundance, easy to shape, good strength to 
weight ratio, renewable, sustainable, aesthetically pleasing, etc. together with modern adhesives and 
engineered wood such as glue-laminated timber make timber a good material for constructing bridges.  
 
 But timber is prone to deterioration by decay, fungi and insects. To protect the wood from 
deterioration and assure the service life the wood is either protected with some surface treatment and/or 
constructive protection. Timber is also subjected to both seasonal and daily changes in temperature and 
relative humidity (RH) which both affect the moisture content (MC) of the timber. Wood can contain 
up to 140% of water based on dry weight. Depending on species, the fiber saturation point (FSP) is 
where 28-30% water is chemically bonded to the wood fiber. Moisture contents over the FSP are due to 
free water in the wood cell lumen. Dimensional changes of the wood take place only up to the FSP, 
where highest amount of chemically bonded moisture in the cell wall corresponds to the most swollen 
state of the wood. The shrinking and swelling leads to generation of stresses in the wood and will lead 
to propagation of cracks in the material. The shrinking and swelling also introduce stresses in the glue 
line of glulam and x-lam. A crack can be an entranceway for water and cause water pockets that might 
introduce even more water to the wood. A suitable surface treatment will prevent cracks and prolong 
the service life of outdoor wood [1]. High MC in a timber construction can affect the structural 
integrity of the construction. If the 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. Studies of the development of brown rot fungi show that the humidity must be 
above 95-98% for a long time and the wood moisture content around fiber saturation point, 25-30% [2] 
The optimum moisture content for the growth of brown rot fungi is 30-70% MC in wood [2]. Modern 
timber bridges in Sweden have an expected technical lifetime of 40 or 80 years depending on the 
construction type [3]. To assure the technical life time bridges are regularly inspected. Bridges in 
Sweden are inspected and cleaned at least once every year, and bridges with heavy traffic load even 
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more often. A thorough major inspection is conducted 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 
made [4]. The inspections look for damages to the construction, cracks in the super structure, where 
debris or vegetation is lying against wood, etc. Fasteners, constructive cladding, end grain, abutments, 
etc. are of special interest during inspections [5]. The inspections are performed mainly by visual 
assessment but moisture content meters, both resistance and dielectric, are used. If rot is suspected, 
resistance drilling can be performed, to determine if rot is present. For bridges with pre-stressed decks, 
the rod forces are also controlled. Visual inspections are always dependent on the skill of the inspector 
and the results can vary considerable [6]. With modern sensor technology, hidden defects could be 
detected and with that be a valuable complement to visual inspections. Long time monitoring can 
provide tools and experience for better planning of the inspections and to detect damage at an early 
stage. Early detection of damage can reduce costs and downtime for reparations. A health monitoring 
system should decrease the frequency of inspections needed to assure the structural integrity of the 
bridge. Monitoring of concrete bridges and steel bridges are common [7]. Timber bridges demands 
efficient monitoring methods in order to keep competitive with bridges built of other materials. New 
sensor technology provides continuous measurements suitable for health monitoring of timber bridges 
[8]. These sensors provide more information than visual inspections and could reduce the maintenance 
cost and a better basis for planning maintenance activities and evaluating the remaining service life. 
Monitoring of timber bridges can also help the design and development of the next generation timber 
bridges [9].  Moisture content monitoring of various timber constructions has been reported by several 
researchers: Sandberg et al. [10] reports of more than 600 wireless sensors being used for monitoring 
beams, posts and buildings. Brischke et al. [11] constructed an MC sensor that was long term tested at 
29 locations in Europe and USA. Dyken & Kepp [12] monitored the MC indirectly by measuring RH 
and temperature in small cavities at five timber bridges and concluded that the MC eventually dries out 
from massive glulam elements over time.  
 
This work has been a part of Sense smart city together with SP Trä (SP Technical Research Institute of 
Sweden, division of Wood Technology) and Skellefteå municipality. Some of the objectives in the 
Sense smart city project are: Create knowledge about measurements on large timber constructions and 
create systems for monitoring timber products. This paper presents the results and experiences from the 
long term moisture content monitoring of Älvsbacka Bridge. 
 
