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The SIMO (Monitoring of bridges) project is national TEKES (Finnish Funding
Agency for Technology and Innovation) project with 15 partners, which are
mentioned below. The report is written together with project partners and
compiled by VTT, Ilkka Hakola. The chapters of introduction, recommendations,
conclusions and summery have been written by project manager Ilkka
Hakola/VTT. The other authors and corresponding chapters are mentioned below.

TEKES (Finnish Funding Agency for Technology and Innovation), Ilkka Jussila
FINNRA (Finnish Road Administration), Timo Tirkkonen (12.1)

RHK (The Finnish Rail Administration), Harri Yli-Villamo

VTT (Technical Research Centre of Finland), Ilkka Hakola, project manager, (1,
2, 3.0, 4.0, 5.0, 6.0, 7.0, 10, 13, 14, 15), Erkki Vesikari (4.2, 4.3, 4.4), Matti
Halonen (3.2), Klaus Kinsild, (11)

Helsinki University of Technology, Lauri Salokangas (8)

University of Oulu, Timo Aho (7)

Tampere University of Technology, Anssi Laaksonen (9)

WSP Finland Oy, Risto Kiviluoma, chairman of the project management group (6)
Destia, Torsten Lunabba, 4.1

P&yry Infra Oy, Jaakko Dietrich (12.3)

Pontek Oy, Paavo Hassinen (3.3)

Futurtec Oy, Pekka Toivola (3.1) (now Savcor Tempo Oy)

Savcor Art Oy, Teemu Montonen (7.2)

Ramboll Finland Oy, Ilkka Vilonen, Matti Airaksinen, Tommi Rissanen (12.2)
Fortum Power and Heat Oy, Marja Englund (4.1)

FuktCom AB, Hemming Paroll (4.2, 4.3, 4.4)

Project for monitoring of bridges has been planned for many years, the first ideas
to get long-term information of bridges via monitoring has been presented by
Timo Tirkkonen from FINNRA and VTT developed and continued the efforts to
start the project. Risto Kiviluoma, WSP has written the final project plan of
SIMO.

The SIMO project has executed during years 2006 - 2008 by monitoring five
different kind of bridges and by collecting data using ADSL or GSM modems.
The data has been used to analyze bridges and structures using FE and life cycle
models,

The assembler of this report will thank TEKES, Finnish Road Administration,
engineers in Road Administration Regions and other project partner, who have
given resources and funding for the project and to start the monitoring research in
Finland. T will also thank all Simo project partners for good co-operation, good
advice and help for writing this report with excellent expertise. I will also thank
foreign universities and institutes (prof. Feltrin, EMPA; Prof. Kruger, MPA) for
interesting presentations in SIMO workshops and seminars. Especially [ will
thank for university of Yamaguchi and prof. Miyamoto for the fine co-operation,
expertise and help, concerning the bridge monitoring subject, presentations and
publications.

Espoo 16.12.2008

lkka Hakola, SIMO project manager
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1 Introduction

For many years the bridge inspections have been done in Finland manually, but
for some years ago there have been ideas to use also sensors to help inspection, to
have information inside the bridge structure and to get measuring results
continuously. Nowadays all the design and maintenance data concerning bridges
is saved in electrical format in bridge register. Finnish Road Administration
(FINNRA) has ordered and carried out loading tests for bridges for many years
and during the tests deflection, strain and temperature measurements have been
done. Only in some cases long-term measurements (e.g. 2 weeks) have performed
to measure deflections or fatigue of joints in bridges.

Simo project was established to test sensors, monitoring device and data transfer
to find out if long-term monitoring is possible and how long time measuring
device are working. Also the purpose was to develop post analyzing methods for
measured data to be able to predict the condition and service life of the bridge and
bridge structures. In Finland in Qulu region the maintenance of bridges has been
given to outside companies using maintenance agreement (SILTOPA). This
means the FINNRA does not have anymore a close contact to bridges and
monitoring may give further knowledge during the period of maintenance
agreement. Also in other countries there have been many examples of monitored
bridges and analyzing results. In Finland the life-cycle model was included in the
bridge design process and monitoring could give more information to develop
analyzing of long-term data. At the beginning of project it was found, monitoring
is quite complex process including sensors, measuring device, programming of
devices, installation of sensors, data transferring, data saving and analyzing of
data. The process is so complicated that no company was ready to perform it.
Therefore co-operation was needed between companies and research institutes.
SIMO project was established in 2006 to research bridge monitoring, to test
monitoring devices and to analyze methods for long-term administration.

