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ABSTRACT

Our imperfect knowledge of materials technology #relvariability of the world in

general, leave a gap in the scientific approachctmstruction. We can predict,
usually with great and justified confidence, thatweell-designed structure will
perform as desired under the conditions to whicwilt be subjected. However this
approach is largely statistical, having to accotmt uncontrollable variables such as
climate and other environmental factors, the logdimhich may apply at any time
during the lifetime of a structure, or ground catmoiis. Add to these the variability in
properties of a material such as concrete, whictpeshel on such factors as
workability of the fresh product, method and cafeptacing and compaction, and
proper curing, and the potential for unforeseerutesscan be recognised.

New technologies which can be used to complementcthrently widespread
construction methods have been developing quiaklyecent years. Automated
structural health monitoring systems offer effitiemnd affordable collection and
transmission of almost any type of data that mayrdémguired in relation to a
structure. This may serve, for example, to increthge confidence of a structure’s
owner or engineer that the structure continuesutecfion well and safely, potentially
making costly strengthening or replacement worksegessary. This paper describes
an application of such a monitoring system on a-giressed concrete structure,
demonstrating how such systems have great potetatigbntribute to the further
development of how concrete, and other construanaterials, are used in making
the world a better place in which to live.
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INTRODUCTION

Our imperfect knowledge of materials technologyd #re variability of the world in general,
leave a gap in the scientific approach to constvoodf bridges and similar structures. The
basis of most design work in this area is largeatigtical, initially assuming laboratory
conditions and perfect installation processes alihg safety factors to make allowance for
deviations and arrive at design values which areegsly conservative. However,
uncontrollable variables in disadvantageous contionga can lead to circumstances not
covered by the design values, a serious. Automateditoring systems offer a means of
evaluating uncertainties which may remain or agisany time during the life of a structure.
The monitoring projectWeyermannshaus Viaduct Berne, Switzerland, which combines a
remote controlled bridge monitoring system withtatis calculation model, demonstrates
how non-destructive investigation and assessmeatafncrete structure can shed light on
issues which can not be confirmed by visual inspactlone.

THE ONGOING RENOVATION OF BERNE'S BYPASS MOTORWAY

All highways leading to the Swiss capital Berne a@nnected to the city’'s bypass
motorway, making it a critical element of the c#ytransportation network. This motorway,
long sections of which are elevated on bridge stres, is exposed to great volumes of
heavy goods and commuter traffic, resulting in @iegp congestion. After 30 years in
operation, general renovation of several key stmest along this motorway is required. A
core element of this project is the renovation loé tmotorway’s longest bridge, the
Weyermannshaus Viaduct, with the goals of ensutiegusability of the bypass for another
30 years, improving safety features in line withrreat standards, and minimising the
environmental impact of the motorway. The main tamsion work will be carried out in
2010 and 2011.

THE WEYERMANNSHAUS VIADUCT

The Weyermannshaus Viaduct (shown in Figure 111 long, and the height of its deck
above the ground varies from 10m to 15m. The bridge prestressed concrete structure,
with a maximum bridge width of 40m. Various renoeatactivities could be easily planned
for this structure, including the replacement ofdiggs, expansion joints and drainage
system. However establishing the condition and sste for remediation of the concrete
structure was less straightforward. An initial deth visual inspection of the bridge
identified localised surface cracking of the coteras shown in Figures 2 and 3. The cracks
were concentrated at the locations of the coupjaigts of the prestressing cables. The
appearance of these cracks could not be explaaretijt could not even be established if
they appeared immediately during the constructibrthe bridge due to the effects of
prestressing, or later during its operational phase
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The authorities decided to further analyze the al/eondition of the bridge before starting

the general renovation, using only non-destruatiaghods. The analysis would identify the

cause of the cracking and assess the conditidmedsttucture, drawing conclusions about the
remaining life expectancy of the bridge.
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Fig. 1: Weyermannshaus Viaduct, Berne - Switzerland

CONCRETE CRACK MONITORING OF THE VIADUCT

The bridge monitoring project was announced
the Swiss federal roads authority and the S
Federal University EPFL. It was mainly driven
the uncertainty about the overall condition of t|
bridge. Assessment by experts could theoreticg = =
conclude that the observed cracking was superf
only and that the bridge is generally healthy,hat t
the structure should be considered to have a “fuf
cracked’ cross section resulting from serio 4
overloading. Fig. 2: Detalil of an observed crack
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Fig. 3: Cracking at location of coupling joint afgpstressing cables

GOALS OF THE PROJECT

The authorities commissioned a local engineerimm,fialready involved in the overall
project and known as specialists for bridge coadiissessments, to manage the monitoring
project. They determined that a permanent monigosiystem would have to be installed to
confirm their assessment model on an ongoing b&kis.main purpose of this monitoring
project is to give answers to the following quessio

- Should the cross-section of the bridge be consitderée “fully cracked”?