2 Materials and method 
 

2.1 Älvsbacka Bridge 

In august 2011 the Älvsbacka Bridge was erected in Skellefteå (64°45′N 20°57′E). The Älvsbacka 
Bridge connects the Älvsbacka district on the north side with Anderstorp district on the south side of 
the Skellefteå River. The bridge is for pedestrian and bicycle traffic and designed to carry a snow 
removal vehicle (a distributed load of 4kN/m2). The cable-stayed bridge spans 130 meter and is in total 
182 meter long, with the bridge deck measuring four meters wide and the 24-meter high pylons. The 
pylons secure the 20 cables suspending the bridge deck. The cable diameter varies between 45 to 80 
mm. The superstructure consists of two glulam beams with a cross section of 0,65 meter by 1,10 meter. 
The pylons have a cross section of 0,9 meter by 0,9 meter. The glulam is made of untreated Norway 
spruce (Picea abies).  The superstructure it is painted and covered in protective cladding panels for 
protection. Cross bracing and other metal details are made of steel, which have been hot dipped in zinc. 
The bridge has an open decking with 45 mm thick pine boards. The bridge has a technical lifetime of 
80 years. Skellefteå municipality is owner of the bridge. 
 
2.2 Moisture content sensors 
 
The MC sensors used for this project are a commercially available system, Protimeter HygroTrac 
wireless sensors by General Electric. The sensors were mounted at the factory during the 
manufacturing of the primary glulam beams in the summer 2011. Electrical installations and the fiber 
connection were not completed until early 2012. When Internet access and electrical installations had 
been completed at the bridge, the gateway for the sensors was taken in function. The sensors are 
calibrated for spruce and are battery-powered with an expected battery life of 15 years when measuring 
once per hour. Technical specifications are found in Table 1.  
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Each sensor was mounted with two stainless steel screws. The screws are 25mm long and are not 
isolated. The conductivity between the screws was measured along the whole length of the screw and 
the MC reported was the highest value found, measured 25mm in from the surface.  
 
Table 1. Technical specifications of the Hygrotrac sensor.  
Measured property Range Accuracy 
MC 8% to 40% +/- 1% 
RH 0% to 100% +/- 2,5% in the 0-90% range 
Temp. -40°C to 85° +/- 0,5°C at 25°C 
* Technical specifications from GE Measurement and control 2014 ge-mcs.com 
 
Every hour the six sensors measure MC, RH and temperature. Each sensor has a unique ID, and the 
data is transmitted wireless from the sensors to a gateway located in the south abutment of the bridge. 
The seven-character sensor ID is presented as sensor 1 through 6 for convenience in this paper. The 
sensor placement on the bridge is shown in figure 1.  From the gateway the data is sent to a server and 
is displayed on a password protected site.  
 

 
Figure 1. Placement of Hygrotrac sensors. 
  
Sensors 1 to 4 are placed beneath the bridge deck on the east facing main glulam beam and sensors 5 
and 6 are mounted on the south-east pylon. The sensors on the deck are mounted on the primary beam 
facing east. The first two (sensor 1 & 2) are mounted 7,2 meter from the south abutment at both the top 
and the bottom of the primary beam. Sensor 3 is mounted 12,2 meters from the abutment and sensor 4 
is located 26,5 meter from the south abutment, see Figure 1. Sensor 1 is mounted at the top of the beam 
just beneath a ledge and will be used to compare with sensor 2 which is mounted beneath at the bottom 
of the beam (see Figure 2). Just above sensor 2 is a metal fastener for the transverse beams where water 
will pour down along the edge of the metal fittings and higher levels of moisture content are expected 
to be found there. 
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Figure 2. shows sensor 1 at the top and sensor 2 at the bottom of the glulam beam. 
 