2 Goal

The goal of the SIMO project was to test monitoring equipment, sensors and
measuring programs in different kind of bridges to have an idea the applicability
for a long-term monitoring. Also the goal was to develop methods and programs
to utilize measuring data for life cycle calculations. The project was carried out by
selecting five different kind of bridges, which were monitored and loaded by
heavy vehicles to calibrate measuring sensors. Project partners have developed
during the project knowledge about monitoring of bridges. Also the aim of the
project was to have co-operation with partners and foreign universities and
institutes.

3 Important and long-span suspension bridge (Kirjalansalmi)

Kirjalansalmi suspension bridge is situated in southern part of Finland in Parainen
near Turku. The bridge has two pylons, the main span of 220 m and it has been
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Figure 3.1.1. Location of sensors in the cross-section of
Kirjalansalmi bridge.
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constructed using longitudinal and transversal lattices. The bridge has been
rehabilitated in 2004 e.g. repairing the deck by installing rubber bearings between
the longitudinal beams and transverse lattices. The bridge has selected one of the
monitored bridges in SIMO project, because it includes number of joints being
sensitive for fatigue. Also several heavy trucks and other heavy carriages are
crossing the bridge and the behaviour was wished to model and monitor. The
bridge is shown in Figure. 3.1.

. I_F_

Figure 3.1. Kirjalansalmi suspension bridge in Parainen.

Wired monitoring system

The wired measurement system was designed by Savcor Futurtec (Savcor Tempo
Oy) to test and gather experience from components that have worked on other
projects and observe them in more controlled environment. The software part of
the wired measurement system was intended to test in a real life situation different
free open source based tools and protocols together for the data handling.
Monitoring system consisted of a serial measurement network, an embedded
computer and a database positioned off site. The user interface was built using
dynamic web-pages with real time display based on vector graphics.

The wired measurement
and monitoring system
was divided into two
parts. The first part is
the local RS-485 based
measurement  network
and the second part the
Internet connection
over Symmetric Digital
Subscriber Line (SDSL) based data link to a larger database that was located off
site,
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The original wired measurement system consisted of thirteen strain gages named
SgA-SgM in the picture. Eleven of these are 350 Q strain gages in bridge
formation that are glued to the steel beams and protected against weather and
impacts. The two last gages are weldable strain gages welded to the suspension
bar anchor points. Later the customer (Finnish Roadworks) asked for some more
measurements in another part of the support structure and measurement poinis
SgN-SgQ were added in a one day post installation job.

Strain gages and displacement sensor

Most of the strain gages are paired with a
temperature sensor named TempA-K
(eight units). Temperature measurements
were done using digital temperature
measurement  chips  for  improved
reliability. The chip based units may
withstand better the effects of vibrations
and impacts. The units were placed next
to the strain gages. The temperature data
collected by the units is then transported
to the main measurement unit using the
= o—§ : RS-485 based differential serial network.
I o 8 e | Having the temperature and strain
| - . information running in the same single
Figure 3.1.2. Strain gage installation. cable further simplified the installation
and lowered the number of cables and

connections that could break or go wrong,

System has also a two dimensional displacement sensor. The infra red transmitter
was placed on the immovable concrete end support of the bridge and the reflector
(named DispX/Y in the picture) was placed on the maintenance walk way hanging
from the bridge structure. The place on the walkway was chosen because of the
straight undisturbed view from the transmitter on the end support to the reflector.
The maintenance walkway is closed to normal pedestrians and is rarely used by
the maintenance persons. Thus, it is a good compromise for the infra red based
displacement measurement system. The unfortunate side effect of positioning the
reflector in the middle of the walkway was that when other projects needed to
work in the area the reflector had to be moved temporarily on the side. Effect
which gave us several scary moments as it happened without warning and all the
alarm systems went solidly on the red for the duration of the work. Luckily the 2D
displacement unit is a very robust design and after the workers placed the reflector
back roughly to it's original position normal measurements could proceed without
any need for recalibration or manual fine tuning of the displacement sensor.

The monitoring installation includes also a road monitoring camera which was
integrated to the general data feed and user interface pages during 2008. Currently
the camera takes a picture every 15 minutes and places that into the off site
database. All the images can be linked to measurements done at the same time. In
the future the system will be changed to take an image every time something
unusual happens on the bridge and link the relevant measurements to that image.
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The local measurement network was
divided into three cable segments to
simplify the installation. Strain gages
with their temperature units were on the
first and second segments and the
displacement unit was placed on the
third segment. The three segments meet
at one point where a small all weather
embedded computer collects and
synchronizes the segments to a single
measurement heartbeat. After
synchronization the collected data will
be referenced to “wall time™ by to data
collection computer. The computer
keeps itself set to accurate atomic clock
time which it receives from the Internet
using the Network Time Protocol
(NTP) time protocol and service which
is free. This gives accuracy of +1 ms to
Coordinated Universal Time
(Greenwich Mean Time) which is acceptable for this kind of application.