- How is the strength of the structure affected leydhktablished cracking level?

- Are the pretensioning tendons suffering from fagigu

The static model developed by this firm included iadportant key figures for both
theoretically ‘non-cracked’ and ‘fully cracked’ omete conditions. The evaluated situations
represent the boundaries of the assessment. Thiéonrogn system installed should allow the
bridge condition to be assessed much more accur&tlile previous assessments by bridge
experts, based on the limited information availaldiel not conclude that the bridge was
likely to be in a poor condition, the monitoring svexpected to confirm this hypothesis in a
relatively easy and economical way. Failing thig safety of the bridge may have had to be
ensured by strengthening works, potentially at ngrelater expense.
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MAIN CHARACTERISTICS OF THE CHOSEN MONITORING ELEM¥TS

Based on the decision that only non-destructivéesyscould be applied, it was decided to
install a remote monitoring systeRdbdControl by Mageba SA, Switzerland), tailored for
this application to measure primarily crack widthle system measures crack movements at
16 locations, at the pre-stressing coupling joifitse layout of the sensors at one coupling
joint is indicated by their references R1 — R6 iguife 4, while the locations of temperature
sensors is shown by their references T1 — T6.
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Fig. 4: Locations of movement sensors (R1 — R6)tangperature sensors (T1 — T6) at one
coupling joint (Axis O)

The crack movements are measured with inductive T\E2nsors and LVDT current
converter couples. The signal converter is pladedecto the measurement position and
transforms the physical parameter to a stable ousignal according to the industrial 4 to 20
mA interface. The sensors have a measurement famgejust +/-1 mm with a linearity
better than 0,3% and repeatability of 0,15um. Duéhe LVDT principle the resolution is
practically infinite (depending on the selected sugament range and amplification). In the
project's preparation stage, test routines shoelbie resolution of 0,5um.

Environmental conditions are monitored by four tenapure sensors, which were drilled into

the concrete, and two meteorological stations nreagtemperature and humidity of the air.

The measurement frequencies can be varied betwétnmahd 500 Hz. A data pre-analysis

can be programmed to filter the data output andnsure an adequate data supply while
limiting transmission costs.

The calculation model developed for the structdi@aas characteristics such as the tension
in the reinforcement of the concrete and the camdibf the prestressing tendons to be
deduced from the measured crack widths. The asatgsjuired a frequency of 500 Hz to
ensure adequate results, as lower frequencies woplermit measurement of the effects of
vehicles moving at up to 120 km/h. The data wasgssed locally and saved on a hard disc.
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INSTALLATION OF THE MONITORING SYSTEM ON THE BRIDGE

After testing the manufactured system in the fagt@ll monitoring components were
installed. The central computer was located insiigke bridge, perfectly protected from the
outside environment (Figure 5), and sensors weséipoed at selected locations (Figure 6).

Fig. 5: Installation of RobtControl computer  Fig. 6: Installation of amlirctive sensor

CALIBRATION OF THE SYSTEM

To facilitate calibration of the system, the bypasstorway was temporarily closed to traffic
while a truck with a known weight of 40 tons pasegdr the critical sections of the structure
at different, predefined speed levels. As expectadiation of the speed had no impact,
meaning the crack width during the passing of a/stack is comparable to the crack width
during the passing of a truck travelling at 80 km/h

Due to only minimal noise practically no digitagsal conditioning is necessary. To make
the manual determination of the maximum crack mam@nduring the passage of test trucks
more convenient, a gliding smoothing algorithm o%8rmeasurement values (@500 Hz)
was applied.

The first comparison of the measured values withdhlculated figures of the static model
showed an excellent correlation between the medsiakies and the predicted results from
the ‘non-cracked’ concrete cross section models Thrrelation is shown in Figure 7, where
graphs representing measured and predicted vaheeprasented together. This analysis
provided the first solid evidence that the bridggenerally in good condition.

In addition, the measurement clearly showed thierdifit reaction of the bridge to different
types of truck. A direct correlation between thaokrwidth and the weight of the truck could
be identified, allowing counting and weight-clagsifion of vehicles to be used directly in
the fatigue assessment of the bridge’s reinforcémuet pre-stressing cables.