Sensor 5 and 6 where placed in the southeast pylon. Sensor 5 is placed at the middle, 11,5 meters from 
the bridge deck and sensor 6 at the top, 23 meters from the bridge deck. The sensors on the pylon are 
shielded by the protective cladding protecting the glulam. Approximately 200 meters from the 
northeast side of the bridge there are three multistory timber houses. These houses have also been 
monitored for moisture content. For comparison, a sensor placed on the south façade of the building 
was studied. The façade is made of spruce just as the glulam used for the Älvsbacka Bridge. 

3 Results and discussion 
 
MC, RH and temperature have been measured at six locations on the bridge since February 22, 2012 to 
February 3, 2014, leading to 744 days in total. The measured RH and MC for sensors 1 to 5 are 
displayed in Figures 3 to 7.  
Of the six sensors, two were malfunctioning. Sensor 6, which is located on the top of the pylon, only 
sent a data for a few days and is not presented here. Sensor 4 stopped working after 10 months. This 
could be battery related, due to condensation or snow, or faulty hardware. Sandberg et al. (2011) 
reported similar experiences and found that restarting the sensor could sometimes solve the problem. 
The relative humidity varies between 35 to 100% over the year, and the different sensors show similar 
readings. The MC readings show the highest values during the winters and the lowest during the 
summers. Sensor 2 shows the highest moisture content (Figure 4), reaching well over 40% for short 
periods and over 25% for long periods during the winter. MC over 40% is not within the calibrated 
interval of the sensor, and is probably due to water in the boreholes. The other sensors are reporting 
MC below the FSP. 
Sensor 1, located at the top of the main beam, at a location protected from water flowing down through 
the bridge deck shows an expected behavior with a MC under 20% except for a few peaks. Sensor 2, 
placed at the lower end of the glulam beam is more exposed to water pouring through from the open 
bridge deck. Due to the placing, the elevated values from sensor 2 are anticipated.  
Sensor 3 shows a similar behavior as sensor 1, with a MC below 20%. Sensor 4 reported the lowest 
MC levels until the failure. Sensor 5 suffered from some sort of malfunction and had problems sending 
data, with limited data acquisition between December 2012 and April 2013, see Figure 7. Sensor 5 has 
reported a MC above 20% in September-October 2012 and January 2014.  
. One of the sensors from the nearby house has been used for comparing with bridge data. The sensor is 
mounted on the south façade and measures the MC at the surface. 
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Figure 3.  Data from sensor 1 located on the main beam. 
 
 

 
Figure 4. Data from sensor 2 located on the main beam, right below sensor 1. 
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Figure 5. Data from sensor 3 located on the main beam. 
 
 

 
Figure 6. Data from sensor 4 located on the main beam. 
 
 

 
Figure 7. Data from sensor 5 located on the middle of the pylon. 
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Figure 8.  Reference sensor from a nearby timber house. 
 
Figure 8 shows measurements from the nearby timber house. Although lower values on the RH, the 
trend is similar to the RH measured at the bridge. The higher RH values for the sensors on the bridge 
could be due to the vicinity of the river. The MC is quite steady around 10% -15% with a few peaks 
over 20%. The same problem as with sensor 5 is also present here, for a period of a few months only 
very sporadic measurements are being reported. 
 
 
 
4 Conclusions 
 
The overall objective of this paper was to present the long-term MC monitoring of Älvsbacka Bridge 
and evaluate the Hygrotracs suitability as a MC monitoring system for timber constructions. 
  
Timber constructions such as bridges need to be inspected and monitored in search of elevated MC 
levels. The MC monitoring system on Älvsbacka Bridge consists of six sensors, where only four is still 
sending data. The low amount of sensors cannot monitor a whole bridge, but it can confirm that the 
construction is ok by verifying strategic measurement points. The elevated MC levels shown for sensor 
2, at the bottom of the glulam beam, is likely due to water pouring/melting down and pouring in the 
bore-holes. It is reasonable to expect that if the bore holes for the sensor had not been mounted, the free 
water would not be able to penetrate the painted surface of the beam and the MC would be around 15-
20 % as for the close by and protected sensors.  
 