Figure 3.1.3. Displacement transmitter.

Measurement archive

Final data archival was divided into two parts and locations. Daily data of
approximately 1.1 GB is collected on site. The data is written on a Universal
Serial Bus (USB) based flash disk. Choice of a USB memory stick for this job
was an unfortunate one. Due to problems with bigger IDE-Flash disks it was
considered better to use an external USB-flash. It is a workable solution, but not a
recommended one. For long term use the USB memory sticks are problematic and
a bit too slow on generic database use.

The data format for the collected data is an Extensible Markup Language (XML.)
based text file. During the night hours the daily measurement file is losslessly
compressed to approximately 150 MB and sent to main archival computer 200 km
away in Helsinki using the available 2 Mbps SDSL line. The compression
program used is GNU zip which is an old well known and reliable compression
method. It was chosen for its predictability and stability as the data will be
archived for years so it is desirable after a decade to be able to find software that
still can open the compressed files. In the tests more modern compression
methods like BZip2 and 7Zip achieved compression ratios that were even twice as
good for compression of the structural strain measurements, but their relative
youth dropped them from the list of compression technologies to use in this
project. In future installations we will probably start using BZip2. It has better
compression ratio than GNU zip but more importantly it has a better set of
recovery and error correction tools.

The received data is analyzed and appended to a larger database in Helsinki for
easy handling. The XML based text files which contain the daily measurements
are archived and are the main source for the analysis. The down sampled copy of
the collected data inside the fast database is intended only to simplify searching
and analyzing the measurements. The database can always be re-created from the
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larger text files if something happens to the database or changes in its structure are
needed. The database engine used was an extremely simple database named
SQLite. Both GNU zip for compression and SQLite for database are open source
software giving better immunity from software provider made changes for the
measurement archive.

Real time user interface and event reporting

In addition to the data collection, the wired measurement system on site was
tasked to give a graphical real time user interface to a remote observer about the
events on the bridge and to give alerts and warnings about unusual and excessive
results of the measurements on the bridge.

The real time user interface is done using Extensible Hypertext Mark-up
Language (XHTML). It is offered to the user as a web page from the on site
computer which links directly to the larger archival computer in Helsinki if
needed. The user does not need to know at which part of the data, the small-(real
time) or the large-(archived) database, he is looking because of the automatic
connection and link to the correct part of the database.

Real time measurement data traffic between user and the measurement computer
is made using XML and stripped down version of Extensible Messaging and
Presence Protocol (XMPP) protocol. Again the main idea was to use open
standards and non proprietary versions of the protocols to maximize reliability
and to keep the system compatible in future. The web pages holding the user
interface are sent to the user by a small Hypertext Transfer Protocol (HTTP)
server that is a small side thread of the main data collection and archiving process.
Due to security reasons the HTTP connection is done with a very small stripped
down HTTP server thread that is special built to allow and understand only a very
limited subset of the HTTP protocol. The programming code for that part of the
server could be made so small that it was possible to harden it against the threats
happening in modemn Internet.

3 Kirjalansalmi The web based user
e e ey interface is made
———l rer——o—— USing modern web
B e b 7 1590 <18 f : 3
] technologies like
8 ompwemmee . XHTML  for  text,
f oo Scalable Vector
<. & oo meeneen - Graphics (SVG) for
L e il i .
— o S ‘ e fessnes praphics and AJAX
| S | = 1 i
:HH‘ T [S—=e - ——— to handle the XMPP
| 2 | EEE ﬁ—" and data traffic to
IR =N £V el i make it fit through

the 2 Mbps Internet
connection. To the
user it feels like the monitoring application is running on his local computer.

Figure 3.1.4. Web based user interface.

The main element on the user interface is a picture of the cross section of the
bridge. A set of square visualization modules and an event list on the right. On the
first page there is a visualization for the current state of the measurement network.
It shows the number of sensors which are in normal, in waming or in alarm state.
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The other two visualizations show the output of the displacement sensors and four
strain gages. Other sensors can be seen on later pages. These box visualizations
are updated roughly once in every second. The first page gives only part of the
measurements. On it has been collected those measurements that have been
considered to be most interesting or useful.