Moor, Berger, O’Suilleabhain 3rdib International Congress - 2010

DatumiZeit: 04 Februar 2009 21:42,22

\ Se==
pE=7

11Dy

AREFET
147504
147254
147004
175
1 AGB50+
1 46254
146004
145754
1145504
1.1525+
1145004
1144754
114504
11425

11400

al | H

40 41 42 43 44 45 46 47 48 48 a0 51 52 53 54 55 56 57 58 58 60 &1 62 63 64 65 66 67 [ 63 70
s

Fig. 7: Crack width measurement during system caiin (main graph), demonstrating
excellent correlation with calculated influenceeliof static model (inset graph)

SHORT-TERM ANALYSIS OF THE IMPACT OF TRAFFIC LOADIS

After completion of calibration, the monitoring $§ was adapted to measure the effects of
traffic on the structure. Due to the enormous arhcaindata generated at the chosen
frequency of 500 Hz, and the hardware limitatiohthe installed computer, this assessment
was conducted for one week only. All data was stdoeally on the hard drive of the
computer and was transmitted by satellite to tlmeesen the office. After processing of data
all values were made accessible in user-friendijét via the internet.

The results of this analysis were the same as theselting from the calibration
measurements, meaning that normal traffic condsti@sult in the same stresses and crack
widths as observed during the calibration. Theeetbe measured data could be used for the
fatigue assessment of the structure - the numbeeaks in the crack width measurements
can be used to determine the number of trucks pgssier the bridge.

LONG-TERM ANALYSIS OF THE IMPACT OF TEMPERATURE

Finally the system was adapted, using lower meagudrequencies, to assess the impact of
the temperature over a period of one year. Thetidaravas chosen to ensure that the whole
range of temperatures during summer and winter stimeuld be covered. The data
processing was changed to suit the different neddthe adapted system. Continuous
measurements at a frequency of 500Hz were no lorgerired due to the slow impact of
temperature changes. The sensors still recordght fnequency, but the on-site computer
filters all values and only saves and transmitectet values at pre-defined intervals of five
minutes, recording the average, minimum and maxiratank width values for each period.
The system can be remotely controlled, to allow sueament frequency and data collection
and transmission interval to be adapted as deBwadthe engineer’s office.
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This approach reduces both the energy requireneéiitee system and, more significantly in
this case, the data transmission costs. The d&@nismitted to the off-site server and can be
accessed in real time via the internet, allowing &lthorities and engineers to analyze the
data from any computer in the world with internenigection. All data can be directly
downloaded in Excel format for ease of analysis.aA®sult the bridge can be completely
monitored from the office, reducing greatly theoeffand expense associated with manual
methods. The web interface (in English languageg similar long-term monitoring system
is shown in Figure 8, and graphic presentation efaited measurements by the
Weyermannshaus Viaduct monitoring system is showkigure 9.
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Fig. 8: Web interface of a long-term monitoringteys (English language)
ANALYSIS OF THE INFORMATION PROVIDED BY THE MONITORNG SYSTEM

The measurements such as those presented in Figanckcate a clear correlation between
temperature (of the structure and of the air) aladlcwidths (here shown with reference to
the crack widths measured at locations R5, R6 af)d Rurthermore it could be established,
by comparing crack movements during initial measaets with crack movements at 6
months later, that no significant difference hagtadeped, indicating that the cracking was
not deteriorating due to increased cumulative logdi he measured values were used in the
engineer’s analysis of the impact of temperaturehenbridge’s condition. The hypothesis,
which resulted from the computer model in advartkat the impact on bending moment
from temperature is higher than that from traf6ading, was confirmed by the measurement
results. The static evaluation of the structuréngishe results provided by the monitoring
system could thus be used by the responsible bedgmeer to conclude:
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1. The critical concrete section is not fully crackdxit showing a slightly reduced
resistance.

2. The strength of the structure is still adequatectorent and projected loading.

3. The fatigue assessment was positive, indicatingtiigapretensioning tendons should
continue to serve their purpose for the remainiiegadf the bridge.
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Fig. 9: Presentation of detailed measurementsaptuc form”("3-day period)

CONCLUSIONS

The installed monitoring system was used to corecthdt the observed cracking of concrete
on the Weyermannshaus Viaduct most probably appedready at the time of the bridge’s

construction or soon after and is not deterioratifilge prestressing is concluded to have
been adequate to give the structure sufficienhgtre but insufficient to prevent cracking of

the concrete at several coupling joint locationfie Tmeasurement of crack widths in

combination with static calculations gave confidene the structure’s owner and engineer
that it continues to function well and safely, nmakicostly reinforcement works such as
external pre-stressing cables unnecessary.

It can be seen that automated structural healthitororg systems such as the one used offer
efficient collection and transmission of data thety be required in relation to a structure.
Such monitoring systems therefore have great patemd contribute to the further
development of how concrete, and other constructiaterials, are used in making the world
a better place in which to live.