From figure 2 it can be seen that there is no visible cracks in the vicinity of sensor 2. So even while the 
MC is varying over and under the FSP it doesn’t seem to have affected the timber, which is a good 
indication of that it is just water in the boreholes that is responsible for the elevated MC values.  
 
Sensor 5, located inside of the protective cladding on the pylon, show higher MC than the sensors in 
the main beam, reaching over 30%, which must be further investigated. Viitanen (1994) states that the 
critical humidity level for fungi growth is RH 80% and over, with temperatures above 20°C. Although 
RH values are high during December to February, the low temperature is not favorable for fungi 
growth. 
 
The Hygrotrac sensor used for monitoring the MC on Älvsbacka Bridge is an established product. The 
wireless sensors are convenient to set up, but some times the sensors need a restart in order to function. 
The points monitored on the bridge are under the bridge deck and below is just water, hence they are 
very difficult to reach. If ice conditions are right, they might be accessed during the winter with a 
ladder. The monitored points on Älvsbacka Bridge are today not reachable and thus we can not 
restart/exchange the faulty sensors. A larger amount of sensors could have been installed to cope with 
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the eventual sensor loss. Sandberg et al (2011) reported similar problems, which could be due to 
condensation or snow on the sensor.  
 
Changes in bridge dynamics might be a complement to MC sensors. The sensors are mounted on 
places that are rather difficult to inspect, thus giving valuable input during bridge inspections. 
 
As for confirming the constructive protection the 1/4 of the bridge that is monitored is enough since the 
other three sections are mirrored images. But as a means to monitor the bridge throughout its technical 
lifetime, it is not enough. However, the lifetime of the sensors are much shorter than the bridge and as 
the bridge gets older and the sensors need to be changed a more thorough sensor system might be 
installed.  
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Multivariate screening of the weather effect on timber bridge movements 

Niclas Björngrim, Olle Hagman and Alice Wang 

Abstract 

Monitoring displacements and weather impact of complex structures such as a large cable stayed 
timber bridge generates large amount of data. In order to extract, visualize and classify health-
monitoring data to get a better comprehension multivariate statistical analysis is a powerful tool. This 
paper is a screening to evaluate if principal component analysis is useful on health monitoring data. 
Principal component analysis (PCA) and projections to latent structures by means of partial least 
squares (PLS) modeling were used to achieve a better understanding of the complex interaction 
between bridge dynamics and weather effects. The results show that PCA give good overview of the 
collected data, and PLS modeling show that winds from east and west best explains bridge movements.  

Keywords Timber bridge, PCA, PLS, Multivariate statistics 

1 Introduction 

During the last 20 years approximately 1600 modern timber bridges for traffic and pedestrians have 
been built in Sweden. Advantageous properties such as: abundance, easy to shape, good strength to 
weight ratio, renewable, sustainable, aesthetically pleasing, etc. together with modern adhesives and 
engineered wood such as glue-laminated timber make timber a good material for constructing bridges.  
In 2011 a cable-stayed timber footbridge, Älvsbacka Bridge, was erected in Skellefteå. The Älvsbacka 
Bridge consists of approximately 200 tons of timber and 70 tons of steel [1]. The bridge is located in 
the northern part of Sweden where temperatures can range from below -30°C to over 30°C during the 
year.  The bridge is equipped with a health monitoring system [2 & 3], which consists of several 
different sensors that measure displacements, weather effects, moisture content etc. New sensor 
technology provides continuous measurements suitable for health monitoring of timber bridges [4]. 
These new sensors provide more information than visual inspections and could reduce the maintenance 
cost and a better basis for planning maintenance activities and evaluating the remaining service life. 
Monitoring of timber bridges can also help development of the next generation of timber bridges [3]. 
The complexity of the bridge regarding materials with different thermal properties together with the 
comprehensive data from the health monitoring system make it interesting to investigate how the 
bridge response to external parameters such as temperature and wind. When dealing with large datasets 
of measurement data containing many variables and observations multivariate statistics by (PCA) is a 
suitable tool to extract and visualize data [5]. In this paper a multivariate approach is used to group and 
model weather phenomena affecting the Älvsbacka Bridge, to better understand large timber 
constructions. 