The list on the right is the scrolling event list and it shows when one of the sensors
has gone over a set alert or alarm limit. In this example strain gages SgC, SgG and
SgK have reached values classified as alert (yellow) but have not crossed to alarm
(red) levels. Main point of this interface module was to provide to the user a quick
way to see at a glance the current events on the bridge.

What we learned from the wired installation

Keeping the strain gages and displacement sensor bound to the same measurement
heart beat made it easy to cross correlate between strain and displacement
measurements. Because the strains and displacements are physically completely
different phenomena, the simultaneous study of the results gave us an easy way to
check if the effect seen on one type of measurement was real or an artifact.

The small on site measurement computer has sufficient computing power to run
Linux as an operating system and a small stripped down HTTP server to send the
web pages to users. Fitting a normal web-server into such a small embedded
computer would have posed several problems. So it was decided to write a
stripped down version that still stays compatible with HTTP 1.0 specification.
This proved to be easier than expected and the web-servers needs for memory and
processor are negligible in comparison to the measurements and synchronization
parts of the software. The added benefits on the security side proved themselves
during the online use.

The moving graphics were done using embedding SVG vector graphics inside the
web-page. This was a rather controversial choice as an Adobe Flash based
visualization would have been a more traditional one. Unfortunately Adobe Flash
is a proprietary technology and as such incompatible with the original goal of
using only Open Source based tools. Adobe Flash is under a process to be
partially or completely open sourced, but that still does not solve the other
problem that it is often blocked or forbidden in companies and governmental
intranets. Whereas SVG is allowed everywhere where the basic browser is
allowed. On the down side unlike other software components used here SVG is
very new and still shaky web-technology and needs attention and care when using
it in a user interface design. Fortunately most of the browser manufacturers are
including it in their products and during last two years the implementations have
stabilized considerably.

Using XML as the data collection and archival format gives a neutral common
ground for applications to access the data and improved protection against disk
problems and transmission errors. Later proved invaluable as the USB flash disk
developed a hard to debug problem and corrupted part of the files. On an XML-
text file the problems were trivial to notice with eye only and repair. This sped up
finding the original hardware based reason for the flask disk problem as it was
easy to rule out a software based reason for the errors.
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On programming side contrary to expectations the open source software libraries
proved to be easy to use and easy to approach. Especially the SQLite database
which has a very simple and no nonsense apprecach to data handling and
interfaces.

Wireless monitoring system

One of the primary goals of the SIMO project was to explore and experiment on
the latest technology in the field of monitoring. This is why a part of the VTT
monitoring system installed in the Kirjalansalmi suspension bridge was
implemented with wireless sensors. The wireless system was installed to measure
four strain gages and one tri-axial accelerometer.

The required technology was acquired from Microstrain, inc (USA, Vermont).
They have created a MicroStrain Agile link product family, which is a wireless
measurement system designed to measure strain gages, acceleration sensors,
thermo couples and many other millivolt level sensors. The product family
operates in the 2.4 GHz ISM band and uses the 802.15.4 protocol for data
transmission.

Accelerations can be measured with a G-Link node (Fig 3.2.1). It has a built-in
tri-axial accelerometer and the node is packed in a (58 x 43 x 26) mm® enclosure
weighing 46 grams. The node has a 12 bit A/D converter and the measurement
accuracy is reported to be Aa =+0.1 m/s’, with the maximum measurable
acceleration being 2 G.

G-Link®

@ -'\1':1:II‘I1";-'.J'.J|5:|' ®
&) -
THE @&

Figure 3.2.1. G-Link node.

The other node type used in the VTT system is the V-Link voltage node. It has
four differential input channels that can be used with strain gages, thermocouples
or any other millivolt level sensor.
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Figure 3.2.2. V-Link node.

All of the MicroStrain nodes have 2 Mb of flash memory that can be used for data
logging. The duration and sampling frequency of the measurements can be
changed programmatically. The nodes can also be used in a streaming mode, in
which data is measured and sent continuously. MicroStrain provides software
with which stand-alone measurements with MicroStrain product family can be
handled. If the MicroStrain system is to be used as a part of a larger measurement
system, it is suggested that a software development kit is bought. It contains

example code for many of the major programming languages (for example
LabVIEW and C++).

Communication with the nodes is established with a USB base station connected
to a PC. In streaming mode, one base station is required per sensor node but the
data logging mode allows up to 16 nodes per base station.