2 Materials and methods 

2.1 Älvsbacka Bridge 
 
In August 2011 the Älvsbacka Bridge was erected in Skellefteå 64°45′N 20°57′E. The Älvsbacka 
Bridge connects the Älvsbacka district on the north side with Anderstorp district on the south side of 
the Skellefteå River. The bridge is for pedestrian and bicycle traffic and designed to carry a snow 
removal vehicle (a distributed load of 4kN/m2). The cable-stayed bridge spans 130 meter and is in total 
182 meter long, with the bridge deck measuring four meters wide and the 24-meter high pylons. The 
pylons secure the 20 cables suspending the bridge deck. The cable diameter varies between 45 to 80 
mm. The superstructure consists of two glulam beams with a cross section of 0,65 meter by 1,10meter. 
The pylons have a cross section of 0,9m by 0,9m. The glulam is made of untreated Norway spruce 
(Picea abies).  To protect the superstructure it is painted and covered in protective cladding panels. 
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Cross bracing and other metal details are made of steel, which have been hot dipped in zinc. The bridge 
has an open decking with 45 mm thick pine boards. The bridge has a technical lifetime of 80 years. 
Skellefteå municipality is owner of the bridge. 
 

2.2 Monitoring system 

Figure 1. Model showing the south half of the bridge. The blue circle shows GNSS receivers and the 
green circle shows the weather station. 

2.2.1 Global Navigation Satellite Systems (GNSS)  
 
The bridge is equipped with three Leica GMX 901 receivers [6]. The receiver acquires its longitudinal, 
latitudinal and altitudinal position from GPS and GLONASS satellites systems. The sensors are 
mounted on the east side of the bridge on mid- and quarter-span; the third sensor is mounted on the top 
of the southeast pylon. The sensor mounted on top of the pylon is used as a reference antenna. The 
sensors measure the vertical, longitudinal, and transverse position at a sampling interval of 1 Hz.  
 

2.2.2 Weather station 
 
The weather station mounted on the southeast pylon is a Vaisala Weather Transmitter WXT520 [7]. 
The weather station is measuring wind velocity, wind direction, relative humidity (RH) and 
temperature. The accuracy of wind velocity is ±3% at 10 m/s. The accuracy for wind direction is ±3°. 
To assure correct measurements during the winter the weather stations can be heated to keep the sensor 
free from snow and ice. The weather station take a measurement every two to five seconds. 
 

2.3 Data collection and analysis 

The data used for this study was collected in January 17 2013 and May 18 2013. These days where 
chosen because of clear differences in temperature. January 17 displayed around minus 22°C during 
the measured period, and during May 18 the temperature reached plus 22°C.  
 
The weather station collects circa 7000 data points per day and the GNSS collects 86400 points per 
day. In order to compare these data, data from the weather station have to be interpolated, so that a 
certain time answers to a certain movement given from the GNSS. Weather data consist of wind 
velocity in m/s. Wind direction is given in degrees, where north is 0°, east 90°, south 180° and west is 
270°, relative humidity is presented in percent and temperature in °Celsius. In the model north is 
defined as the interval from 316° to 45° and east as 46° to 135° and so forth. The GNSS data is 
displayed as the offset from a normal position, in meters. 
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The PCA analysis was computed with Simca 13 software [8]. X-variables for the PCA model where: 
RH, temp, wind velocity, latitudinal, longitudinal and transverse displacement of the mid-span and 
quarter-span of the bridge.   
 
For the PLS analysis the 6 displacement parameters where set as Y-variables. For the PLS model the 
dummy variable wind direction where introduced and used together with RH, temp, wind velocity, and 
the product of wind direction and wind velocity as X-variables. The wind direction, which is a dummy 
variable, is denoted north (N), east (E), south (S) or west (W) and is given the value 1 for a correct 
wind direction and 0 for an incorrect wind direction. Wind direction was also multiplied with the wind 
velocity to assess the magnitude of the wind. 
 
When a PCA or PLS model is evaluated R2 and Q2 values are important parameters. The R2 value is the 
goodness of fit, a measure on how much the variation of the data can be explained by the model. For 
PCA it’s the R2 of the X variables that is used and for PLS it’s the R2 of Y data that is used for 
evaluation. The Q2 value indicates how good the model is at predicting new observations. By leaving 
out a small part of the observations when the model is created and then using the model on the left out 
data, and then comparing the predicted values with actual observations the model is cross-validated [5].  

3 Results and discussion 

3.1 PCA results 
 
The PCA score plot is shown in figure 1a-c and the loading plot in figure 1d. The R2 value of the model 
is 0,873 with a Q2 value of 0,491. The PCA analysis shows that mid-span movements in all three 
directions together with longitudinal movements at the quarter-span are strongly correlated with 
temperature, RH and wind speed. Transverse and vertical movements are not as strongly correlated. 
The PCA was conducted to find groupings in the data. The score plot was colored by wind direction to 
find groupings. Three groups were found, colored by winds from east, south and west. 
 

 
Figure 1a PCA score plot with red denoting winds from east. 1b PCA score plot with red denoting 
winds from south. 1c PCA score plot with red denoting winds from west 1d PCA loading plot. 
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3.2 PLS results 
 
The PCA model was used to model the transverse, vertical and longitudinal movement on the deck.  
For each of the three directions a model containing the whole data set, the subset of west wind 
groupings, the subset of south wind groupings and the subset of east wind groupings were created. 
 
Twelve models were created. The models based on the whole data set best explained the modeling of 
the movements in all three directions of the bridge deck.  
 
The transverse model had an R2 and Q2 of 0,662 the variables having biggest impact on the model was 
winds from east and west together with wind velocity. 
 
The longitudinal model had an R2 and Q2 of 0,737 the most influential parameters where winds from 
east and west multiplied with the wind velocity. The temperature also has an impact in predicting the 
longitudinal displacements. 
 
The vertical model had the weakest R2 and Q2 at 0,525.  Wind direction multiplied with the velocity 
from west and east is the biggest factor, RH is also influential for the model. 
 
When the observed vs. predicted values where plotted it was evident that there were two mechanisms 
affecting the longitudinal movements. These two different directions found originated from the 
temperature differences in the data set. Hence two models based on a subset with the data from January 
17 and May 18 was evaluated. 
Longitudinal movements with data from January 17 had an R2 and Q2 of 0,469 with temperature being 
the strongest variable. 
Longitudinal movements based on the data from May 18 had an R2 and Q2 of 0,894 and temperature, 
wind velocity and RH all contribute to explaining the model. 
 
4 Conclusions 
 
Älvsbacka Bridge is built in the north south direction. That winds from east and west are the most 
influential on the bridge deck movements is expected. [3] Reported that the dominant wind direction at 
the bridge site is from south. 
 
The PCA gives a good overview over the data set and found distinct grouping in the data set. The PLS 
models where over fitted due to the large amount of measurement data but is still giving insight in the 
dynamics of the bridge. 
  
The vertical movement gave the model with the lowest goodness of fit. This could be due to that the 
vertical movements have a stronger correlation with temperature and the thermal expansion of the 
supporting cables. The thermal expansion-contraction of the steel cables are not accounted for here, but 
they will affect the bridge deck movements, especially in the vertical direction. 
 
The RH showed correlation to the bridge deck movement. Since a change in the RH directly affects the 
MC of the wood and thus the mass of the structure, it can account for small changes in the damping of 
the bridge. 
 
Longitudinal move could be due to pylon movements, or abutment and ground displacements. By 
modeling the longitudinal movements by May data and January data independently the variables 
affecting the model changed, probably due to the large differences in temperature. 
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