The MicroStain products were purchased from a Swedish retailer, Load Indicator
AB. They are offering starter kits, which include a base station, one G-link and
one V-link node with all the required accessories for about 2100 €. Individually
the G-Link nodes cost 600 € and V-Link nodes 800 €. The software development
kit is priced at 380 €.

The VTT measurement system (Fig 3.2.3) includes both wired and wireless
sensing. The wired system uses a CompatRIO (National Instruments, USA,
Texas) system. It is a modular measurement and control device with a FPGA I/O
and a real-time controller. With this particular application, the CompatRIO is
equipped with a four channel strain gage module and a 16 (differential) channel
analog input module. It is measuring four strain gages and three displacement
transducers. The measurement system also includes a camera to capture images of
the measurement events. This is handled by a Compact Vision (National
Instruments, USA, Texas) system, a programmable computer vision device.
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Figure 3.2.3. The VIT measurement system on Kirjalansalmi suspension bridge.

[n the CompactRIO system data is measured at 100 Hz sampling rate, but only the
maximum, minimum and average value of every minute is saved. This reduces the
amount of data considerably and makes post processing easier. The data is logged
on a flash drive in the CompactRIO. The host PC, running a Windows XP OS, is
scheduled to download the measurements once an hour from the CompactRIO via
FTP. The same procedure is done with the Compact Vision system. Examples of
measured data from a strain gage and a displacement transducer from one month
of measurements can be seen in figures 3.2.4 and 3.2.5. Picture taken from the
vehicles responsible for the maximum strain and displacement of the month in
question can be seen in figure 3.2.6,
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Figure 3.2.4. One month's measurement data from a strain gage. X-axis is time in
minutes and Y-axis is relative strain [uStrain].
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Figure 3.2.5. One month’s measurement data from a displacement transducer. X-
axis is time in minutes and Y-axis is displacement fmm].

Figure 3.2.6. Vehicles responsible for the maximum measured values in February
2008 on the Kirjalansalmi suspension bridge.

The wired part of the measurement system also acts as a trigger for the wireless
one. When a certain threshold is exceeded in the strain gages attached to the
CompactRIO, a trigger command is sent from the CompatRIO to the wireless
measurement program running in the host PC. This in turn makes the base station
send a trigger command to the nodes. The nodes then log data for 25 seconds with
a 125 Hz sampling frequency. After the measurement period is over, the data is
transmitted back to the base station, node by node, and stored in the host PC. The
PC has an ADSL connection which makes remote management and data gathering
possible. The remote connection is established with a SSH tunnelled VNC
connection.

The wireless nodes are situated at the 22™ suspension post of the bridge and they
are measuring strains from steel beams on upper and lower K-crossings. The
acceleration node is connected to the lower K-crossing. The strain gages in the
CompactRIO are measuring the same places as the wireless system. This is done
for the sole reason that it was not known how reliable the wireless system would
turn out to be.
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The CompactRIO is also measuring three displacement transducers (Fig 3.2.7),
which are attached to measure the displacement of rubber plate bearings at three
positions on the bridge: the halfway point, quarter point and pylon.

To ensure the communication between the sensor nodes and the base station, an
18 dB directional antenna was attached to the abutment, where it has line of sight
with the sensor nodes. The distance between the antenna and the nodes is roughly
40 meters.

Figure 3.2.7. Displacement transducer measuring the displacement of a rubber
plate bearing.

The temperature and weather conditions were a major concern in the design
process of the measurement system. This is why the measurement nodes were
encapsulated in additional, moisture proof enclosures (Fig 3.2.8 and 3.2.9). These
enclosures include a connector for an antenna and for an external power supply.
The V-Link enclosures also have a connector for two strain gages.

It was suspected early on that the lithium-ion batteries of the wireless nodes
wouldn’t hold their charge for long periods of time, especially in the winter time.
Because of this, a solar panel was installed to power up the nodes. The solar panel
is charging a 12 V lead-gel battery, and power to the nodes is fed from the battery
through a 9 V regulator,

All in all, the experimentation with wireless sensor technology showed that it is
not yet a feasible option for long term bridge monitoring. All the work required
with ensuring an uninterrupted operation of the wireless nodes is not worth the
trouble when compared to installing a few wires for traditional sensors. Because
of the line of sight and external power requirements, this particular wireless setup
turned out to require more wiring than the wired one. The transmission of data
from sensor nodes to the base station is also not instantaneous, but rather takes 10
- 15 seconds per node. This makes fast, back to back measurements impossible, at
least with the current setup.















































































































































































































































































































